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PREFACE

TsNII-ATOMINFORM presents a reference handbook on
“Nuclear-Physics Constants for Thermonuclear Fusion"

UDK 539.17

Light nuclei reactions are required for a number of practical applica-
tions: they are used extensively in nuclear physics research as neutron
sources, and as standards for the normalization of absolute reaction
cross-sections. Nuclear reactions with light nuclei are useful in
non-destructive testing and in the determination of isotopic compositions when
other analytical methods are not adequate for obtaining the required
information.

The information presented in this handbook consists of nuclear reaction
cross-sections and scattering cross-sections for the interaction of hydrogen
and helium isotopes with nuclei of Z < 5. The evaluated integral and partial
differential cross-sections presented here have been derived from a large body
of compiled information, and encompass data for both exo-energetic and
endo-energetic reaction channels.

The evaluated data are presented in the form of sets of coefficients
for fitted polynomials which ensures reliable interpolation of the data using
contemporary computer methods.

The handbook is intended for a wide audience of users in the field of
nuclear physics, astrophysics, and biophysics.

The price of this handbook is 40 roubles; it can be obtained by writing
to the Collection Laboratory, P.0O. Box 971, Moscow, 127434,
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LIST OF SYMBOLS AND ABBREVIATIONS

integral cross-section for energy E; if not otherwise
indicated in the text, the cross-section is given in
miliibarn (mb), and the energy in MeV in the laboratory system
energy in the centre of mass system

S-factor in the Gamow extrapolation equation

energy parameter in Gamow's equation

differential cross-section for a given angle 6 and energy E
excitation energy of the nucleus

radionuclide half-life

mean lifetime of radionuclide

resonance width for a given level in keV

corresponding to alpha, beta and gamma decays
electron capture

total angular momentum J and parity (/)
isotopic spin

absolute temperature in degree Kelvin

Boltzmann constant

Interacting particles

-~ alpha particle P - proton
- the 3He nucleus n - neutron
- triton x - any of the outgoing

particles in a

— deuteron nuclear reaction

Nuclei: Reaction Products

The following convention is adopted in this handbook for the designa-

tion of nuclei:

NNp . where A is the nucleus symbol, and nn the mass number

(e.g. 7Li is the lithium-7 nucleus).
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Description of reactions

Nuclear reactions are denoted as: MMA(particle 1,particle 2)NNB,
As an example, 7Li(t.x)8Li describes the interaction of lithium-7 with a
triton, leading to the formation of lithium-8 (reaction channels are not

defined).

EXC

AND
DA

SIG
UND
ACT

TTY

Data types

excitation function, the energy dependence of a nuclear
reaction

angular distribution

differential cross-section

integral cross-section

reaction channels for a given cross-section are not given
activation

thick target yield
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FOREWORD

The production of a specialized handbook of evaluated nuclear data on
the interaction of light nuclei (Z < 4) is justified not only by the
fundamental role which these reactions play in nucleosynthesis in the
universe, but also by the just as important role which they must play for
humanity in the development of the new field of thermonuclear (fusion) power
generation. Whereas the usefulness of nuclear data in various aspects of
astrophysics have been extensively publicized in review articles and
monographs {1l], their "terrestrial™ applications to problems in the field of
nuclear fusion have not been fully exploited.

Nuclear physics data characterizing the interactions of light nuclei
are published in numerous scientific journals and publications which are not
readily accessible to most potential data users. In addition, experimental
cross-section data are often not suitable for direct use in calculations as

they are presented in the form of discrete energy points for incoming

particles, or as angles of emission escape for outgoing cveaction products. In

most cases nuclear physics data can be recommended for unambiguous use only
after they had gone through the process of evaluation, that is, after all the
available experimental cross-section data complemented by data calculated on
the basis of proven nuclear reaction models have been rigorously analysed.
The evaluation of nuclear physics data cvequires not only the availability of

complete sets of originally measured data, but also a thorough knowledge of

the experimental and theoretical methods used in their determination. Because

of the extremely large volume of numerical information, the evaluation of
nuclear physics data is practically impossible without the utilization of
modern computers which facilitate the organization of this information into
nuclear data libraries and the development of the necessary computer programs

for their processing.

The preparation of the numerical information for this handbook has
taken more than ten years. During this time a global bibliographic search was
performed and all nuclear physics data for nuclei of Z < 4 that appeared up to
January 1988 in publications accessible to the authors were compiled. A large
volume of experimental data has thus been collected and organized: numerical
and digitized graphical data, consisting of nuclear interaction
cross-sections, were entered into a computerized nuclear physics data library,
where they were encoded in a standard (EXFOR) format. A series of computer
programs were developed for the input, storage and retrieval of the data, as
well as for their statistical analysis and graphical representation [2].

An evaluation methodology was developed for the representation of the
evaluated excitation function data in the form of spline-fit curves. 1In a
number of cases, the experimental data were supplemented by theoretically
computed data based on phase analysis of few-nucleon systems, on Gamow's
analytical formalism in the low energy region, on the optical model for
elastic scattering, on the distorted wave approximation and on resonance
theory.

The nuclear data which are presented in this handbook are designed
primarily to satisfy the requirements for the development of controlled
thermonuclear fusion. At the same time this information should also be of
interest to specialists in other fields of nuclear science and technology. As
an example, some of the light element reactions are used extensively in the
generation of monoenergetic neutrons on accelerators where the accuracy
achieved in the measurements of neutrons generated by light nuclei reactions
depends to a large extent on an exact knowledge of the characteristics of
reactions such as 3H(p.n). 2H(d,n). 3H(d.n) and 7l'..i(p,n). Light nuclei
nuclear reactions have also proven to be very useful in non-destructive

testing and in the determination of the isotopic composition of fabricated as
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well as natural material samples, particularly in those cases where other
methods have failed to achieve the desired measurement sensitivity. In
practice, however, methods used in the control and analysis of layered and
deposited materials rely either on the prompt emission of neutrons, ganma rays
and charged particles, or on induced activity. Of particular interest are
micro-analytical methods utilizing narrow beams of charged particles which
reveal the "topography" of individual isotopic components on the surface of as
well as within the analysed sample.

7 Chapter 1 of the handbook describes basic concepts relating to nuclear
reactions in hot plasmas which are of interest for controlled thermonuclear
fusion, and presents a brief outline of the possible thermonuclear processes
which can occur in plasmas of various compositions.

Chapter 2 outlines the methodology developed for the evaluation of
nuclear data which was used in the preparation of this handbook, and describes
formulas to be used in the determination of fitted curves giving the energy
dependence of the evaluated data.

Chapters 3, 4, and 5 contain the actual evaluated data for reactions of
hydrogen isotopes with helium, of lithium with hydrogen and helium, and of
beryllium with hydrogen and helium, based on the known experimental data,
supplemented by calculated data, for charged particle energies up to 15 MeV.

Chapter 6 contains nuclear structure data for the light elements which
take part in these reactions. This information is needed for the analysis of
the partial reaction cross-sections and in the calculation of average

velocities and energy yields.

1. THERMONUCLEAR REACTIONS FOR NUCLEAR FUSION

Thermonuclear reactions are defined as nuclear reactions between light

6

atomic nuclei at very high temperatures (of the order of 10 to 101° X),

reactions in which the relative recoil energy of the nuclei is high enough to
overcome the Coulomb (electrostatic repulsion) barrier and the distance
between nuclei is of the order of the range of the nuclear-force, giving the
possibility for the nuclei to fuse and create a heavier nuclear reaction
product with the simultaneous release of energy.

In the universe, thermonuclear reactions play a dual role: they are
the basic source of stellar energy and are instrumental in the nucleosynthesis
of the light elements. On earth, thermonuclear reactions have so far been
realized on a large scale only in the testing of thermonuclear weapons. The
utilization of thermonuclear reactions in peaceful applications depends on the
attainment of controlled thermonuclear fusion, which would satisfy the growing
energy needs of mankind.

In order to describe the dynamic processes occurring in a hot plasma it
is important to know the nuclear reaction rate, which either increases the
equilibrium temperature, in the case of exothermic reactions with Q > 3/2 kTe,
or lowers it in the case of endothermic reactions. These reactions can also
either add atomic nuclei to a system or remove them from it, nuclei, which in
turn act as sources or absorbers of energy. In the case of thermonuclear

equilibrium, we have a Maxwellian distribution of ions in the plasma:

N(E)=A-VE-esp(-EfxTe) , (1.1)
where E is the ion energy, and kre the temperature expressed in energy
units. The reaction rate (the number of nuclear reactions per cm3 per

second) is expressed as follows [3]:

Uis 3
Rfnmy= <8V, = th2&m,) (pfrmenTe) /?J""E"""/V‘/“["-/”’1‘t B)dE, 1.2)

where ml and E are the mass and energy (in the laboratory system) of the
myrmgy .
is the reduced mass, m_ the mass of

i i article = ———
incoming p M g 5
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the target nucleus, and ny and n, are the nuclear concentrations of the
reacting components.

when the equilibrium spectrum differs from the Maxwellian distribution
(as in a magnetic mirror machine where ions with a given velocity are escaping
into a "loss cone"), the integration of equation (1.2) must be performed with
the true distribution.

In the interaction of injected fast ion (or neutral particle) beams
with plasma targets, the specific average reaction rate is defined by the
following equation [3]:

vyt ]‘1-(1 "z"3"7r“’P[-f’( VsV )’] -exp [ -PA(Yer V)’]} dv,
m oy Vo J 12 1

4

(1.3)
where B = mz/(ZkTe); V° and m, are the velocity and mass of the
injected particles; and m, is the mass of a plasma particle.

In order to obtain an effective value for the collision rate <av>y

so as to account for the slowing down of the beam particles in the plasma, we

must calculate the integral
VO

j <Ev>,, (3 (vn)dv,,
V., (1.4)

where the function fB(vo) describes the velocity distribution of beam
particles as they are slowed down, and where Vm is the average plasma

particle velocity.

The fast product nuclei resulting from thermonuclear reactions (indexed
with j), which are slowed down in the plasma (nuclei indexed with i), have a
finite probability Pij of undergoing a nuclear reaction i + j "on the fly"
(fast fusion):

B, =1-exp(-A),
g /,. ‘J) (1.5a)

where

3f2x7¢
P = [ < €V (dt[dE). dE.
: . (1.5b)
J

The rate of energy loss of ion j in the plasma (dE/dT)j is strongly

dependent on the electron temperature ’re of the plasma:

(ﬁ) _ SmeY| e ( meEo )"/2
df j Vj m. 3VzZ me ""J-/(Z; (1.6)

(on the assumption that Coulomb scattering prevails).

The probability Pij increases as ’re and the energy Eo of
ion j increase, and does not depend on the density of the plasma. To
illustrate this, a proton with an energy of 11 MeV (resulting from the
3He + 6Li reaction) has a probability for slowing down in a lithium plasma
equal to Pij = 0.05 for k’re = 100 keV, and to Pij = 0.21 for
kTe = 300 keV. Fast secondary charged particles are produced not only as a
result of exothermic reactions, but also as a result of elastic scattering of
fast primary reaction products, including neutrons, on thermalized plasma
nuclei. As an example, neutrons with energy En = 14.07 MeV resulting from
the d-t reaction and undergoing elastic collisions can impart 14,07 MeV to a
proton, up to 12.5 MeV to a deuteron, up to 10.55 MeV to a triton and helium-3
particle, up to 9 MeV to an alpha particle, up to 6.89 MeV to lithium-6, and
4.38 MeV to lithium-7,

In order to take the contribution from fast fusion ("on-the-fly
reactions™) into account, it is necessary to know the total cross-section and
the differential scattering cross-sections for particle energies up to 15 Mev.

In a hot plasma, comprising all the stable and long-lived isotopes of
hydrogen, helium, lithium and beryllium, we have to take into account the

contributions from approximately 40 pairs of*interacting nuclei, even if we
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include only nuclei with Z. < 2 and Z_ < 4. This means considering more

1 2

than 100 individual exothermic reaction channels leading to the formation of
various product nuclei. Reactions between lithium and beryllium need not be
considered because of their low interaction probability at temperatures below
100 keV.

A cursory analysis of the reaction rates listed in Table 1.1 shows that
the reactions which are most pertinent to the development of controlled
nuclear fusion are the 2H + d, 3H + d and the 3He + d reactions. At higher
plasma temperatures and densities, it would become possible to utilize
reactions of hydrogen isotopes with nuclei of lithium-6 and -7, beryllium and
boron-11. Of particular interest is what is referred to as "clean fusion"” in
which the contributing reactions (bLi + p, 9Be + p and 11B + p) do not
yield any neutrons, as well as catalytic processes which do not involve
tritium recovery or tritium breeding. The term catalytic process, as used
here, implies a multi-step thermonuclear burn process in which a substantial
contribution to total energy production comes from secondary reactions
involving nuclei which were not part of the original plasma but were produced
in the burn process and act as catalysts.

Neutron-free thermonuclear fusion has the advantage that virtually all
the energy produced in the thermonuclear process goes into the heating of the
plasma, so that there is no intense neutron radiation that could damage the
first wall of the reactor, requiring substantial extra shielding of the
installation as a whole.

Below we present a number of basic thermonuclear fusion cycles,
describing them briefly in terms of reaction rate <ov>, energy yield and
Kerma factor (i.e. the energy fraction transferred to the charged particles).
The numbers in parentheses correspond to the particle kinetic energies

(in keVv) for those cases where the kinetic energy of the two reacting nuclei

is equal to zero. 1In the case of three-particle interactions the energy

distribution is inversely proportional to the masses of the reaction products.

1.1. The 3H + d interaction

3H + d - a(3518) + n(l4071) + 17589, 4 keV

This reaction has the lowest thermonuclear ignition threshhold, and is
therefore considered as the main reaction for all first-generation controlled
thermonuclear fusion schemes. The heating of the plasma during the burning of
a one-to-one mixture of deuterium and tritium is brought about by alpha
particles only. The energy of the neutrons is deposited in a lithium blanket
where large quantities of tritium are produced by the 7Li(n,n + t)aHe and
6Li(n.u)3H reactions, thus guaranteeing the existence of a closed fuel
cycle:

3H +d-+a+n+ 17589.4 keV

6Li. +n-*a+t+4782.1 keV

6Li +d * 20 + 22371.5 keV
In this case, only 15.73% of the total cycle energy is given off in the

burn zone; the rest is deposited in the blanket.

1.2. The 2H + d interaction

2H +d 2 1(817) + n(2452) + 3269.0 keV, wn = Q.55

ZH + d > t(1008) + p(3025) + 4032.7 kevV, Hp = 0.45

A thermonuclear burn of pure deuterium requires a considerably higher
heating temperature than a deuterium-tritium mixture; however, the heating of
a d-d plasma by reaction products proceeds effectively thanks to the
additional energy released by the secondary reactions

3H + 4 = «(3518) + n(14071)

3He +d * a(3671) + p(l4682).
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The yield from a complete 6d fuel cycle is then

6d + a(3518) + a(3671) + p(3025) + p(l4a682) + n(2452) + n(la07l)

For every 2d in the cycle, 8907 keV are released in the burn zone, which is
2.53 times the amount of energy released in a d-t reaction. The intermediate
reaction products (tritium and helium) play their original role of catalysts
in the extended burn cycle; such a cycle is therefore referred to as a
catalytic cycle.

As deuterium is available in unlimited quantities in nature, it is not
necessary to have a blanket in a catalytic d-d fuel cycle. For a given
thermal power level, a thermonuclear reactor running on pure deuterium would
have a fast neutron fluence only a quarter of that found in a reactor running
on a d-t mixture.

1.3. The 3H + t interaction

3

H+t= 5He(lho) + n(8699) + 10638:5 keV

+ a(1252) + n(5037) + n(5037) + 11332.2 keV

This reaction proceeds as a secondary reaction in a d-t plasma; the
reaction rate is two orders of magnitude lower than that of the primary
reaction, and the specific energy released in the burn zone is low (1300 keV)
owing to the escape of two neutrons. The relationship between the neutron
yields from the 3H + d(En = 14071 keVv), 2H + d(2452 keV) and 3H + t(8699 keV)
reactions is strongly dependent on the ion temperature and can therefore be
used for plasma diagnostics.

1.4, The 3He + d interaction

3He +d = a(3671) + p(l4a682) + 18353.2 keV
This reaction is ideal for controlled fusion because all the energy
released goes into the heating of the plasma in the burn zZone and no neutrons
are produced. However, at temperatures below 18 keV the reaction rate of

2 .
the "H + d reaction (at equal concentrations of deuterium and helium-3) is

higher, and it is therefore necessary to take the production of neutrons,
tritium and helium-3 into account. At temperatures above 18 keV, the
contribution to plasma heating from the secondary ZH + d reaction gradually
decreases relative to the 3H + d reaction until it reaches a level of 13% at
kTe = 100 keV. A reactor with a d—aHe mixture is essentially very close
to a reactor using the catalytic d-d fuel cycle, and differs only in that it
has helium-3 in the initial startup fuel mixture. The other secondary
reaction is

He + “He » a(1429) + p(5716) + p(5716) + 12860 keV.
Like the primary one, this reaction yields a large energy contribution and no
neutrons, but its contribution to the plasma burn is nevertheless small
because of the low reaction rate. The 3He + d reaction (along with the
ZH + d and 3H + d reactions) is used for plasma diagnostics by measuring
the yield and the energy spectrum of fast neutrons and alpha particles emitted

from the burn zone of the plasma.

1.5. The 3He + t interaction

3

He + t @ a(4773) + d(9546) + 14320.5 keV

3He +t-= 5He(1867) + p(9335) + 11202.2 keV

3He +t - 5Li(1855) + n(9275) + 11129.9 keV

3He + t » a(l384) + p(5376) + n(5376) + 12095.9 keV

Because of their low concentrations and small reaction rates (in
comparison to the 3H + d and 3He + d competing reactions), these reactions
contribute only a relatively small amount of energy to the combustion of the
tritium and helium-3 reaction products which are produced in the first stage
of the catalytic d-d cycle. Inasmuch as the energy release of the 3He + t

reaction in the burn zone is dominant, its heating contribution to the

catalytic d-d plasma is significant.
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1.6. The 6Li. + p interaction

6

LL +p > 3He(2296) + a(l722) + 4018.4 keV

At a high enough temperature, it is possible to initiate a catalytic
neutron-free burn cycle on the basis of this reaction. The following
secondary reactions yield only charged particles

3

6Li + “He - 833(1845) + p(l4756) + 16786.2 keV

6Li + 3He + «(2245) + a(2245) + p(12390) + 16878 keV

6Li + 3He hd 7Be(25) + d(87) + 112.4 kev,

In the next stage, protons react with lithium-6, which is the start of a new
cycle. From the balance of the first two stages (without considering the last
branch) it follows that only the lithium is consumed and the protons are
preserved, i.e. they take part in the burn process as catalysts:

2 6Li 2 3a + 20896 keV.

There is a definite probability that the protons will react in flight in the
P + 6Li reaction during slowing down, and it is important to take this into
consideration in calculating the reaction rate.

The generation of neutrons in a proton-ﬁLi plasma burn is only
posgible in the third stage as a result of the 6Li + d reaction and the
production of neutrons in the second stage of the 6Li(t.d) reaction.

It is expected that the yield of neutrons will be much smaller than
that of charged particles; however, in order to obtain a more accurate
estimate it is necessary to know the rate of lithium production and the
reaction rate of the 6Li + d reaction accompanied by the emission of a

neutron.

1.7. The Li + d interaction

6

Li + d » a(11186) + a(11186) + 22371.6 keV

6Li +d > 7Li(828) + p(4397) + 5025.6 keV

6Li +d - 5Li(222) + t(370) + 591.5 keVv

6.
Li +d » a(403) + t(538) + p(1616) + 2557.6 keV

Li + 4

¢

*He(338) + He(562) + 900.1 kev
SLi + d » a(2880) + JHe(378) + (1102) + 1793.8 kev

6Li +d - 7Be(423) + n(2959) + 3381.4 keV

Concurrent to the d-6Li plasma burn, the 2H + d reaction produces
protons, tritons, helium and neutrons. At temperatures exceeding 100 keV the
6Li + d reaction rate becomes greater than that of the 2H + d reaction.

In the second stage, deuterons and lithium~6 interact with reaction
products generated during the first stage (see above).

Fast protons, helium-3 nuclei, alpha-particles and neutrons are
produced at the end of the second stage. During the third stage two reactions
proceed in parallel:

3He +d *a +p + 18353 keV, and

6Li +pa+ 3He + 4018 keV.

As a result, the burning of deuterium and lithium-6 can proceed not only
directly (6Li + d * 2a), but also with the help of a chain of secondary
reactions, involving individual reaction products, notably protons and
helium-3 nuclei which play a catalytic role. The effective burning rate in
this extended cycle is determined by the slowest 6Li(p,a)3He reaction,

whose reaction rate is, however, larger than the direct 6Li(d,a)6He reaction.

In the total burning rate, the contribution of the direct 6Li(d,a)4He
reaction decreases with rising temperature: it is 16.3% when kTe = 30 kev,
and 11.6% when kTe = 100 keV; the contribution to the local energy yield
from the charged particles is 55.2% when kTe = 100 keV.

1.8. The 7Li + 4 interaction

7Li +d > 8Be(1670) + n(13359) + 15029.5 keV

7Li + d * 2a(2521) + n(10080) + 15121.4 keV

7Li +d 5He(6323) + a(7904) + 14227.7 keV

4



The reaction rates of simultaneously proceeding reactions between

deuterons and between deuterons and lithium-7 nuclei become equal when reactor.
k're = 160 keV. 1In addition to catalytic reactions from the d-d cycle (see during the second stage of the cycle:
Section 1.2), it is also possible to have secondary reactions involving 9Be +d -~ 10B(396) + n(396S5) + 4361.4 keV
products of the d-d cycle, namely protons, tritons and helium-3 with lithium-7 9Be +d -~ loBe(617) + p(4170) + 4587.5 keV
nuclei: 9Be +d - 8Be(1252) + t(3340) + 4591.9 keV
9
7Li + P ? a(B673) + a(8673) + 17346 keV Be + d ~» 7Li(2601) + a(4551) + 7151.8 keV
9
7Li + t » "Be(l044) + n(9394) + 19437.6 keV 6Li +p ~ a(l722) + 3He(2296) + 4018.4 keV
7Li + t » 2a(886) + 2n(3546) + 8864.1 keV 9Be +a - 12C(475) + n(5226) + 5701.3 keVv
7Li + t - 6He(3936) + a(5904) + 9839.5 keV and tritium,
TLi + He » %B(935) + n(8416) + 9351 keV the cycle:
7. 3 9 9 11
Li + He » "Be(1120) + p(10081) + 11201.4 keV Be + t » B(796) + n(8762) + 9558.2 keV
7. 3 8 9 10
Li + "He = "Be(2352) + d(9409) + 11760.6 keV Be + t » " Be(93) + d(462) + 554.8 keV
9 8 .
TLi + 3He » ®Li(5331) + a(7997) + 13327.6 kev. Be + t » Li(975) + a(1952) + 2927.3 keV
7.
The reaction rates in the interactions of tritium and helium-3 with Li + p » a(8673) + a(8673) + 17346 keV
10

lithium-7 nuclei at a temperature of k're = 100 keV are much lower than those

3 3 . 10
of the "H + d and "He + d reactions (they become equal only when k're = B

340 keV and 490 keV respectively). The presence of lithium-7, rather than
lithium-6, in the initial fuel mixture, leads to a much more effective
utilization of protons because of the considerably larger reaction energy of
the 7Li(p.a)aHe reaction, although the reaction rate of the latter is

much smaller.

1.9. The 9Be + p interaction
9

Be + p 8Be(llz) + d(447) + 559.2 kev

9Be + P 2 2a(160) + d(321) + 641.1 keV
1.10. The

Be + p » 7Li(932) + a(1632) + 2564.3 keV

+p - 7Be(417) + a(729) + 1146.2 keV.

reaction channels in the second stage of the cycle.
the neutron-free cycle is

2 9Be + 2p * Sa + 25139 keV.

times larger than the catalytic d-d cycle.

113 + p interaction

9 6 .
Be + p » 'Li(850) + a(1276) + 2126.2 keV
11
The reaction rates of proton—gBe reactions and deuteron-deuteron
- . 11
~ reactions are equal at a temperature of kTe = SO keV, and this reaction is

B +p- 8Be(2863) + a(5727) + 8590.4 kev

therefore considered to be a good candidate for a neutron-free thermonuclear

The reaction products (deuterons, helium-4 and lithium-6) burn

lithium-7, beryllium-10 and boron-10 burn in the third stage of

The cleanliness of the neutron-free cycle breaks down because of the
. 9 10 9 12 . .
secondary reactions "Be(d,n) B and "Be(a,n) C, whose contributions

are determined by the relative importance of the neutron and non-neutron

The balanced equation of

The total energy yield of the 9Be + p cycle is 12.57 MeV, which is 1.41

B + p - a(2894) + a(2894) + a(2894) + 8682.3 keV
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Reaction

Table 1.1

rates of thermonuclear reactions <ov> in m3/sec
for a few temperatures kT in keV

10

another reaction, namely

Since all other channels are closed, the cycle

is neutron-free.

B+p 2 a(729) + 7Be(417) + 1146.2 keV.

However, the

presence of boron~10 in the initial fuel mixture (natural boron) leads to

2, i s keV
Reaction keV 10 T 30 100 T 300 1 1000
et —asn 17589 1,13-107%% 6,65-10°%2 B,24-10"%2 4,90-107%2 2,55.10-%2
24dm7T4n 3269 5,9-107% 5,44-100% 2,74.100%2 7,33.10°3 1,48.10°R
"L Zyd —tap 4033 5,%-10% 4,710 2,21-10% 6,0. 1072 1,22.10°F
ivg — <20 10438 5,57-10% ¢,59.10% 1,95-10°23 6,34.10°23 7,0¢.10"3
4t - aop 18353 1,97-100% 1,32.1¢°3 1,67-107% 2,60-107%2 2,07-1022
M7 —mansd 14320 1,16°10%% 1,13-10% 2,71.10°% 1,61-107%2 5,16.-10°%2
dserrmns2p 12860 4,86-10°%0 ¢,92.10°% 6,31-16°% 9,52.70724 1,25.10°2
blisp=rre 4018 7,17-107%7 6,95.100% 1,35.1¢7% 6,36-10723 1,82-10°2
Tiep— 2a 17346 1,78-10%8 1,88-13°% 5,55.10°% 3,89-10724 ¢,01.10°B
briva =24 22371 1,02-107%7 2,05-10°% 4,84-107%4 1,56.10"% 2,81.10° :
C1sed— T30en 338I 1,4¢-107%7 3,06-107% 8,89-1074 4,49-10-23 1,04-10-22
Eiiea — Livp 5026 1,38-107%7 3,07.16~% 9,40-16'24 4,48-10°%2 1,64.10°22
by i0d —uspat 2558 1,02-10727 2,7%6.10% 1,30-10-%3 8,82. 10~ 2,77.10-22
61 tadmw ener 1793 7,24-10°%8 1,63.10°% 5,59-10-24 3,7%.10-23 1,06. 10722
T1i+d = 2uen 1121 1,53-107%7 4,61.10°5 2,5¢-10°23 2,44- 1072 1,03. 102
Sperp — de2a 541 1,34-307%7 9,25.707%5 7,00-10723 2,21.10"2 2,02.70-2]
95erp m mable °126 1,34-107%7 8,77-107% 5,99.10°% 1,90.-1072 1,62.10°4
Mhap — 34 8682 1,38-107%8 4,06.10°3 ¢,06-10°3 2,39.10"2 3,50-10"22

The reaction rate of the interaction of protons with boron-11 nuclei is 3.2
times lower at kTe = 100 keV than the interaction of protons with

beryllium-9 nuclei, and the energy yield is also lower by a factor of 1.45.

2. EVALUATION METHODOLOGY
The method used to obtain curves of evaluated data has been described
in Ref. [4]); it consists of fitting the experimental data with approximating
functions using the spline polynomial [S] of a given degree p in a fixed
lattice:
EN = Xo < xl < ... < xn—l

A significant improvement of the evaluation quality was achieved by

< ln = Ek

supplementing the initial data. The authors decided not to fix the knots of
the spline function, but used them instead as parameters in the minimization

process. It was therefore essential to use not only first order defect

splines (when all the derivatives of degree up to p-l1 are continuous at the

knots) but also those of higher order. The statistical model used in this

evaluation method was formulated for N sets of experimental data as follows:
r :

j; i=1,..., nr). r=1, ..., N

It is assumed that the independent variable (for nuclear data it is

r r
[xj. Yy 0y

usually the energy) x; is known exactly, and that y; is a function

of xg. This quantity, known to a given degree of accuracy, has a normal

distribution N(O,cg) with a root-mean-square deviation o; = Ay;. In

addition, each set of data has a systematic error which has a distribution

N(0,{(r)). The experimental data can thus be represented by

Y, = ¥ o+ €f + bf (2.1)
where ?; is the actual value of the function which is to be determined;

el is a random quantity which has the distribution N(o,ai). and

b" is a random quantity which has the distribution N(O,Cr).
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It is assumed that each pair of :g is independent for given

values of j, and that the quantity b° is also independent for different

values of r. Note that the yF will not be independent random quantities
because they all contain the same random quantity br. It follows from these
considerations that the data in different sets are independent of each other,
and that the probability function for each set can therefore be calculated
independently. The logarithm of the general probability function can thus be
obtained by adding the logarithms of the probability functions for all data
sets [6). The probability function for a given set can be determined as
follows.

Let us introduce the random quantities E: Y? - }; and consider
r

case A with its associated condition 6; < Ej

T < 8T + dBr. The probability P(AAB) can then be

< 6 + d6§ and case B with
its condition Br
calculated according to the equation P(AAB) = P(A/B)-P(B). As can be seen
from (2.1), if one considers the conditions of B, the quantity E; will have a
distribution given by N(Br,di).

It follows then that

n )2 n r
P(AAB) =x-exp|- ) —I—— 85817 H 8 jex [_(P;")‘:‘] (2.2)

J=1 2(0;)z J=1 2(§5)?

where k is an arbitrary coefficient independent of both 6; and B

Next, let us find the evaluated values of y;, which depend on the
random quantities of E;, but not on b°. For this purpose we must find from
equation (2.2) the marginal distribution for the E§ array, integrating
(2.2) over B® from - ® to + @, After performing the integration,

taking the logarithm, discarding the constant term and summing over all sets,

we obtain the final expression for the logarithm of the probability function:

N
(€52
N e (2.3)

Z=1 l+£[_€__r]z
J oj

where

n, r_or 2 23 vy 2
b= vi-vil )3 ¥i-75
J=1 (a})? Je1 (O;)‘

We shall now look for }; as the value at point x§ of a spline

function dependent on parameters Ay e @ These parameters we shall take
to be a function of the location of the spline knots and of the values at
these knots. The values we can determine by maximizing the logarithm of the
probability function. The spline degree, the number of knots and defects are
considered to be fixed. It is known that the spline function is linearly

dependent on its value at the knot, and has a non-linear dependence on the

location of the knot. Let us define the spline knots as [xi}. i=0, ..., n+1.

Since they determine the interval which is being evaluated, the values

of x, and x

o n + 1 3re fixed. In order to find the values of X5 it is

convenient to represent the spline function in the form

1

= . B. ) Xast e X,)
5(x) ELCJBJ(""Q 2 2 (2.4)

where % + n = k, and k is the total number of parameters.

We shall use a spline of order p. Although the spline order is
normally taken as 3, it is more convenient not to be limited to a cubic
spline, especially if such a generalization does not introduce any

difficulties. As a base element which has a defect k at the knot xj
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o

(1 < kg (p+ 1)) and is non-zero only in the interval (x;.,x, P+ 217"

we shall take the function

g (x) /ér X2 x;

0 fm, X < x: (2.5)

where f*l-k ( ) ’
X - X
(x = AL *
LP ) JE':’. ("Jru - xi)k-'ﬁ ( J"'l_xﬂf>
w0
and where

/ -\ P
‘\xj+£ xf‘ C"jri"‘) wheu Xjei =X 20

2

P
awa? (XJ,.;‘X)+= 0 when xjﬁ-x<o.

In order that these functions be defined at the end points of the evaluation

range, it is necessary to extend the lattice [xi} by p points to the

As the results of this

left, beyond x., and to the right, beyond xn

Y + 17

evaluation will not depend on the method by which this extension is

implemented, for the sake of clarity we can choose

X, =X, for i<0
Xgoy= Xy = ' (2.6)
Xp~ X, for Iid>n+l

In order to be sure that Qik is indeed a spline having the required

properties, it is only necessary to check that
Q!
i k (x.)=o
F+l-k
M

whet 1< (f-k))

(2.7)

This can be shown by induction on p. Substituting in equation (2.3) an
expression for yg in the spline form from (2.4), we arrive at the
minimization of the function ¢(cl. e Coi xi. oy xn) whose
parameters cj are entered bi-lineally; the xi parameters are, however,
more complex. As it is impossible to minimize on xi exactly, we need to use
an approximation method. The authors chose to use Newton's method where the
minimization is performed on the function

¢1(x1. ....xn) = mé? ¢(c1. 1€y X ...,xn)
rather than on the function ¢, becaﬁée it is easier to find min ¢ for
given values of x, (which requires the solution of a system of linear
equations). At the same time there is a significant reduction in the number
of parameters which must be found by Newton's method. The following obvious
limiting conditions are applied in the solution of this problem:

X, <X, <X

0 1 2

In the process of solving this problem, it is possible that two spline

<X <X +1
n n

knots would tend to merge. In such a case, the two knots are combined into
one and the defect order is increased by one. The reason for proceeding in
this manner can be seen from equation (2.5) if one changes its limits to

1+1 b X, . It can be seen that within these limits one would indeed have a

x
base spline with a defect order of k + 1 in X, . In order to evaluate the
error of this approximation, consider the fact that with fixed knots, the
problem is one of maximizing the probability with linear parameters; the
inverse matrix for the solution of this problem, as we know, is the covariance
matrix with coefficients cj. The standard deviation of the spline in (2.4)
can then be found from the equation
D(s(x))=1)5cov(cl,c,) B (x)-B,(x) 2.8)

As can be seen, the contribution to D(s(x)) of terms containing cov(ci,xj)

and cov(xi,xj) has been omitted; their inclusion would have led to a very
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complex expression. The question is whether it is necessary to include this
contribution. The problem is that expressions such as (2.8) yield an evaluation
only in those cases where real values of d; and Er are included in the input
data. In most cases they are not, so the values of d; and Er must almost always
be taken from the evaluation and re-entered into the evaluation to yield an
improved value. In addition there is the philosophical question: "Would
equation (2.8) be valid if the knots were not adjusted, and the existing

og}imum knots were regarded as fixed and used as such?” This shows that the
Eé;ors in the approximation are determined in a rather random fashion, and

that the error values quoted in the results must be considered only as
tentative.

The spline approximation curves obtained in the course of this
investigation are presented in this handbook in the form of tabulated cubic
spline coefficients, determined on an appropriate lattice.

The value of the spline function can be calculated from the equation

yi(x) = tA,,(x—x,) g

=0 (2.9

0" Al' AZ and AS are the spline curve coefficients corresponding to the
j-th knot and x is the value of the argument in the j-th range defined by the

where A

candition x, < x < x, .
- b R I §
Depending on which of the four representational forms is used for the
spline approximation (linear-linear, linear-log, log-linear or log-log), the

evaluated value of o(E) for a given energy E can be calculated for the four

respective representational forms by using the following equations:

o(E) = tA E-F,) X
2 A (E-Ey) (2.10)

3 E k
a (E) =2Ak[1n(——)) (2.11)
= £,

an(E’)=tAk(E-EJ)k (2.12)
k=0

3

o k
lno(E) = Zﬁx(ln(f->)
bl

k=0

(2.13)

The dependence of the extrapolated cross-section in the low-energy region
can be conveniently calculated by the approximation method of non-resonance
charged particle interaction described originally by Gamow (7] and by Gurney and
Condon [8].

In accordance with these authors, it is convenient to separate the energy
dependence of the Coulomb barrier penetration in the form of a factor and to

represent the cross-section o(E) as

S(Ey) E
o({E.) = ___(“‘_.]exp - g
o ( c £ (2.14)

where the expression for the kinetic energy is Ec.m = (ml/(m1 + mz))E.

Here m_, and m2 are the masses of the interacting particles, and E

is the energy in the laboratory system of the second particle, where the first
particle is at rest.

The Gamow energy ES is defined by the following equation:
E,={0.98948 2, 2,/A ) MeV
(2.15)
where Z. and ZZ are the charges of the charged particles in proton

1
charge units, and A = Al-AZ/(A1 + Az) is the reduced mass in atomic

mass units.
Far from nuclear resonances, the astrophysical factor S(Ec m ) is

, and it is convenient to

slowly varying as a function of the energy Ec o

represent it in the form of the power series

S"o) - £2.

S (Ec‘,.,_>= S (0>+ 5’(0)' Eont T_ (2.16)
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where the prime represents differentiation with respect to the energy in the
centre of mass system. Both quantities, S(Ec.m.) and Eg are given in the
handbook in the centre of mass system.

It has to be taken into consideration, however, that the evaluated
cross-sections obtained from the tabulated spline approximations are generally
in the laboratory system.

In a number of cases, such as for the reactions 3H(d.n)AHe. 2H(d.n)3l~le.
zﬂ(d,p)3ﬂe, 3H(t.Zn)AHe, 3He(d.p)AHe and 3He(r,Zp)AHe. the evaluations are

presented in the form of S-factors instead of cross-sections, and are

expressed as a function of the cross-section by the following relationship:

E
S(En) =0 Eg, exp ,E_y (2.17)
or

The evaluated values of the S-factors can be calculated from the approximate

spline function coefficients using the following expression:
3 £ X
1n S(E')=§Ak(1n(-Fj)] (2.18)

The angular distributions of the differential cross-sections for some

‘of- the reactions are given in the form of the following Legendre polynomials:

a (8, E) = 9B (14» ﬁBk.Pk (cosﬁ)) (2.19)
in k-1

0(6,E) =06 (0% E) _kﬁogk.Pk (cos8) (2.20)

(2.21)

9(8,E) =0(90°E) -kﬁ B, ' P, (cosB)
=0

3. CROSS~SECTIONS FOR THE INTERACTIONS OF HYDROGEN AND HELIUM ISOTOPES
3.1. Basic data

Hydrogen: atomic number - 1

Stable isotopes:

- protium, atomic mass 1.007825, abundance 99.985%

- deuterium, atomic mass 2.014102, abundance 0.015%

Radioactive isotope:

- tritium, atomic mass 3.016049, T = 12.26 years

1/2

Protium is the basic element of the Universe; the protium nucleus, the
proton, is an elementary particle which, together with the neutron, is a
constituent of all nuclei. The coupling of protium and deuterium with oxygen
forms water (HZO) and heavy water (DZO) respectively. Heavy water is used
in nuclear reactors as a moderator of neutrons. Deuterium and tritium are
used as fuel in thermonuclear explosive devices. Tritium is used as a
radioactive tracer.

Helium: atomic mass - 2

Stable isotopes:

- helium-3, atomic mass 3.016029. abundance 0.000138%

- helium-4, atomic mass 4.002603, abundance 99.999862%

Helium-4 is used in cryogenic technology, as a cooling agent in
reactors, in dirigibles, and in breathing mixtures to avoid ill-effects from
deep sea diving. Helium-3 is used extensively in nuclear technology.

3.2. The 2H(p,Y)3He reaction

This reaction has been studied in the energy range (see Table 3.2) from
a few x 10 keV to several tens of MeV. It has been of interest to
astrophysicists, to physicists in the study of three-body problems, and this
in turn has also led to a better understanding of the mirror reaction

2H(n.Y)3H.
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The 2H(p,y)3He reaction was first investigated by Curran and
Strothers [9]. The gamma-ray emission from this reaction is in the form of a
single line with an energy of EY = (5.49 + 2/3 Ep) Mev. 1Its cross-section
grows uniformly with energy. Both the angular distribution (which has a
dominant sinze term) and the polarization {10] indicate that this reaction
ig due to a capture process from a 2p state in a continuous spectrum
transition to the final 2s state of the helium-3 nucleus with the emission of
a gamma ctay.

- At low energies, with Ep < 0.03 MeV, the integral reaction
cross-section can be described by equation (2.14) using the following
parameters: Eg = 0.657 MeV and S(Ec.m.) = (0.146 + 9.12 Ec.m.)'1°_3 MeV<b.
In the energy range Ep = 0.02 to 20 MeV the integral cross-section can be
calculated with the corresponding spline parameters using equation (2.13).
The spline coefficients are listed in Table 3.3. A comparison with the
experimental data is shown in Fig. 3.1.

3.3. The deuteron break-up in the ¢ + p interaction

The ZH(D.D + n)lH ceaction

The 2H(p,p + n)1H reaction was first investigated by Barkas and
white [19] at the energy of 5.1 MeV. Interest in this reaction stemmed from
the general interest in three-body problems, as well as from the need to
assess the contribution of the continuous neutron spectrum for neutron sources
based on the d-d and d-t interactions. The data used to evaluate the integral
crogs-section of this reaction were taken from a number of papers listed in
Table 3.4.

There have been no direct measurements of this reaction at proton
energies above 10 MeV. The evaluation curve at those energies was constructed
on the basis of data from Ref. [25]), which contains evaluations obtained from

R . 2 . : s s
the symmetrical reaction "H(n,n + p)n. Table 3.5 lists the spline coefficients

obtained from the above-mentioned integral cross-section data from the
ZH(p.p + n)lﬂ reaction. A comparison of the evaluated data with the
experimental data is shown in Fig. 3.2.

3.4, The 2H(d.l)aHe reaction

Interest in the 2H(d.Y)AHe reaction is based on its usefulness
in high-temperature plasma diagnostics [26] for fusion research. This
reaction, and the reverse reaction aHe(y,d)ZH, have been studied at high
energies by various groups of investigators in order to obtain information on
the structure of the aHe nucleus. A brief tabulation of the data used in
the construction of the evaluated excitation function of the integral
cross-section is given in Table 3.6.

Integral cross-section data for the 2H(d,y)AHe reaction compiled
in Ref. [28] were used to derive the spline coefficient data given in
Table 3.7. (These data were adjusted and corrected on the basis of the
original measurements.) This approach was taken primarily because the authors
of Ref. [28]) had themselves converted most of the data to an integral
representation, using for the purpose information obtained directly from the
authors of the original work. A comparison of the experimental data with the
recommended excitation function of the integral cross-section for the
24(d,v)*He reaction is given in Fig. 3.3.

Analysis of the angular distribution of the emitted gamma rays
indicates that, within the experimental accuracy limits, the data have the
following dependence:

o(8)= A sin’e -+ cos’e
which would seem to point to a dominant role of electric quadrupole excitation.
For extrapolation to the low energy range we use Eq. (2.14) with the

following parameters: Eg = 0.98565 MeV and SO(Ec . ) = 3.865 x 10—3 MeV+b.
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3.5. The 2H(dLnlaHe reaction

Table 3.8 lists all of the references used for the evaluation of this
reaction.

The form of the excitation function of the total cross-section for all
of the 2H + d reaction channels in the vicinity of the threshold of the
break-up of the helium-4 compound nucleus into two deuterons is determined by
the absence of compound nucleus levels in the vicinity (both above as well as
below) of the threshold (54). In addition, the closest levels have negative
pé%ity: this means that their effect on the 2H + d reaction is weakened by
the presence of the centrifugal barrier as they cannot be excited by an S-wave
in the input channel. Levels located above the threshold are assumed to have
an isospin of T = l; and therefore, because of the isospin conservation law,
their excitation to the ZH + d channel is forbidden.

Indeed, there are no signs of any resonance characteristics in the
excitation functions of the 2H(d.Y)AHe. 2H(d,p)3H and 2H(d,n)3He reactions

in the energy range E, < 10 MeV; and phase analysis of d-d elastic

d
scattering also shows the same results [54). Accordingly, experimental
results on the 2H(d,n)sHe and 2H(d.p)3H reactions at low energies can be
satisfactorily approximated by Gamow's equations, (2.14) and (2.16). However,
the use of these equations is unreliable when it comes to extrapolating the
cross-sections to lower energies, where experimental data are absent because
measured angular distributions for these reactions have revealed significant
aniéotropy [32, 34) due to an appreciable contribution from partial waves with
2 > 0 in the input channel. The separation of the individual partial
cross-sections is not a simple task. At any rate, it is not enough to measure
angular distributions to resolve a "clean" P-wave. For this reason,

. 2 3 R
extrapolation of the H(d,n) He and 2H(d,p)3H reaction cross-sections

to the low-energy region for which there are no experimental data was

performed by the R-matrix method, whose parameters are based on experimental
data which had been subjected to a least-squares analysis. The 2H(d.n)sHe
reaction cross-sections calculated by this method were then used as a basis
for our evaluation in the 0-120 keV energy range. Evaluated data published in
Ref. [55] were used in the 0.120-6 MeVv, and data from Ref. {33) in the 6 to 20
MeV energy ranges. The evaluation procedure used in this case was the same as
in the evaluation of the 3H(d.n)AHe reaction. The data from all
references were first converted to s-factors. Then, a first-order spline fit
appré;imation was obtained from the data in Refs [33, 55] and the R-matrix
calculation results. Then a least-squares analysis was performed to find the
spline curve giving the best fit to the experimental data used in the
evaluation (allowing for the individual weights assigned to them).

The spline coefficients are listed in Table 3.9.

2H(d,n)SHe reaction cross-

The excitation function of the total
section, calculated on the basis of these coefficients, is shown in Fig. 3.4.
The experimental data used in the evaluation are plotted in the same figure.

3.6. The 2H(d.p)SH reaction

This is a mirror reaction of the 2H(d,n)SHe reaction and all
properties of their excitation functions are therefore analogous. As in the
case of the 2H(d,n)3He reaction, its total cross-section at low energies,
i.e. Ed < 120 keV, was approximated with the R-matrix formula whose
parameters were obtained on the basis of least-squares fitted experimental
data [32, 34]. The reaction cross-section calculated in this way was used as
a basis for the evaluation in the energy range of 0-120 keV. Evaluated data
from Ref. {56] were used in the energy range Ed > 0.12 MeV. The results
from all references were converted to s-factors. The evaluated data from

Ref. [56] and the R-matrix calculation results were used to obtain a first

order spline fit curve approximation. A least-squares analysis was then
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performed to find the spline curve giving the best fit to the experimental
data used in the evaluation (allowing for the individual weights assigned to
them).

The data used in the evaluation of this reaction are tabulated in

Table 3.10. The total evaluated 2H(d.p)3H cross-section, and the

experimental data used in the evaluation, are plotted in Fig. 3.5. The spline

fit coefficients are listed in Table 3.11.

3.7. The 2H(d,p + n)ZH reaction

- Deuteron interaction reactions are important as a source of
monoenergetic neutrons, and so it is important to take account of this
reaction, which produces a continuous neutron spectrum, above the three-body
break-up threshold. The most exhaustive study of the deuteron-deuteron
break-up has been published in Ref. {33]). Included in that survey is an
evaluation of the differential cross-section of this reaction at an angle of
zero degrees; the results of this evaluation are given in Table 3.12.

3.8. The 3H 4He reaction

The 3H(p.Y)AHe reaction is often used as a source of monoenergetic
gamma rays to investigate photonuclear processes. This reaction is
characterized by a high Q-value (19.81 MeV), and a relatively large
differential cross-section at an angle & = 90°. At this angle, the gamma-
ray energy can be expressed in the form EY =Q+ 0.75 Ep. and the
differential cross-section, according to Ref. {63], behaves according to the
expression do/Q(mb/sr) = 3.50 Ep for (0.1 < Ep < 2 MeV). Because of
the relatively large cross-section of this reaction, it can be used for the
diagnostics of low-temperature plasmas containing tritium and hydrogen.
Excitation function measurements [63) of the differential cross-section

o(E,90°) were taken as a basis for determining the evaluated integral

reaction curve. Gamma-ray angular distributions from all references listed in

Table 3.13 were used to obtain values for the integral cross-section. This
analysis showed that integral cross-sections could be calculated with an
acceptable uncertainty from differential cross-sections at 90° using the
expression o(E) = 4wo(E,90°)/1.3. As the deviation from this
relationship for various energy values did not exceed 10%, it was used to
calculate values of the integral cross-section from the differential
cross-section.

At higher energies, the evaluation of the energy dependence of the
3H(p.-’{)AHe integral cross-section was based on data from Ref. [65]
normalized at a proton energy of 4.0 MeV on the basis of data from Ref. ([63].
The reliability of the absolute differential cross-section values [65]
obtained in this fashion was checked by comparing them with results of
absolute measurements [68)] which do not deviate from the data of Ref. [63]) by
more than 5%.

Spline fit coefficients for the excitation function of the
3H(p.Y)AHe integral reaction cross-section are given in Table 3.14. A
comparison of the fitted curve with the experimental data is shown in Fig. 3.6.

3.9. Neutron yield from interactions of protons with tritium nuclei

The 3H(P.n)3He and 3H(p,x)n reactions

The 3H(p.n)3He reaction is widely used as a source of monoenergetic
neutrons with energies ranging from 0.6 to 4 MeV.

The cross-sections for this reaction have been compiled in a number of
publications (69, 70] and their evaluations performed by a number of authors
(33, 55}. Inasmuch as there have been no new evaluations of this reaction
since the last evaluation [33), our determination of the evaluated curve for
the energy range of interest to us (10-20 MeV) is based on the evaluated data
of Ref. [55] (Ep = 1.2 to 10 MeV) and Ref. [33] (Ep = 6-17 MeV). In

matching these evaluations we have relied on the uncertainties quoted by the
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respective authors: 5% for the data from Ref. [55]) and 2% for the data from
Ref. [33). The spline fit coefficients for the description of the excitation
function for the integral 3H(p.n)BHe reaction cross-section are given in
Table 3.15, and Fig. 3.7 compares the most representative experimental data
from Refs (3, 71-76), with the evaluated curve.

The neutron angular distribution for this reaction in the centre of

mass system can be obtained from the expression

- (8, E) =0(0° E) E B, - P, (cosB)
0

using the evaluated differential cross-sections at 0° (Table 3.16) and the
corresponding Legendre coefficients given in Table 3.17. In the expansion
given in equation 2.18, only the first five Legendre coefficients are taken
into account; inclusion of higher order coefficients leads to changes in the
differential crogs-section in the 2 < Ep < 10 MeV energy range which fall
within the uncertainty limits of 1% to 3%. At higher energies, as implied by
the data from Ref. [33], the omission of higher order coefficients may
increase the uncertainty of the differential cross-sections to about 5%7%.
For proton energies larger than 8.35 MeV there may be production of
neutrons due to the three-body break-up of the 3H(p,n + p)ZH reaction
(Q = -6.258 MeV); then, beyond Ep = 11.32 MeV, there is an additional source
of continuous spectrum neutrons from the 3H(p,Zn)ZlH reaction, which has a
Q-value of -8.482 MeV. For neutron sources, the number of such background
neutrons at 0° is of particular interest. This problem is thoroughly
investigated in Refs {33] and {77]). Mean values of the differential spectral
neutron production cross-sections from Refs {33) and [77] are given in

Table 3.18.

3.10. The 3H(d11)?He reaction

This reaction has been studied extensively during the last thirty
years. The most important ceferences for it are listed in Table 3.19. 1In
early cesearch emphasis was put mainly on obtaining information on the
properties of systems which involved A = 5 nuclides. More recently (27, 79]
there has been increased interest in this reaction because of its possible
utilization as a tool in the diagnostics of high-temperature d-t plasmas.

References [27, 79, 81) were taken into consideration in this
evaluation because they report on relative gamma-ray and neutron yields.
Cross-section values for the 3H(d,y)sHe reaction and evaluated cross-
section values for the 3H(d.n)dHe reaction (see Section 3.11) were
obtained from Ref. [80] in order to arrive at the o(d,Y/)/o(d,n) cross-
section ratio.

The reaction cross-section ratio 3H(d.Y)SHe/3H(d.n)dHe is
compared with the experimental data in Fig. 3.8; the parameters of the
evaluated curve are given in Table 3.20.

3.11. The 3H(d,n)4He reaction

This reaction, together with the 2H(d,n)3He and the 2H(d,p)3H
reactions, has determined the energy and neutron yield characteristics of
practically all existing thermonuclear devices. It was investigated
extensively in the 50s and 60s in laboratories abroad as well as in the Soviet
Union (see Table 3.21).

The accuracy of these cross-section measurements was approximately
5%. However, the importance of these reactions in thermonuclear processes
prompted investigators to make even more exact measurements using the most
sophisticated contemporary technology. The most significant efforts in the
measurement of nuclear data for thermonuclear reactions have been made by

research teams in the United States (at the Los Alamos National Laboratory),
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in the Federal Republic.of Germany and in China. The results of these efforts
produced data with accuracies ranging from 1% to 1.5%, which stimulated a
review of the existing evaluated data for these reactions.

The behaviour of the excitation function for the total 3H(d.n)aHe
reaction cross-section at energies below 1 MeV is determined essentially by a
strong resonance in the compound helium-5 system with an excitation energy
E = 16.76 MeV, 3" =3/2" and T = 1/2.

The threshold of the 3H(d.pn)JH reaction is at a deuteron energy of
Ed‘= 3,709 MeV, which corresponds to an excitation energy of the compound
system of Ex = 18.92 MeV. The next resonance, at Ed = 5.17 MeV, has an
excitation energy of Ex = 19.8 MeV, with J¥ = 3/s2° or 5/2+, and
T = 1/2. Because of the level structure of the helium-5 nucleus it is
possible to obtain a satisfactory description of the 3H(d.n)al-{e total
reaction cross-section for deuteron energies below a few hundred keV using the
single level approximation of the R-matrix formalism; this is possible
because of the dominant position of the resonance at Ex = 16.76 MeV, with
J' = 3/2+, in this range of excitation energies. In Ref. [83] this
approach was used to evaluate the total cross-section of this reaction in the
deuteron energy range between 0 and 250 keV. Satisfied that the data from
more recent measurements [35, 82] were in good agreement with that evaluation,
we have based the construction of the evaluated spline curve in the 0-200 keV
energy range on the R-matrix equation using parameters from Ref. [83].
Evaluated data from Ref. [55] were used in the energy range between 0.2 and
3 MeV, and data from Refs [33, 60) were used in the energy range from 3 to
20 MeV. The data were evaluated in the following manner. First, data from
all references were converted to s-factors; then, the first approximation of
the spline fit was constructed on the basis of data published in Refs [33, 55,

60, 83). An improved approximation of the spline fit was then constructed

with the aid of the least-squares method using all experimental data weighted
by the accuracy of their measurements. A brief description of all references
used in this evaluation is giveﬁ in Table 3.21. The spline coefficients are
tabulated in Table 3.22.

Figure 3.9 shows the calculated excitation function of the
3H(d,n)AHe total cross-section and the experimental data points used in

this evaluation.

3 .
3.12. The 3H(d,n + p)?H and 3H(d.2n) He reactions

— The break-up of the deuteron upon collision with tritium nuclei has
been studied in Ref. [20) for energy region 3.75 < Ed < 6.2 MeV and in

Refs [91, 92) for 4.8 < Ed < 11.9 MeV. Reference [92] gives neutron angular
distributions as well as energy distributions at 0°. Whereas according to
Ref. [33] the 3H(d,n)al-{e monochromatic neutron yield at 0° in the energy
range 4 < E < 17 MeV does not deviate significantly from a value of 25 mb/sr,
the continuous neutron spectrum varies over the same energy range virtually
from 0 to 200 mb/sr [91]. The magnitudes of the continuous neutron spectrum
at 4.8 MeV, given in Refs [20] and (91] respectively, differ by a factor of
four. Recommended values of the differential cross-sections for the
production of neutrons at 0° in the 3H + d interaction, normalized to the

data from Ref. [91), are listed in Table 3.23.

3.13. The 3H(t.2n)°He reaction

This reaction occurs in all thermonuclear experiments based on the
3H(d.n)al-{e reaction. However, it does not contribute appreciably to the
energetic or kinetic burning process, because its reaction rate under normal
operating conditions is 2 to 3 times lower than the reaction rate of the
3H(d,n)al-{e reaction.

The primary interest in this reaction lies in the fact that it can be

used for plasma diagnostics in various fusion devices - diagnostics relying on
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the substantially different temperature dependence of the reaction rates for
the ZH(d.n). 3H(t.Zn) and 3H(d,n) reactions, which means that spectral
differentiation can be used to determine their individual contributions.

The evaluation was based on the R-matrix analysis results published in
Ref. [78], after we had ascertained that they were in agreement with
subsequent results published in Ref. {93]}. The results from Ref. [78] were
then converted to s-factors and used in determining the first approximation of
the spline function. The spline coefficients, listed in Table 3.25, were then
calculated by the least-squares method to fit all of the data listed in
Table 3.24. Note that this evaluation was performed in the energy range of
Et < 2.8 MeV, where there are experimental data. At energies above 2.8 MeV
it was assumed that the s-factors are constant and equal to the value at
Et = 2.8 MeV.

The evaluated curve and the experimental points used in this evaluation
are plotted in Fig. 3.10.

3.14. The 3H(r.y)6Li reaction

This reaction, which describes the fusion of tritium and helium-3
nuclei, was studied primarily in order to obtain information on the
cluster-like structure of the low-lying levels of lithium-6. The analysis of
the gamma-ray spectra [99, 100] shows that the principal contribution to the
gamma-ray production cross-section of this reaction comes from channels
corresponding to the ground and first excited states of lithium-6.

The evaluation of the integral cross-sections of the 3H(r,yo)6Li and
3H(r,Yl)6Li reactions was obtained with the use of data published in Ref. [101],
supplemented by results given in Ref. [99) and ([102] after the latter had been
normalized to the data from Ref. {101]. Inasmuch as the data used in the

evaluation described above were presented for the most part in the form of

excitation functions of the partial differential cross-sections at an angle

of 90°, these were converted to integral cross-sections taking into account
information on the angular distribution of the gamma rays tabulated in

Table 3.26. A comparison of the evaluated excitation functions for the
integral 3H(T.Y)GLi reaction cross-sections with the experimental data

is given in Fig. 3.11. The spline curve coefficients are listed in Table 3.27.

3.15. The 3He(d,l)sLi reaction

This reaction has been investigated thoroughly with the objective of
obtaining information on the states of the residual lithium-5 nucleus (see
Table 3.28). In addition, measurements of this reaction can be utilized for
the diagnostics of high—teﬁperature plasmas which contain a mixture of
deuterium and helium-3. For this purpose, the cross-section of the
3He(d.Y)SLi reaction was measured in the E = 0.048-0.095 MeV energy
range and the results published in Ref. [27].

The cross-section reaction ratio 3He(d,y)SLi/3He(d.p)4He measured in
Ref. [27) was used to evaluate the 3He(d.y)SLi reaction cross-section with the
help of the evaluated 3He(d.p)‘He cross-section values quoted in Section 3.16.
With the assumption that there are two gamma-ray lines corresponding to the
ground and first excited states of the lithium-5 nucleus, respectively, the
authors of Ref. [27] concluded from their gamma-ray spectrum analysis that,
for the given energy range, the ratios of the two radiative branches of the

3H + d interaction to the proton branch are constant and equal to

T
_PE= (4.5£1.2)10"% and 1 =(8%£3)-10°
Pp Pp

respectively.
Since the data presented in the references are in the form of

excitation functions of differential cross-sections at an angle of 90°, the
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values for the integral cross-sections were obtained from the following

recormmended equation {107]:

olE) = 4no(9i,5)
-

where Bo and B2 are the corresponding coefficients for the Legendre
expansion of the angular distribution. The values for the 52/50 ratio are
given in Table 3.29.

The evaluated curve was calculated from relative measurements [l04])
which were normalized to the total gamma-ray yield cross-section at an
incoming deuteron energy of E = 0.575 MeV given in Ref. {105}

(a(0.575) = 39ub). Spline coefficients for determining the total integral
cross-section of the 3He(d,Y)sLi reaction are given in Table 3.30. A
comparison of the evaluated curve with the experimental data is shown on

Fig. 3.12. A rough estimate of the partial integral cross-sections
corresponding to the ground and first excited states of lithium-5 can be made
by using the following relationships taken from Refs [27] and [107}:

for E = 0.06 MeV oyl/ayo = 2

for E 10.0 MeV oyllcyo = 0

for E = 23.0 MeV ayllcyo = 0.8
In lower energy regions, it is possible to use the extrapolation
equation (2.14) with the following values (in the centre of mass):

Es = 4,726 MeV, S(0) = 1.51 mb+MeV, and S'(0) = 0.01 mb.

4
3.16. The 3He(d.p) He reaction

Because this is a mirror reaction to the 3H(d.n)“He reaction, most
early publications tried to shed some light on these reactions by studying the
charge symmetry of nuclear forces on the basis of comparisons of their
respective excitation functions. Recent publications show significant

disagreement with some of the early work as regards the absolute values of the

cross-sections and the shape of the excitation functions. The behaviour of

the excitation function in the low energy region E, < 1 MeV is determined by

d
the level structure of the compound nucleus of lithium-5, which is analogous
to the structure of the mirror nucleus of helium-5 that determines the
properties of the 3He(d,n)bHe reaction. These circumstances explain the
analogous behaviour of the excitation functions brought about by the
dominating level J* = 3727, T = l/2, E, = 16.66 MeV [108].

The evaluation of this reaction was performed in the same manner as for
the 2H(d,n)AHe reaction, namely with the aid of s-factors.

The first approximation of the spline curve was calculated by using the
R-matrix formalism with input parameters based on the fitted experimental data
from Refs [34, 109] and [110, 111]). An improved approximation of the spline
fit was then constructed with the aid of the least-squares method using all
experimental data weighted by the accuracy of their measurements. A brief
description of all references used in this evaluation is given in Table 3.31.
The spline coefficients are tabulated in Table 3.32, and Figure 3.13 shows the
calculated excitation function of the 3He(d.p)hHe total cross-section as
well as the experimental data points used in this evaluation.

3.17. The break-up of the deuteron upon interaction with helium-3 nuclei

The 3He(d,n + p)3He reaction

The interactions of fast deuterons with light nuclei (in particular
helium-3 nuclei) give rise to a continuous neutron spectrum as a result of the
three-body reaction channels which have substantial cross-sections. The
following three neutron producing reaction channels are possible when helium-3

is bombarded with deuterons:

3
He + d --> 3p + 2n Ethr = 16.58 Mev
3
He +d --> 2p +n + d Ethr = 12.87 MeV
3He +d -——> 3He +p+n E = 3.71 MeV

thr
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The differential cross-sections for the 3He(d.n + p)3He reaction
for an angle of 0°, listed in Table 3.33, are based on the measurements
published in Refs (20, 22 and 125]. More complete information on neutron
spectra and angular distributions will be found in Ref. [125).

3.18. The interaction of tritium with helium-3 nuclei

4
The 3He(t.d)AHe. 3He(t,n + p) He, 3He(t.p)SHe and 3He(,tln)SLi. reactions

Investigations of the interaction of tritium with helium-3 nuclei for
tritium energies ranging from 0.5 to 1.6 MeV have been reported by only a few
authors (see Table 3.34). The interaction of tritium and helium-3 can lead to
the following four reactions:

t + 3He —> 4He + d + 14.31 MeV

4
t + 3He -—> He + p +n + 12.09 MeV
3 5
t + "He --> "He + p + 11.2 MeV
3 5

t + "He --> "Li + n + 10.13 MeV

The reaction probabilities for all four channels are practically
constant over the energy range under consideration [126]; they are 45% for
channel 1, 48% for channel 2, and 7% for channels 3 and 4.

The evaluation of the cross-sections for the interaction of tritium
with helium-3 nuclei is based on the information from Ref. [126]. The total
integral cross-section values for the 3He + t interactions published in that
reference are in good agreement with the data from Ref. [127], but disagree
considerably with the values given in Ref. [129]). In the evaluation of the
crogs-section curve, the weights of the cross-sections from Ref. [129] were
therefore reduced by a factor of three. The information on the total
cross-section of the 3He + t reaction is available only in the narrow energy
range of Et = 0.1 to 1.0 MeV. At higher energies, measurements have been
made only for individual reaction channels {128]. In particular, results for

3 4 . .
the "He(t,d) He reaction cross-section published in Ref. [128), together

with the reaction channel probability given above, were used in the evaluation
of the total cross-section. The experimental data used in the evaluation are
compared with the evaluated curve in Fig. 3.14; the spline coefficients are

listed in Table 3.35.

3.19. The 3He(r.y)6Be reaction

The 3He + 1 radiative capture reaction has been considered as one

of the end reactions of the proton-proton cycle. We know of two papers -

Refs [132] and {133) - that are devoted to the investigation of this

reaction. The first reports measurements of the excitation function of the
differential cross-section at an angle of 90° in the energy range

Elab = 0.86-11.8 MeV; the second extends the measurement of the excitation
function to the energy range 12-27 MeV, and reports measurements of gamma-ray
angular distributions at a number of points of the energy range. Experimental
values of the differential cross-section at 90° from the papers mentioned
above are tabulated in Table 3.36.

The gamma-ray angular distributions reported in Ref. [133] are
symmetrical with reference to 90° in the centre of mass system, and can be
represented by a second order Legendre polynomial of the type W(9) =
l—aZ-PZ(cose). The Legendre polynomial coefficient a, varies between 0.25 and

2
0.37 in the energy range of 12 < E < 24 MeV.

3.20. The 3He(r.ZpLdHe reaction

This reaction is primarily of interest to astrophysicists, particularly
in their efforts to explain the observed deficit in the flux of solar
neutrinos relative to the calculated flux by the presumed existence of a
resonance in the cross-section of this reaction at low collision energies of
helium-3 nuclei (134, 135). However, the rather thorough measurements

performed by the authors of Ref. [134] have failed to find any indication of a
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resonance, and this result seems to be confirmed by measurements of the
3H(t.Zn)“He mirror reaction.

The evaluation of this reaction was performed in the following manner.
All of the data were first converted to s-factors, then the best approximation
of the spline curve was calculated by the least-squares method. A brief
description of the references used in the evaluation is given in Table 3.37,
the spline coefficients are given in Table 3.38, and the experimental data and
the evaluated curve are compared in Fig. 3.15.

7 7 .
3721. The 3He(a,y) Be and 3H(a.Y) Li reactions

These two mirror reactions are of interest for both fusion and
astrophysics. According to the evaluation by Fowler [139], the first reaction
could be an essential mechanism of the energy balance of many stars in
particular stages of their evolution. The astrophysical interest in these
reactions has stimulated a significant number of measurements of their
cross-sections at low energies (see Table 3.39).

Although most measurements have been done in a geometry where the
detector is placed at an angle of 90° to the beam, and the particles measured
are prompt radiative capture gamma rays, the isotropy of the gamma rays allows
for easy conversion of the differential quantities to integral
cross-sections. It has been shown [l44] that in the 3He(a.Y)7Be reaction the
branching ratio of the gamma transitions, proceeding through the first excited
state of beryllium-7 and directly to the ground state, is equal to ch/cyo =
0.41 + 0.02, and is essentially constant over the energy range Ec.m. = 0.16
to 1.2 Mev.

A reliable description of the energy dependence of the 3He(a,Y)7Be
integral reaction cross-section at "stellar" energies (i.e. Ec.m. = 10 to
20 keV) can be obtained by an extrapolation such as that in Eq. (2.14). The

data published in Ref. [143) - normalized to the value S(0) = 0.575 keV+b

obtained from an analysis of the data published in Refs [l44-146) - were used
to determine the energy dependence of the s-factors. 1In this case the
analytical description of the integral cross-section for the reaction
3He(a,Y)7Be was obtained from equation (2.14) using the following input
parameters: Eg = 26.82 MeV, and S(Ec.m.) = (0.575-0.44 Ec.m. +

0.19-E2 ) MeVemb for 0 < E
c.m. c.m

< 1.5 MeV.

The s-factors for the 3H(a,Y)7Li reaction were taken directly
from Refs [140) and [l47]. Since both reactions had been measured in
Ref.—[140), it was possible to use the normalization obtained earlier for the
3He(a,Y)7Li reaction. At the same time, it was found that the cross-section
value for the 3He(a,Y)7Be reaction in Ref. (140] was a factor of 1.54 too
high. After the renormalization, the 3H(Q.Y)7Li reaction cross-section values
in Refs {140} and ([147]) differed by a factor of 2 to 4. As a result, only the
renormalized values given in Ref. [140] were used in determining of the
s-factors for the 3H(Q,Y)7Li reaction. The parameters that can be used to

7 .
calculate the s-factors for the integral cross-section of the 3H(o..Y) Li

reaction are: S5(0) = 0.100 - 0.31-E + O.AA-EZmb°HeV; and Eq = 6.735 MeV.

3.22. The 4He(d.x)sLi reaction

This reaction has been studied most extensively in Ref. [148] in
connection with astrophysical applications. The data given there for deuteron
energies below 3 MeV agree quite well with the direct-capture theoretical
calculations, taking into account the resonance at Ed = 1.07 MeV for
£ (°LL) = 2.185 Mev.

The approximate curve shown in Fig. 3.16 is based on the experimental
data given in Ref. [l48) as well as on theoretical calculations. For
practical applications, the following analytical expression is recommended to
obtain an approximation of the excitation function for the 4He(d.Y)GLi

reaction
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where

where Ec.m. is the reaction energy in MeV and G(Ec.m.) is the integral
cross-section in units of 10'6 mb. The uncertainty in the cross-section
varies from 30% at Ec.m. = 0.1 MeV to 15% at Ec.m. = 0.992 MeVv.

) For centre-of-mass energies larger than 0.992 MeV, the following
expression can be used to describe the integral Al-le(d.Y)6L:'|. reaction

cross-section in the range 0.922 < Ec m 9 MeV:

0(E,) =exp[1.498 + 1.674 A+ 0.408A% - 0.3 A4°]

where

EQ‘
As l“[0.922 ]

Table 3.1

Energy characteristics of interaction channels for
hydrogen and helium isotopes

Reaction . Decay
Input Output Energy, product energy,
channe channe) MoV decay Mov
ZH*P 33“] 5,494 - -
zﬂ+p 2p+n -2,225 - -
254a oy 23,847 - -
%5va 34e+n 3,269 - -
2.4 t+p 4,08  t()Be 0,0186
Z.a d+p+n 2,25 - -
25,4 2p+2n 4,449 - -
3gep ‘Hery 19,814 - -
JB+p o+n 0,764 - -
35,4 SHes 16,70 Ome—*mesn 0,69
) o+n 17,589 - -
3B tepen 2,25  t(p)’He 0,0186
3B JHe+2n - -2,988 - -
E 0N oty 12,308 Sme(p)fs 3,507
3Rt e+n 10,44 o ~4Hesn 0,89
IRt 4ges2n 11,332 - -
Jgesa 51447 16,39  Li-ptEe 1,9
SRe+d o+p 18,353 - -
JHesa e+P+D ~2,225 - -
JHerd  te2p S1,461  t(p) e 0,0186
JBest L+ 15,796 - -
Host 4He+d 14,321 - -
He4t 4He+p+n 12,096 - -
Hest Li+n 10,13 5L1—-p+4ﬂe 1,96
JEest . 5Ha¢p 11,21 5Hs ~n+*Ee 0,89
4Host 7I.1¢, 2,468 - -
4Hest 6144n 4,782 - -
JHerr '630+r 11,489 630—-‘30-'29 1,371
T 4He+2p 12,860 - -
es T SLi4p 10,90  OLi-pitme -
e Bes+p 1,5876 Tme(p)Tie 0,862
4Hena 6L1¢( 1,4753 - -
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Table 3.2

Brief data content of references used in the evaluation of the

ZH(p,Y)lﬂo reaction cross-section

> Uncertainty, §
Energy Range of Y

range, angles, °"‘ randon e Reft.

] deg. . e
0,024~0,048 0; %0 Exc,na IO IS 1]
0,275-1,750 0;45;90;135 Exc,DA IO 12 (I2)
2,5-3,7 0 EXC,DA 3 - {13)
5,0-8,0 0 EXC,DA 3 I0 {I4)
9,9-22,6 10-170 AXD, DA IO 14 {1s]
- I6 32-152 Ao, I 3 [16)
6,5-16,0 32-152 A4 I - )|
9,9; 14,8 5-I75 AMD, DA 2 7 (18)

Table 3.3

Spline fit coefficients for the description of the
ZH(p,Y)3Ho integral reaction cross-section
(The cross-section can be calculated using equation (2.13))

Knot Knot Spline fit comfficients f:::;
L energy, uncert,,
o] Ll 4 | 4517
I 0,024 -10,3%0 2,693 -I,382 0,5683 23,34
2 0,002 -8,927 1,582 -0,I23 -0,0028 I7,77
3 22,6 ~ 4,494 0 0 0 6,%4I
Jable 3.4

Brief data content of references used in the evalustion of the
2H(p,p«-ﬂ)'ﬂ reaction cross-section

Erergy Range of H )‘4 Uncertsinty, &

renge, angles, °'% —= Ref.

Mo¥ deg e random system,
3,47-5,51 0 EXC,DA 2 30 [0)
3,40-5,55 41 EXC,516¢ 4 I2 ra 8

8,6 0 Y 10 I0 [

6,5 47 SIG I5 IS (9)

9,0 20-152 AND,A 6 6 [24)

Jable 3.5

Spline fit coefficients for the description of the ZH(p.pM)'H
integral reaction cross-section (The cross-section can be
calculated using equation (2.13))

—
Knot Spline fit coefficients ]C""‘f'

Knot energy, | section

Yo. "y [ ™ 1 X J 5 ] 5 1umr'.,$

I 3,4 -4,657 93,36 -554,5129].4 10

2 3,897 1,038 14,17 -26,02 19,72 4

3 5,896 3,847 2,773 -I,5I4 0,171 4

4 39,85 4,815 0 0 0 S

Table 3.6

Brief data content of references used in the evaluation of the
2H(d,7)‘Ho reaction cross-section

Energy Range of 2\ Uncartsinty, 3

range, angles, ' or . Ref

MeV deg ‘.. random | system,
0,05 -0 - exe,rry  I5 30 (27}
0,7-4,5 130 _mc,ma 5 I5 [28)
1.4:2;10; IS 45 - I35 4%D,DA 5 Is (29
6-19 135 m@c,m I0 25 (29
0,8;1.4; 2,2. 0; 45;90 DA 30 8 [
412,55 132  EXC,Da 25 36 [31)
6;9;12 0 -1I32 ao,m 25 3 [31

Table 3.7

Spline fit coefficients for the description of the ZH(d,Y)‘Ho
integral reaction cross-section (The cross-section can be
calculated using equation (2.13))

Koot | Koot Spline 1+ cosfticionts C::T;‘
energy, *

No. — 1, ] Ay I Azl Ay | uncert. s

I 0,026 -16.83 1.550 -0.157 -0.0252 23

- 7.547  _ 9,261 0.520 -0.272 -0.682 23

3 18,92  -9,403 —0:520 ¢ 0 10

Jable 3.8

Brief data content of references used in the evaluation of the
2H(d,n) 3He reaction cross-section

Energy Range ot Uncartalnty, %
;:rv\go, ;::Ios, vpe of detel 404 }sy"“_ Ref.
0,02-0,I2 45-150 ExC,DA I 2 [32)
617 0-88 EIC,DA 2 I [33
0,006~0,325 IS-85 . EXC,DA I 6 (34]
0,012-0,16 9% EXC,DA 3 - [35)
0,250,825 0-82 EXC,DA 3 - [36)
3-6 0 EXC,5IC 2 - B7)
0,119-0,294 0 EXC,SIC - - {38
0,I-I 1560 =Exc,DA 3,5 6 [39)
0,02-0,22 0 EXC,SIG - 20 {40)
0,53,5 -  0-90 EC,DA - - [41)
2-6,2 25-I55 £XC,DA - - 42
I3'2 G—w L!D,DA - 2 [43}
0,150,466 s} XXC,s1c 1 3 f44)
0,0522; 0,0869  20-90 AXD,DA 1,4 3 i9)
12,305 I040  4¥D,DA 2 0,4 g
I-3,5 I6-91  u¥D,DA - - u7
0,2%8-0,703 20-160 EXC,DA 6 - @8
12-18 20-I60 A¥D,DA - - )
5,8-13,8 20-T70  EXC,DA - - fs0l
5-I0 20-90 FXC,DA 3 - {s1)
0,0I13-0,12 90 = ECc,sIc 2 4 [52)
5-12,2 0-90 EXC,DA 3 5 (s3)

Table 3.9

Spline fit coefficients for the description of the S-factors for
the ZH(d,n) 3He reaction (The evaluated total cross-section

of the 2l'i(o:i,n):"”le reection can be calcuisted using

equations (2.14) and (2.18))

. Spline fit tficlan S-factor
Koot :nn::gy °r skl coefficient
e MoV 4y A Ay iq uncartasinty, 3

I 0,005 3,9345 0,022224 0,016557 -0,0224I4 4.6
2 0,00885I 3,9484 0,0I9206 -0,02I842 0,0I18866 4,7
3 0,42334 4,7875 0,69691 -0,I2%60 0,0268336 3,3
4 4,0875 6,0084 0,5I538 0,049548 -0,059482 3,4
5 20,0 6,7136 0 0 0 4,6
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Table 3.

10

Brief data content of references used in the evaluation of the
2H(d,p)3ﬂ reaction cross-section

Tabl

e 3.12

Ditferential cross-section at 0° for the 2H(d,p+n)2H reaction
in the laboratory system

Energy Range of ’,z\ Uncartainty, %
range, angles, [ : : Ref.
MoV deg . g“ random [system.
0,298-0,703 20-160 EXC,DA 6 - f48)
5,8-13,8 20-17 EXC;DA - = = [50)
0,013-0,I2 4F EXC,S1C 2 4 93}
0,02-0,12 45-150 EXC,Da 1 2 32
0,006-0,325 15-85 EXC,Di 1 6 B4)
0,012-0,16 90 EXC,DA 3 - [
- 3115 30-170 EXc,ba 1,5 3 (57
0,08-1,07 0-140 me,h 2,5 3 [39,
0,2:1,77 10-90 EXC, DA 2 s [s8
0,2-0,5 80-170 Be,m - - B9
1-3 30-I70 RXC, D& I 2 [60)
12,305 21-146 AND, DA I 0.43 [6I}
1-3,5 11-85 43D, DA - - 2
0.052-0,087 20-90 oo, LA 3 Qg
0,156-0,466 90 EXC,SIG I 3 4]
13,2 6-90 A0, DA - 2 @3
10,3 14-176 AND,DA - 5 B2

Table 3.11

Spline fit coefficients for the description of the S-factors for
the 2H(d,p) reaction (The evaluated fotal cross-section
of the ZH(d,p)SH reaction can be calculated using
equations (2.14) and (2.18))

. Knot - Spline fit coetficlents S-factor
Knot en
No. ;:;r"' AO 41 A2 ‘3 m:}rﬁ‘mrz, 3>
.
I 0,005 3,9658 0,0591%0 -0,063862 0,0I892 4.3
2 0,Ie002 4,I9I4 0,29829 0,I3286 -0,031631 4,5
3 0,64I62 4,7771 0,48429 0,22627 -0,I0071 3,7
4 11,3855 55,2381 0,65362 -0,006308 -0,0II246 3,2
S 14,0 6,570 0 0 0 5,5

Energy, Cross section, Epergy, Cross section,
MoV mb/sr MoV mb/sr

5,0 0,8 8,0 50

5,25 1,6 9,0 ®0

5,50 3,4 10,0 I20

6,0 8,5 11,0 160

6,5 16,0 I4,0 230

7.0 27,0 17,0 30

75 40,0 20,0 300

Tabie 3.13

Brief data content of references used in the evaluation of
the 3H(p,*{)‘Ho integral reaction cross-section

Energy Range of Uncertainty, %
range, angles, Type of date N Ref.

MoV deg random system.

]
0,460,393 0-135 AND,DA 5 - f64)
0,I-6,2 0 EXC,DA 5 10 [e3
2; 3,4:4:5,6 15-160 aooa 5 10 [s3
3-I8 %0 e 10 - [69)
4-11 45; 90; I35  Exc,DA 3 10 [6§)
411 0-135 ap,a 3 10 [66)
5,8-9,2 0 EXC,DA 5 15 [67
8;3;13,6 0 DA 3 7 [e8]
Table 3.14

Spline fit coefficients for approximating the excitation function
of the SM(p,*{)‘Ho integral reaction cross-section
(The cross-section can be calculated using equation (2.13))

Knot Spline fit coefficients Cross
Knot energy section
No. MoV AO | A1 I AZ J AJ uncert. B>
I 0,I00 -5,686 0,910 0,03I6 -0,0054 &
2 2,030 -2,655 1,003 -0,9736 0,2801 4
3 6,599 -2,367 -0,I244 0,0I23 -I0I7,0 3
4 6,602 -2,367 -0,I249--1,I49 0,6480 3
5 17,80 -2,988 0 0 0 4

Spline fit coefficients

(The cross-section can

Table 3.15

integral

for the description of the SH(p,n)>He
reaction cross-section
be calculated using equation (2.11))

Table 3.16

Yoot Knot Spline fit coefficients Cross
w. | :;P"' Ao Ay 4, Ay :2:‘,-#
I -1,2000 218,09 332,92 243,69 -I43,73 I4
2 2,2000 477,40 469,92 -598,58 ~-286,86 I5
3 2,965 556,73 35,174 855,82 -208,97 20
4 4,0000 485,19 -~532,48 232,46 2,634 IS
S 5,9817 308,40 -346,70 228,27 -30,I95 10
6 8,9442 204,06 -176,87 I92,82 -280,30 8
i 13,375 147,80 -143,26 ~-I09,31 316,91 7
8 19,999 93,109 0’ 0 0 10

Spline fit coefficients for the description of the excitation
function of the 3H(p.n)’l-io differential cross-section at

0° in the center—of-mass system.

The energy is given in the laboratory systaem.
(The cross—section can be calculated using equation (2.11))

Knot Knot Spline fit coefficlents S:::?on
No. ;":"Qv. Ay Ay Ay Ay ancort. ,mb
I I,2000 1I6,2 16,832 4,5464 51,644 3.2
2 11,3802 18,786 21,137 . 26,222 45,529 2,7
3 1,874 22,131 25,801 7,II31 130,83 2,5
4 I.n258 26,237 35,456 61,899 154,69 2.4
5 2,J000 32,833 61,859 316,34 -835,0I 2,0
6 2,6086 52,6I0 8I,246 -226,94 38,497 1,7
7 3,2404 59,948° -11,759 -20I,90 239,84 2,6
8 14,0253 50,348 -65,489 —45,853 174,25 2,6
9 5,0000 35,766 -€0,791° 4,618 72,214 1,5

10 6,5978 20,805 -4I,577 64,684 3,I471 1I,I

II 8,705 14,37 ~4,9826 67,30 -52,26I 0,9

12 11,487 16,996 20,285 23,832 -55,698 I,3

I3 15,158 23,265 20,655 -22,497 15,536 I,2

I4 19,999 27,593 0 0 0 2,1
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Jable 3.i7 Table 3.17 (continued) Jable 3.18

Spline flt coefficlents for the description of the snergy Differential cross-sections at 0° for the production of a
continvous neutron spectrum in the laboratory system In

dependance of the Legendre polynomial cosfficients tor
datermining the sH(p,n)}Mo differential cross- Spline fit cosfficients Legendre pet resctlons
section in the center—of systom, Legendre | Knot Knot " -
(The Legendre cosfficients can be cnlcu:::: u:lng squation (2.11)) coeft. No.| No. snergy, A A A A cosft £ Continuous spec?rﬂ Twoparticlie channel
fnergy Is given in the laboretory system. Moy 0 1 2 3 unc.rf:_ n P’ adl o(E,0°), mb/sr
. Spiine 1it contficlents Legandre 7 6,754 1,326 0,6084 -3,6564 -8,9995 0,05 9,77 I1,4:0,8 41,5
ot 8 7,6968 11,3229 -0,8II5 -7,1905 II,752 0,04 10,77 0,91:0.2 27,0
Lop;r;dr: Knot | Knot 1 1, " L5 | woerr. 9 18,7732 1,119 -2,0899 -2,5757 8,4497 0.04 11,77 2,2+0,1 29,2
vt Moot Moo | onarave ‘ " B2 10 10,000 0,821 -2,3298 3,2729 -1.6673 0,04 12,77 4,130.4 32,1
< II 14, ,337 . I, -1, , . 5,4+0, 35,3
T VL0 1050 1,158 5,648 0,6 0,10 2 ot omm o ot ol oo tm oraons 3004
2 I,32C1,I287 0,335 0,809 -I0,414 0,10 -
_ 3 1,470 I.isaz 0,2328 -2,3822 §2.I30 8-;8 I 2,I000 -0,0036 -0,0687=0,0I24 -0,4133 0,03
4 I.e04I,I7I 0,129 1,3357 ~I5,958 e 23,2404 -0,0695 -0,3I27 -0,5502 -0,6592 0,03
2 [,8217 1,1798 -0,1008 -3,5554 1-'0-354 o By 3 4,998 -0,3624 -I,I62I -1,0658 -1,8624 0,02
i,oooo 1,1440 -0,4875 -7,4251 _67.014 3'05 4 6,0527 -0,6364 -I,7734 -2,I1335 13,262 0,02 Table 3.19
7 2,53170,83%4 -I,ISI8 4,6068 -6,3717 O, 5 7,3272 -0,9607 -I,I359 5,4696 -0,7794 0,02 e
B B 3,2046 0,7404 -0,042I 0,I008 I,3432 0,08
0 9 7 . 1.0507 0.753 0.05 6 8,8702 -0,9835 0,8692 5,0227 -8,6870 0,02 Brief data content of references used in the evaluation of
4.0%4 0,753 0,224 1,0 7 ’ 7 10,738 -0,6946 1I,8372 0,0424 -1,7808 0,03 the 3H(d,Y)%Ho/ (4, %o integral
10 5,1351 0,8562 0,5991 0,578 1,2708 0,04 8 12,999 -0,3543 1I,6583 -3,I96I 3,57SI 0,03 reaction cross-sections ratio
Ili 3'2333 i'rer -<I)'soes _1'3414 -gg?zgao g'gg 3 I5.124 -0,1097 0, e 0.7018 0,05
, 1618 -0, . : ' I0 19,999 0,0240 0 0 0 0,06 : n
I3 'I1,402 0,071 -I,S6I9 0,57I5 I,39%67 0,04 roarar Type of date EEELILUTEN B
I4 IS,IOO 0,4443 —0,%99 1,7488 -2,5736 0,04 1 4,0000 0,0439 0,2760 -0,4665 2,1075 0,04 MoV . random system.
I5 19,9990,26% 0 0 o 0.8 2 53666 0,I382 0,5479 11,3916 -I,345I 0,02 0,040,15  1r1(a,7)/27%(2,m) 3 7 27
I 1,2000-0,076I -1,8985 11,2298 0,1937 0,06 3 7,200 0,388 I,0I73 0,652 -5,5636 0,02 0,14-0,62 TTY(d,7)/TTY(4,n) 4 p I )
2 11,6613 0,559 -1,0369 11,4188 4,68I3 0,03 B, 4 8,832 0,570 0,586 -2,7543 1,3654 0,02 0,I6-I,4 TY(4,7) 5 3 [
3 2,300 -0,5829 I,3722 -5,0372 6,9575 0,03 5 10,834 0,5%00 -0,3659 -1,9I73 3,4695 0,03 2,0-5,0 TTY(4,7)/TTY(4,0) - - b9
4. 26864 D.4652 0111 -1.795 2.139%6 0.04 6 13,291 0,4647 -0,7145 0,2095 0,5983 0,03 0,0250,1 DA - 0 []
§  3.1377 -0.4522 00918 -0.7987 0.0030 0.06 7 16,304 0,3325 -0,5543 0,5763 -I1,0375 0,04
s, 6 3,669 -0,4857 -0,3397 .-0,7973 1,6468 0,06 8 D9-0z5 0 o 0 005
! 7  4,2806 -0,5515 -0,4682 -0,030I —4,2353 0,06 _—
8 4,9998 -0,6408 <0,7840 I,9028 -7,8473 0,04 Note: The differential cross-section of the 3H(p,n)’ﬂe reaction in the
9 15,8538 -0,7479 0,763 -I'BOQG 9'36$ 0’03 centre-of-mass system can be calculated using equation (2.20).
I0 6,383 —0,8775 -0,6414 2,62II 5,52I0 0,03 Table 3.20
II 8,0245 -0,8918 0,5972 5,2330 -6,I889 0,03 e 8
I2 9,395 -0,6918 I,7858 2,305 -II,406 0,03 ine fi iei i
' ¥ , ’ ’ ' Spline fit coefficients for approximating the
13 11,000 -0,397%6 I,6619 -I,II88 -0,4532 0,04 3H¢d, ¥) %Mo/ 3H(d, n) e cross-section ratios
I4 14,82 -0,0I29 0,8728 -1,5252 1,4893 0,03 (The ratios can be calculated using equation (2.11))
I5 19,999 0,I5II 0 0 0 0,05
I 71,2000 0,0132 I,333I -0,68I4 0,I008 0,07 Knot Spline fit coefficients (x 10-7) | Ratio
2 2,I%09 0,5908 0,6223 -0,4993 0,5778 0,03 Koot | gnergy, R R uncer+,
3 4,000 0,9105 0,6433 —0,I973 2,8578 0,07 Mo | e ‘O] 5 | zi 3
B 4 4,554 10,9986 0,7446 0,9249 -3,4865 0,07
2 ’ ) ’ ] ) ’ - S 0.85
5. 5,I971 1,I040 0,8075 -0,4442 4,4I54 0,05 1 0,042 5,452 0,4267 -I,296 0,638
6 5,939 I,2120 0,9I182 I,2897 -12,595 0,05 2 5,0 47,6 0 0 0 1.2
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Table 3.2|

Brief deta content of references used in the evaluation of the
3H(d,n)‘Ho reaction cross-section

Energy Range of Uncertainty, % o
T,

:390. . :::'OS. Type of data random systen.
0,08-0,II6 45-I50 EXC,DA I 1,3 [
0,08-0,078 45-I50 EXC,DA I 1.4 [83
7-16,5 0-132 EXC,DA 1.5 2 [33
0,014-0,114 90 EXC,DA 5 - [39)
5-15,7 0-I40 EXC,DA 3 4 [84)
0,019-0,I2 9% EXC,DA 2 ¢ [52)
0,025-0,225 - EXC,SI¢ - - [40)
1,56 0-150 EXC,DA 3 10 (85}
8-16 0-145 EXC,SIG 6,5 (86}
0,048-0,73 - EXC,8I1¢ 5 5 [87
I 10-140 AND,DA - 3 [sg)
0,57 0-165 exc,ba 3,5 5 [89)
0,053-0,8 EXC,SIG - 8 [50)

Table 3.22

Spline fit coefficients for the description of the S-factors for the

‘H(d,n)‘Ho reaction (The evaluated total cross-section of

this reection can be calcu

lated

using equations (2.14) and 2.18))

7 Spline fit coefficients S-factor
Knot Knot . cosffic.

snergy,
No. eV Ay 4, 4, AJ uncert. ,%
I 0,005 2,5038 0,021225 0,036332 0,025539 1I,98
2 0,065024 3,2719 0,73991 -2,6II4 0,65548 1,37
3 0,l8022 2,156I -2,4613 0,597705 -0,0460I8 1,41
4 I,9177 -0,9340I-0,40958 0,27059 0,4544I 3,23
S 4,0843 -0,89073 0,785I2 -I,I275 0,50776 4,36
6 10,04 -0,72726 0,008837 0,2485%6 -0,II7I0 3,34
7 19,000 -0,66320 0 0 0 4,92

Differential cross-section at 0° for the production of
& continuous neutron spectrum In the laboratory system

Jable 3.23

in & JHed resction

trergy, Cross section, Energy, Cross sectlon,
eV mb/sr MoV mb/sr
3,7 0,7 6,84 165
4,8 7.2 7.38 175
4,30 A 7.8 200
4,58 45 8,33 160
4,82 = 8,83 I80
5,08 90 9,8 168
5,37 108 10,89 180
5,64 I20 I1I,89 - 200
6,32 I30

Jable 3.24

Brief data content of references used in the evaluation of the
3H(?’,Zn)‘Ho reaction cross-section

Energy Range of Unc.r?ninfy,_i'
":;‘9‘- ;::Iu, Trpe _“ dete undc;n systen, Ref.
0,076-0,116 20-160  Exc,d 6 5 (32
0,04-0,2 ° 0 EBC,SIC = 15 [94]
0,081-0,155 0-IS0 mc,u 8 10 [og)
0,95-2,I" 30-I20  Exc,DA Vi 7 [93)
0,06-1,14 4% £¢,S16 10 5 [o)
0,2-1 0 Ke,si6 - 20 [97
0,04-2,2 0 EXC,sI6 IS 10 {98]

Table 3.25

34(+,2m %0 reaction (The evaluated total cross-section

Jable 3.26

Garma ray angular distribution W(8) for the 3H(t,Y)SLI reaction

—(-:h-nnal 'EJ' W) =1+ E ﬂ"/: (c0s8) Rcl.‘—
&a f
2,7 I-{I0,0)2, [59)
rn I3l 1+(0,16:0,03) P~(0,9:0,1) B, (xoq)
21,7 1-(1,07+0,07) », (roo)
; I 1-(0,1440,05) ?, +(0,41:0,07) »,  (10Q)
(T 1-(0,11:0,02) », - (0,28:0,04) 2, - {100]

Table 3.27

Spline fit coefficients for the description of the 3H(1’,Y())6Li
and 3H(1’,Y|)6Li integral partial cross—section
(The cross-sections can be calculated using equation (2.13))

Knot Knot Erergy, Spline fit coefficients i:"_::'
Channetl Mo, | ey uncart.,$
| 4] 4 45 |
I 0,444 7,704 I,I96 0,6031 -0,2108 1I2
b3 2 II,05I 4,628 -1,458 -I,429 3,035 S
3 20,000 -5,362 0 0 0 12
I 0,510 -6,853 0,715 1,446 -0,494 20
r 2 4,798 3,554 -0,2555 -I1,879 157,48 7
! 3 5,139 3,529 I,72I 3,450 4,335 8
4 12,83 -2,38 0 0 0 7
Table 3.28B

Spline fit coefficients for the description of the S-factors for the

Brief data content of references used in the evaluation of the
sH'(d,Y)sLi integral reaction cross-section

of this reaction can be calculated Energy Range of Uncertainty, $
using equations (2.14) end 2.18)) range, angles, Type of deta : Ref.
MoV deg randam system.
A
],w Spline fit cosfficients Stactor 0,050,100 135 e /e0; 27, Is 30 @7
Knot | oreray, _ coeftic, 0,12-4,6 90 EXC,DA; fe 7, 12 30 . [103)
*J-n.v Ay A A, Ay fumcert g 0,17-2,4 %0 HXC,DA; 7 +7; 10 - [toq)
—— — 0,2-1,2 %0 EXC,DA; £ 7 20 (109
1 0,0 18,5 -5,6435 6,32 ,6523 . 2.58.0 30; 130 EXC.DA; £- 10 o o6
2. 0,068957 175,72 -I0,899 -9,427  6.2428 5,86 A 0_14330 oo ‘j:; 10 © gos}
3 0,37559 I6I,67 12,255 22,3 47,985 5,75 113168 90 I ;" 8 s o7
4 11,6255 379,25 387,76 425,84 -I75,I9 5,6 P o 8 5 07
5 2,680 460,61 -I0,706 50,478 —69,506 5.3 IR AL
6 4,0 459,95 0 0 0 9,3
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Table 3.29

Values of the By/By ratio for the description of the angular
distribution of gamna rays emitted from the
3He(d,y)5Li resction

£SLD 18.1 19.5 20.7 23.2 25.7
Mev
By/Bp 0.03/0.1 0.14/0.08 -0.11/0.07 -0.37/10.06 ~0.53/0.16

Table 3.30

Spline fit coefficients for the description of the
SHQ(d,‘{)SLi total integral reaction cross-section
- (The cross-section can be calculated using equation (2.13))

Table 3.34

— - Spline fit cosfficients E::::"
No. | ugy iy l Ay l 43 l 43 Louncert.
I 0,048 -8,855 3.4198 1,214 -I,0II 14
2 0,J70 —4_,533 1,721 0,I1I93 _-0,6098 6
3 0,4646 -3,30I 0,III4 -I,720 1,311 4
4 I,220 -3,596 0,6287 -0,7712 0,3639 3
5 4,724 =3,276 0,4864 00,6629 -0,7017 3
6 7,72 -2,90 0,6297 3,714 3,467 3
7 11,39 <3,0W -0,6864 00,3282 1,619 3
8 716,80 3,195 0 0 0 7

Brief dats content of references used in the evaluation of the
3Ho(d,p)‘He reaction cross-section

Spline fit coefficients for the description of the S-factors for
the }Ho(d,p)‘He reaction (The evaluated total cross-section

of this reaction can be calculated using equations (2.14) and 2.18))

Energy Range of Uncertainty, %

::"9‘: ;::'“' Troe of dete rendom systam. Reft.
0,012-0,3 30-160 ExC,DA 1 6 (34]
14,6-39,9 10-165 EKxc,Da I 10 [

0,38-0,58 16,3 EXC,SIG - 0 [13

0,I-1,5 €0 EXC,SIG - s [I14

0,26~3,56 I8-I50  EXc,Di - 7 [
10,215-160 I15-160 AXD,DA 5 11g

2,283-13 20-I70  EXC,DA 2 - [

0,2-1,5 0-80  EXc,DA 2 3,5 (19
0,029-0,044 48-I28 Exc,l4 - 10 [119
0,036-0,093 K0 XIC,DA 2 4 [53

I0-18 1545 Kc,ha - s ({19
3-I0 30-150  xc,m - - fr1g

Spline it cosfficients S-fector
| 2, =
No. MoV ‘0 A1 ‘2 AJ uncert.,
I o,01 8,7403 0,00356I9 0,0I4882- 0,0047493 4,5
2 0,039385 8,7854 0,07II35 0,0344I3 0,082523 2,3
3 0,I9970  9,3447 0,83533 I,3I09 -~2,4558 7
4 0,38695 9,7600 -0,6542I -3,5627. 2,1482 I,5
S 0,99510 7,7739 -1,6347 0,45197 0,066942 1,9
6 3,1628 6,5914 -0,320S1 0,68420 -0,38870 2,0
7?7 9,23I3 66,5550 -0,I9308 -0,56486 0,76488 I.4
8 20,0 6,4216 0 0 0 3.2

Jable 3.33

Differential cross-section at 0° for the 3He(d,m-fa) He

reaction in the laboratory system
Energy, ’c:-vu-ucﬁm, Energy, Fcru..;.d;,.., Energy, |Cross-section,
Mo ‘lb/" NeV m/sr Ladd mb/sr
3,89 0,II 5,08 4,23 8,85 57,0
4,14 0,27 5,2 4,67 9,88 69,2
4,40 I,07 5,35 5,56 10,85 89,2
4,66 2,11 5,81 6,01 II.9 109,1
4,81 2,71 6,91 33,1 18,6 190,0
4,95 3,49 7,82 41,0

Jable 3.35

Table 3.3 (cont)
. N Uncertainty, 3 Brief deta content of references used in the evaluation of the
E:.;v Rangs of e 3He3He integral reaction cross-sections
range, angleg, Type of dets Ref.
MoV deg random system,
5,9-13,7 I2-170  axp,Id - 5 [120) Energy Range of Uncerteinty, 3|
. ran Type of date A Ref.
10 I30-170  a¥D,I4 2,5 0,33 ‘[61] el :glu, random | system.
2,8-I1,5 30-160  ExC,D4 I 3 [te1) ¢
0,2-2,1I5 - £XC,SI10 - 5 (109) 0,15-0,97 L] EXC,DA; d,n 6 20 [£27]
0,I-0,8 0-140 xc,ma 2 6 (129 I,0-1,5 0-160  AND,DA; d 1,5 7 1927)
0.387-1,46 %0 K¢, 310 3 5 [123) 0,5-1,1 0-I70  AND,DA; d,n 2 5  [12g
17-4 5175 p@c,ma - 3 (124 0,1-0,8 0 EXC,DA; d,n 5 20 fiz9)
0,3-0,8 10;90  EXC,DA; d 1,5 - {130
0,7-3,8 0;40  EXC,DA; ‘L4 2 0 f31
Table 3.32 - 2,7:3,6  0-I40  AND,A; 14 2 10 (137

Spline fit coefficients for the description of the SHeet integral
reaction cross-section (The cross-section can be caiculated
using equation (2.13))

Knot Spiine tit coefficients J Cross
Knot | anergy, section
No. | may ) J 4, J A2 J AJJ uncert.,s
I 0,000 -I,760 5,759 -I,92I 0,2I73 9.6
2 1,821 4,062 0 0 0 4,2

Table 3.36

Ditferential cross-section at ©=90° for the

He(1,Y)Be resction

Energy, ' do/e, Energy, do/dQ,
MaV¥ ub/sr NeV wb/sr

0,86 0,032 II,74 0,770

1,40 0,061 13,74 0,800
I,72 0,077 14,69 0,84
2,20 0,143 15,73 0,91
3,0I 0,200 16,83 0,90
3,83 0,278 17,88 0,92
4,62 0,326 18,%4 0,97
5,66 0,374 19,99 1,03
7,72 0,526 20,82 I,09
9,77 0,624 21,88 1,14
10,78 0,700 22,77 1,07
23,83 I,0I
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Brief data content of references used in the evaluation of the

SHe(+ ,2p) 4He reaction cross-section

Energy Range of Uncertainty, 3

range, angles, Type of data

Neov deg rendom |gystem Ret.

0,3-6 - _EXC,Dd 5 I0 (138
17,9-24 - EIC, D4 4 4 g:ﬂ]
0,06-0,3 90 XIC,5I6 - 20 38)

0,2-2,2 0-140 EIC,DA 6 6 [
0,45-1,5 0-135 AXD, DA 2 7 [
0,036-0,7 30-140 EC,3I6 5 3,5 (133)

Table 3.38

Spline fit coefficients for the dascription of the S-factors for

the 3Ho(1',2p)‘Ho reaction {The evaluated total cross-
section of this reaction can be calculated
using equations (Z.(4) and 2.18))

Spline fit confficlents S-fector
Koot Xnot coettic.
Ko | e 4o 4 i Ay | umenrted
"1 0,040 $264,56 -48,2137 -6,74799 -16,8251 3,4
2 0,303255 4999,35 -282,675 -108,995 ~208,334 3,29
3 0,420087 4880,41 —32,III -308,414 143,609 3,34
4 I.,6228 4082,15 -472,513 278,771 619,432 5,23
S 5,20028 4808,65 2550,44 -6785,64 124829 5,38
6 6,00 5400,0 0 0 0 5.45
7 24,0 5400,0 0 0 0 4,41
Table 3.39

Brief data content of references used in the evaluation of the

JHela,Y) 'Be and SH(ax,Y)7Li reaction cross-sections

Energy Range of Type of dats, | Urcartainty, 3

range, angles, Ref.
Hav deg Resction mumper | "9 | zvstes.
0,5-I1,3 0 EXC,DA;1,2 6 30 (140}
0,42-5,8 4 XC,SIG; 1 3 10 fag)
0,37-0,5% 90 EXC,DA; 1 S 10 {142}
0,25-2,95 0 EXC,DA; 1 IS 20 (143}
0,25-2,95- 39;90:I16  AND,DA; 1 15 20 [143)
0,37-2,73 0 ZXC,DA} 1 3 7 f144)

2,09 4 b - 4 [145)

1,22 0 1 - 8 {146)
0,5-1,9 0 7IC,DA; 2 5. 15 [147

1,6 0;45;90;I35  AND,Du; 2 5 15 [ra7)

a, m "

s
1073 d o
0
[
o' [ 0’ £, MaV 0 g 0! E, MeV
Fig. 3.1. Fig. 3.3.
Energy dependence of the integral proton radiative capture Energy dependence of the integral ZH(d.Y)‘Ho reaction

cross-section of deuterium, Spline fit given by continuous cross-section. Spline fit given dy continuous curve.
curve. Experimental data: ¥ - (1], + - {12], x - [13], Experimental data: A - [27), o ~ [29), © - [30).
- [15), O-116), & - [18),

g, m
g, mb —_—
. 2 —_—
o /(‘/ - :
-
0
'
2 -1
10
p4
ru-l
F P 20 ¥0 €. Mav 102 o i 0° 10 €, mey
Fig. 3.2. Fig. 3.4.
Energy dependence of the integral deuteron break-up cross-section Energy dependence of the integral ZH(d,n)}H. resction
in a d-p Interaction. Spiine fit given by continuous curve. cross-section. Spline fit given by continuous curve. Experimental

Experimental date: o - {213, x -~ (23], & - [25]). data: ¢ - [32), + - (34),0 - {39), O - (42), & - {51).
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Fig. 3.5. Energy dependence of the Integrat! 2H(d,p)’H resction
cross-section. Spline fit given by continuous curve,
Exparimental data: ¢ - [32), + - [34], & - (48], 4 - [57),
a - [60).
o g,
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{ 10 £, Me¥ -
Fig. 3.6. Energy dependence of the integral 3“(9,7)‘& reaction

cross-section. Spline fit given by continuous curve.
Experimental data: + - (63), 4@ - [65), O - {66), & - (68).

I 3 10 n 5 ey
Fig. 3.7. Energy dependence of the integral sH(p,n)"’h reaction
cross-section. Spline fit given by continuous curve.
Experimental date: ¥ - [21), & - (33), o - [71), = - (72),
x - (73], - (74), Q - (75), + - (76).
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Fig. 3.8. Energy dependence of the SH(d,y)He/3H(d,n)4He resction

cross-section ratio. Spiine fit given by continuous curve.
Experimental data: O - (27), x - [79),® - [80), + - (27).
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Fig. 3.9. Energy dependence of the integral sH(d,n)‘No reaction
cross-section, Spiine fit given by continuous curve.
Experimental data: * - [33], 4 - (35),8 - [40], o - [52],
x - [82), « - (B3), &4 - (87), O - [89).
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Fig. 3.10. Energy dependence of the integral SH(f,Zn)‘Ho reaction

cross-section. Spline fit given by continuous curve.
Experimental date: + ~ [323, & - {95}, o - [96]).
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Fig. 3.11.

Fig. 3.12.

| 0 E, Mey

Energy dependence of the exitation functions of the partiat
3H(T,YO)6LI resction cross-section (left-hand scale),
and of the ’H(T,Yeoyl)éu reaction cross-section

(right-hand scate). Spline fit given by the continuous curve.

Experimental date: x - [99), o - (100}, + - (102).

+ +

(13 f

i
0 E, Moy

Energy cependence of the Integral SHe(d,y)3Li resction
cross-section. Spline fit given by continuous curve.

Experimental date: « - (27), ¢ - (103], O - [104), o - [105],

x - [106], & - (107).
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Fig. 3.13. Energy dependence of the integral 3H¢(d,p)‘HQ reaction
cross-section. Spline fit given by continuous curve.
Experimental data: O - [34], x - (110}, &4 - (111],
e - (112),4 - [114).
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Flg. 3.14.

Energy dependence of the total integral ’Ho(f,x) cross-section
for the Interaction of helium-3 and tritium. Sptine fit given by
continuous curve. Experimental data: x - [126), O - (127],

&- (128, « - (129).
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Fig. 3.15. Energy dependence of the infagra-l 3Ho('(,2p)‘Ho resction
cross-section. Spline fit given by continuous curve.
Experimental data: @ - [123), x - [134), o - (135]), D - [136),
+ - [137),© - (138).
o,ub
o'

[Y L 0 E.n,. MV

Fig. 3.16. Energy dependence of the integral ‘Ho(d,1)6LI resction
cross-section. Spline fit given by continuous curve.
Experimental data: x - (148).
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4. CROSS-SECTIONS FOR THE INTERACTION OF LITHIUM NUCLEL
WITH ISOTOPES OF HYDROGEN AND HELIUM

4.1. Bpasic data

Lithium: atomic number - 3
atomic mass - 6.939
Isotopic composition: lithium-6 7.52%
lithium-7 92.48%
Density: 0.534 g/cm3 at 20°C

Melting temperature: 180.5°C

Fields of application: nuclear technology, production of tritium
through the 6Li +n --> 3H + ‘He reaction in the shielding of nuclear reactors
(the thermal neutron absorption cross-section in lithium-6 is 945 barns).
Liquid lithium-7 is used as a coolant in uranium fuelled reactors. Lithium is
also used in the silicon industry and in metallurgy.

The energy characteristics of nuclear reactions of lithium-6 and
lithium-7 nuclei with nuclei of hydrogen and helium isotopes considered in

this evaluation are listed in Table 4.1.

4.2, The 6Li(p.y)78e reaction

The integral cross-section for radiative capture of protons by the
lithium~6 nucleus was derived from data given in Ref. [149}. The spline
coefficients to describe the integral cross-section curve are listed in
Table 4.2. The plotted evaluated curve is compared with the experimental data
in Fig. 4.1.

The partial differential cross-section data corresponding to the ground
state and first excited state of beryllium-7 were taken from Ref. {150] and

were used to obtain the partial cross-section ratios tabulated in Table 4.3.

6 . 6 .
4.3. The Li(p,n) Be reaction

The total integral neutron production cross-section for this reaction,
from threshold to a proton energy of 14 MeV, is presented in Ref. [151]. The
authors report an estimated relative uncertainty of 15%, and an evaluated
value of 32 + 50% mb at Ep = 8 MeV.

An evaluated contribution of 30 mb by the ground state channel
(6Li(p,no)6Be) at a proton energy of 11.6 MeV is reported in Ref. (152].

An evaluation of the relative contribution of the dual channel of the

6Li + p reaction to the neutron yield at a proton energy of 10.5 MeV can be
made on the basis of neutron spectrum data reported in Ref. [153]. This
contribution does not amount to more than 30%, however, which gives a lower
limit of 100 mb for the total neutron production cross-section at

E = 11.6 MeV. If one took the relative neutron yield data for the

6Li(p,n) reaction reported in Ref. {151] and normalized them to the
recommended value of the total cross-section at Ep = 8 MeV, a value of 70 mb
at a proton energy of 11 MeV could be inferred. Taking into account the
systematic variation of the detectqr efficiency for the measurements reported
in Ref. [151], which decreases from its initial value at Ep = 2 MeV to 75%

of that value at Ep = 9 MeV, an evaluated value of 100 mb at Ep = 11.6 MeV
for }he total integral neutron yield for that reaction will be obtained. The
normalization of the relative excitation function given in Ref. [151] was
performed in a similar manner using the above-mentioned reference values for
the total integral neutron yield. Values for the neutron yield cross-section
as a function of energy, which are tabulated in Table 4.4, were taken from the

evaluated curve drawn through the experimental values.
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4.4, The 6Li(p.a)3He reaction

The total cross-section of this reaction, measured in the Ep energy
range 0.023 to 16 MeV, has been described in a large number of references
published between 1936 and 1980 (see Table 4.5).

The values for this reaction cross-section, taken principally from
Ref. {158}, are in good agreement in the low-energy range with the values
published in Refs [154] and [156). Extrapolation to low energies can be done
by using Eq. (2.14) with the following parameters in the centre-of-mass

system: S(E ) = 8(0) ¢« (1 + aE + bE2 ) where S(0) = 3.145 MeV-b;
c.m. c c.m.

1

.m.
a=-0.70 MeV'l; b = 0.06 Mev%; and E, = 6.521 MeV.

In the energy range 0.02 < E < 14 MeV, values for the integral
6Li(p.a)3He reaction cross-section can be derived from Eq. (2.13) using the
spline coefficients listed in Table 4.6. The latter were derived from
integral data reported in the references listed in Table 4.5. The evaluated
spline curve for the 6Li(p,a)3He reaction and the experimental points used in

the evaluation are plotted in Fig. 4.2.

6 . 7 R R
4.5. The Li(d,n) Be reaction and the total neutron production

. . 6, . . :
cross-section in the "Li + d interaction

In view of the fact that the 6Li(d,n)7Be and the 6Li(d,p)7Li reactions
are charge-symmetric, the ratios of their partial channel cross-sections
corresponding to the ground and first excited states of the residual lithium-7
and beryllium-7 nuclei can be expected to be equal. Since the partial integral
cross-gections of the d-p reaction channels are known (see Section 4.6), only
the integral cross-sections of the d-n reaction channel are considered here.
Their values were derived from the references listed in Table 4.7.

Extrapolation to lower energies was performed with the aid of
Eq. (4.1), given in Section 4.6, which was proposed in Ref. (175]. Values for

the corresponding parameters to calculate the integral cross-sections for the

6Li(d.n)7Be reaction in the energy range Ed < 0.016 MeV are listed in

Table 4.13. With due allowance for the above extrapolation, a spline curve
was constructed for the 0.016 to 17 MeV energy range using the coefficients
listed in Table 4.8. A comparison of the evaluated curve with the
experimental data is shown in Fig. 4.3. The extrapolation of the data above
12 MeV was performed with data given in Ref. {170) after they had been
normalized at 12 MeV to values given in Ref. [169].

The angular distributions of the neutrons from this reaction are
essentially isotropic at deuteron energies lower than 0.2 MeV. At higher
energies the distribution is shacply peaked forward, which is characteristic
of significant contributions from direct processes. Detailed measurements of
angular distributions are reported only in Ref. [167].

Neutron production cross-sections for interactions of deuterons with
lithium-6 have been studied in Refs {172, 173) and {174] (see Table 4.7). The
data from Ref. (172] can be taken as fairly reliable. References {173} and
{174] include only differential cross~sections at 90° and 0° respectively, and
it is impossible to derive integral cross-section information from them. For
that reason, the evaluated integral neutron production cross-sections for
6Li + d interactions given in Table 4.9 are based exclusively on the data

given in Ref. [172].

7. :
4.6. The 6Li(d,p) Li reaction

This reaction is of great interest both to nuclear astrophysics and to
the development of controlled thermonuclear fusion. The study of the
interaction of deuterons with lithium-6 nuclei resulting in the emission of
protons helps improve the cross-section values in the charge symmetric
interaction channels of the 7Be + n reaction.

The evaluation of the partial integral cross-sections corresponding to

the ground and first excited states of lithium-7 in the 0.3 to 12 MeV deuteron
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energy range is expressed in the form of spline curves, based on the
least-square fit of the input data, including their relative and absolute
errors, as listed in Table 4.10. The coefficients of these curves are given
in Table 4.11.

The cross-section ratios c(E)dpo/c(E)dp1 and c(E)dno/c(E)dnl
for the partial 6Li(d,p)7Li and 6Li(d.n)7Be reaction channels are equal, and
so, knowing the total neutron yield, we can make use of this fact to determine
the partial integral neutron cross-sections for the reaction channels. The
ratios for the proton emission channels thus have an independent interest of
their own and are listed separately in Table 4.12,

Extrapolation to low energies can be done by using Eq. (2.14) with the
following parameters in the centre of mass: Es = 13.23 MeV; dpo:

2
+ ZOEc.m.) MeVeb; and dpl. S(0) = 3.2 MeV+b,

S(E ) = 28.3(1-6.8E
c.m. c.m
A more exact extrapolation can be obtained by using an equation

proposed by the authors of Ref. [175], who used the R-matrix approach:

P(E) t
B (1= S2(EN)?+ (Y P (E))? (4.1

o(E) =

° 2 2 D -
where Sc(E) = SC(E) ~ Bc' PC(E) = pc/(Fc + Gc)' which is the penetrability
of a hard Coulomb sphere of radius r; S (E) =P (E) ¢ [F +F ' + G G '}

c c c e [

is the displacement function; and Fc. G, Fc' and Gc' are the regular and

c
irregular Coulomb functions and their derivatives. The t and y parameters
are tabulated in Table 4.13 [175].

Comparisons of the experimental data with the evaluated excitation

6Li(d,p1)7Li reaction

function curve for the integral 6Li(d.po)7Li and
cross-sections are given in Fig. 4.4 and Fig. 4.5 respectively.

4.7. The 6Li(dltl§Li and 6Li(dlt)sHe reactions

These two mirror reactions are very similar and should therefore be

considered together. Since the reaction products, lithium-5 and helium-5, are

unstable and decay into an alpha particle and into a neutron or a proton,
these reactions must be considered as three body reactions, and the tritons
and the t-particles are observed in the form of continuous spectra.

The integral tritium production cross-section of the 6Li(d.t)sLi
reaction was studied by the authors of Ref. [179) in the 0.4 to 4.0 MeV energy
range, and by the authors of Ref. [180] in the 0.1 to 0.8 MeV energy range.
Although the measurements reported in these two references were made at
different times and by different experimental methods, they are in excellent
agreement. The recommended approximating spline curve, whose coefficients are
tabulated in Table 4.14, is based on the data from both references. For
extrapolation to lower energies Eq. (2.14) can be used with the following
parameters (in the centre-of-mass system): Eg = 13.2 MeV and S(0) =
23.0 MeVeb. A comparison of the experimental data with the evaluated curve
will be found in Fig. 4.6.

Reference (180] also reports measurements of differential cross-
sections for the mirror reaction 6Li(d. T+ n)‘He. Since there are no other
data for this reaction, the neutron angular distributions (in the laboratory
system) reported in Ref. [180} are presented directly in Table 4.15 in the

form of Legendre coefficients.

These reactions were also studied at high deuteron energies (Ed =
15 MeV) in Ref. [18l1). The measurements were of triton and helium-3 spectra
at 13.8° to 88° in the centre-of-mass system. The authors also proposed a
model to describe the observed spectra on the basis of Butler's theory of
direct reactions.

4.8. The 6Li(dla)4He reaction

Of all possible alpha producing reactions, this reaction has the

highest energy yield and is therefore of great interest for thermonuclear
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fusion. It is not surprising therefore that it has been studied by numerous
authors and over & broad energy range (see Table 4.16).

The basic data for the determination of the evaluated curve were taken
from Refs [167, 168, 188}, and these were assigned minimal systematic errors.
The data from Refs [185, 187, 189 and 190} were normalized at a deuteron
energy of 2.5 MeV to an average value based on data from Refs [168] and [188].
Evaluated data from Refs [175] and [191], which are in close agreement, were
used in the low-energy region of the evaluation.

An evaluated spline curve, whose coefficients are listed in Tdble 4.17,
was constructed over the energy range for which experimental data are
available, namely Ed = 0.03 to 14.8 MeV. A comparison of the evaluated
curve with the experimental values is shown in Fig. 4.7.

The approaches used in Refs [191]) and [175] can be used for the
extrapolation to low-energy regions. The authors of Ref. [191) propose an
equation similar to Eq. (2.14) with the following parameters (in the
centre-of-mass system): ES = 13.32 MeV and S(0) = 7.222 MeV*D.

Then, if we adopt the extrapolation dependence given by Eq. (2.14), we

obtain at a deuteron energy of 0.016 MeV a cross-section value equal to 2.02 nb -

practically an order of magnitude lower than the recommended value given in
Ref. [182], which was obtained by using the extrapolation formula (4.1) from
Ref. [175). If we accept the evaluation given by equation (2.14), then the
cross-section at low energies, Ed < 100 keV, can be described very well by
the parameters ES = 13.32 MeV and S(0) = 25.1 MeV+b, which are accordingly
recommended.

4.9, The crogs-section for the formation of neutrons and beryllium-7 nuclei

. 6. . . .
in the Li(t,x)n and 6L1(t,2n)7Be reactions

The total cross-section for the production of neutrons in these

reactions is composed of contributions from the following two reaction

channels: 6Li(t.n)BBe + 10.44 MeV and 6Li(t.Zn)7Be + 8.77 MeV. The first of
the these has a large energy yield and is the dominant channel in determining
the total production of neutrons. A list of references devoted to the study
of the neutron production cross-section in the 6Li + t interaction is given
in Table 4.18.

As shown in Table 4.18, data have been measured down to an incoming
triton energy of 0.1 MeV. Extrapolation of the data to lower energies was
performed with Eq. (2.14). The data used to construct the evaluated curve
were taken from Refs [172, 192, 194]. The parameters used in the calculation
of the S-factors with the help of Eq. (2.14) were derived from Ref. [192] and
are (in the centre-of-mass system): Es = 17.56 MeV and S(0) = (1.78 +
0.27) » 107* mbeMev.

The spline curve constructed from the experimental data, with a value
at E = 0.198 MeV corresponding to the analytical representation obtained from
Eq. (2.14), will be found in Fig. 4.8. The spline coefficients are tabulated

in Table 4.19.

Because it is important for a number of practical applications to know
the total beryllium-7 production cross-section, it was decided to separate
this reaction channel from all other neutron production channels in the
6Li + t interaction. Because of the endothermic character of the
6Li(t,2n)7Be reaction, it is not essential to describe the behaviour of
the excitation function at low energies. Therefore, the total cross-section
of the 6Li(t,2n)7Be reaction was represented only by the spline approximation.
The spline coefficients are listed in Table 4.20. Data from Ref. [169]) were
used in the construction of the spline curve. Experimental cross-section data

for the production of the ground and first excited states of beryllium-7 and

the associated spline curves are shown in Fig. 4.8.
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4.10. The 6Li(t,p)BLi reaction

Measurements of the total lithium-8 production cross-section of the
6Li(t,p)sLi reaction in the energy range 0.3 to 10 MeV are described in
Refs (195, 196). Information on measurements of the partial cross-section for
the production of the first excited state of lithium-8 is also available in
Ref. [171]). A brief description of the references is given in Table 4.21.

Analysis of the excitation function of the total lithium-8 production
cross—section of the 6Li(t.p)sLi reaction (Fig. 4.9) reveals a distinct
resonance at Et = 4.4 MeV which corresponds to the compound nucleus
excitation energy of E(gae) = 20.6 MeV. Another excited state, with an
excitation energy of (gBe) = 19.4 MeV, corresponding to an incident triton
energy of 1.7 MeV, was taken into account in determining the cross-section
energy dependence for triton energies ranging from 1 to 2.5 MeV.

Relative measurements reported in Ref. [196], normalized at a triton
energy of 1.0 MeV to a cross-section value of 20 mb, were used in the
construction of the low-energy part of the excitation function for the total
lithium-8 production cross-section. To extend the evaluated curve to the low-

energy region, E_ < 0.3 MeV, where no experimental data exist, we used the

t
following expression:
1/2
o(E) = (3750/E) *exp(-26.4/E)

In extrapolating the total evaluated lithium-8 production cross-section
curve to higher energies, 10 < E < 20 Mev, it was assumed that the energy
dependence behaves as 1/E. An excitation function for the 6Li(t,p)sLi
reaction reflecting the above considerations is shown in Fig. 4.9 and its
coefficients are listed in Table 4.22.

In order to evaluate the contribution to the total lithium-8 production

cross-section of the partial reaction channels leading to the ground and first

excited states of the stable lithium-8 nucleus, one can use the measured

6Li(t,pl)BLi reaction cross-section data given in Ref. [171]. These data were

derived from measurements of the gamma rays emitted at an angle of 55°; they
are tabulated in Table 4.23.

If one assumes that the 0.981 MeV transition in the lithium-8 nucleus
is a pure Ml-multipole transition, which would imply that the angular
distribution for such a transition would have the form

W(e) = BOPO + Bsz(cos(e))

where PO and P, are Legendre polynomials, then the total gamma-ray

2
production cross-section can be expressed by

o(E) = 4wa(55°,E)
If we now compare the partial cross-section obtained in this way with the
total lithium production cross-section, we will see that the former makes up
approximately 3/8 of the latter. This agrees very well with the relative
contributions of the ground and first excited states derived exclusively on

the basis of spin statistical weights.

7. .
4.11. The 6Li(t,glﬁL1 reaction

The only data reported in the literature for this reaction are
measurements of the partial cross-section leading to the first excited state
of lithium-7 [171]. An analytical expression in the form of a spline fit was
constructed by drawing a curve through the only available experimental data;
the corresponding spline coefficients are listed in Table 4.24. Since the
energy range over which the experimental data had been measured extended only
from 2.7 to 10 MeV, the excitation function of the 6Li(t,d1)7Li total
cross-section was extended to the region below 2.7 MeV by means of the
following expression:

G(E) = 9000/E.exp(~(26.4/E) "' %)
This curve is shown in Fig. 4.10. The evaluated curve for the

6 . 7. . .
cross-section of the Ll(t,do) Li reaction, leading to the ground state
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of lithium-7, was arrived at by using data for the inverse reaction
7Li(d.t)6Li published in Ref. (179]. The conversion of the data was done
with the following relationship based on the principle of detailed balance:
= 0, /
o(E)dto(E)td 0 S(kt kd)
6
where kt is the wave number of the relative motion in the Li + t system

7
and kd the corresponding wave number for the Li + d system.

R . 7 . . . .
Since the cross-~sections of the Ll(d,t)6L1 reaction were derived

6

from cross-sections of the Li(t.d)7Li reaction, the most convenient

approach is to express the energies in the energy scale of the incident

deuterons. In this case, O'S(kt/kd)z = 0.64286 ~ 0.8207/Ed and

E, = 1.6667Ed - 1.4985, where E

t is the deuteron energy in the

d
laboratory system.

Using this conversion, it has been possible to evaluate the
cross-section for the 6Li(t,d0)7Li reaction leading to the ground state of
lithium-7? in the energy range of 0.3 to 4.12 MeV. For extrapolation to higher
energies, it was assumed that the behaviour of the excitation function for the
t,d. reaction channel would be similar to the behaviour of the excitation

0

function for the t,d1 reaction channel.

8
4.12. The 6Li(r.n) B reaction

The total cross-section for this reaction, which has been measured
{168, 197] from threshold to an energy of E(tr) = 3.5 MeV, exhibits a
monotonic increase up to a value of 4.3 mb, which it reaches at 3.5 MeV. The
toéal boron-8 yield has been measured at energies of E(t) = 8.9 to
26.5 Mev {198, 199]. The spline curve obtained on the basis of these data is
shown in Fig. 4.11, and the parameters for the curve are given in Table 4.25.

4.13. The eLigrngéBe reaction

This reaction is interesting from the point of view of its use in the

realization of neutron-free fusion. The interaction of helium-3 with

lithium-6 accompanied by the production of protons has three possible reaction
channels:

- the production of beryllium-8 in the 6Li(r,p)BBe reaction;

- the production of lithium~5 in the 6Li(r.a)sLi reaction;

- the three-particle break-up in the 6Li(r.p)AHe + AHe reaction.

In these reactions, the nuclei of beryllium-8 and lithium-5 are not
stable and decay into two alpha particles or into an alpha particle and a
proton, respectively.

The basic data which were used to obtain evaluated values of the
6Li(r.p)aBe reaction cross-section were taken from Ref. [200] (see Table 4.26).
The results given in Refs [201) and [202] were normalized to these data. The
effect of such an interdependence revealed a significant discrepancy (up to a
factor of 1.5) between the data of Refs {201] and [203]. It was therefore
felt to be justified to renormalize the data from [203]. The resulting spline
curves for the two reaction channels of the reaction are plotted in Figs 4.12
and 4.13; the spline coefficients are listed in Table 4.27.

At low energies, the integral cross-sections for the 6Li(r,p)sBe
reaction leading to the ground state, and for the 6Li(r,pl)sBe reaction
leading to the first excited state can be described by Eq. (2.14) using the
following parameters (centre of mass): Eg = 71.25 MeV;

PO:S(O) = 14.0 MeV+b; and PI:S(O) = 35 MeV-b.

The cross-sections for the 6(r,p)BBe reaction channels
corresponding to excitation levels of 16.63 MeV and 16.92 MeV and to the
contribution from continuous spectrum protons follow Ref. {200]

(see Table 4.28).

4.14. The 6Li(r,d)7Be reaction

. . . . ; . . 6 .
This reaction is of interest because of its importance in the Li + p

fuel cycle of fusion reactors [204]. An additional attraction is that it
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provides a possibility of studying the nuclear structure of the beryllium-7
nucleus. Table 4.29 lists the references used in the evaluaton of this
reaction.

Partial integral reaction cross-sections are reported in Ref. [2001].
The summed integral cross-section is in good agreement with the data of Barr
and Gilmore measured by activation analysis and reported in Ref. [200]. At an
energy of E(1) = 1.55 MeV, the excitation function has a resonance
corresponding to the 17.64 MeV level of beryllium-9 [178]. At E(t) =
2.0 Mev the data of Barr and Gilmore are in very good agreement with the data
given in Ref. [205]. The latter allow an evaluation of the total integral
cross-section of the 6Li(x.d)7Be reaction up to an energy of E(t) =
6.0 Mev.

For energies higher than 8 MeV we have information on the angular
distributions of deuterons corresponding to the ground and first excited
states of the beryllium-~7 nucleus [208). The summed integral cross-section
for these two channels adds up to approximately half of the total integral
cross-section of the reaction, which is an indication of a substantial
contribution corresponding to higher energy states of the beryllium-7
nucleus [200]. Table 4.30 gives spline coefficients for a curve approximating
the summed integral cross-section of the 6Li(x,d)78e reaction. The
evaluated curve is compared with the experimental data in Fig. 4.14.

Extrapolation to lower energies can be done with the aid of Eq. (2.14)
using the following parameters (in the centre-of-mass system): Eg = 71.25 MeVv
and S(0) = 2144 MeV-b.

4.15. The 7Li(p.Y)aBe reaction

This reaction has been extensively studied (see Table 4.31). The
highly excited states of the beryllium-8 nucleus formed in the course of

proton capture decay to the ground (0+) and the first excited (2+. Ex =

3.04 MeV) states accompanied by the emission of gamma rays with energies of
17.2 + (7/8)Ep and 14.3 + (7/8)Ep MeV respectively, where Ep is the energy of
the incident proton.

The probability for decays to higher excited states of the beryllium-8
nucleus is low (of the order of 0.1% of the first two states). The energy
dependence of the reaction cross-section reveals the well known resonance at
an incident proton energy of 0.440 MeV, as well as two smaller resonances at
1.03 and 2.1 MeV respectively, superimposed on a substantial background which
some authors have attempted to explain by the existence of a giant resonance
at a higher energy. The 0.440 MeV resonance can be described reasonably well
by the simple Breit-Wigner formula with the following parameters:

Bog = 441.8 keV. 1 =1, T\ =12.2 keV, 3" = 1% and Wl = 9.4 eV,

For convenience, the cross-section of the 7Li(p,Y)BBe reaction is
represented by a single spline curve over the full energy range, including the
resonance at 0.441 MeV. The experimental data on the gamma-ray production
cross-section are compared to the evaluated curve in Fig. 4.15. The spline

parameters are listed in Table 4.32.

7 .
4.16. The Li(pln)7Be reaction

Because of its high neutron yield, the ease of its application and its
relatively low threshold, this reaction is used extensively as a neutron
source. The only disadvantages are the existence of a significant gamma-ray
background at reaction energies above 2.38 MeV, and the comparatively narcrow
energy range over which monoenergetic neutrons are produced. At energies
above 3.68 MeV we see a continuous neutron spectrum due to the contribution of
the multi-particle break-up reaction 7Li(p,n + a)3He. The contribution of
these spectral neutrons increases gradually and reaches 40% to 50% of the

total neutron yield at proton energies above 7 MeV.
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The evaluation of this reaction is based on results given in
Ref. [216], as well as on data published subsequently. The neutron yield from
this reaction has been measured up to a proton energy of 26 MeV. Furthermore,
there have been a few measurements which have produced high precision results
in the monoenergetic neutron yield region. There is also additional
information on the multi-particle channels of this reaction and on measure-
ments of the total neutron yield.

A brief description of references supplementing the information given
in Ref. [216] is given in Table 4.33.

The data given in Ref. [217) have made it possible to improve the
accuracy of the energy dependence of the integral cross-section for the ground
state channel of this reaction in the threshold region as well as in the
EP < 4 MeV energy region. These data, supplemented by information from
Refs {217) and (218], are tabulated in Table 4.34 and plotted in Fig. 4.16.

The data on the partial integral cross-section of the 7Li(p,n1)7Be
reaction (leading to the first excited state of beryllium-7) published in
Ref. [216]) have been re-evaluated on the basis of data from Refs [219]
and [171]. In the former, the integral p-n reaction cross-section was
normalized using the ratio pnllppl. and in the latter, the normalization
was performed on the basis of results given in Ref. [219). The evaluation
above 10 MeV was based on data given in Ref. {218). The evaluated integral
cross-section curve for the 7Li(p.n1)7Be reaction (leading to the first
excited state) is plotted in Fig. 4.17; the numerical values for this
cross-section are listed in Table 4.35.

Three-particle reaction channels in the interaction of neutrons and
protons contribute substantially to the total neutron yield at energies above
6 MeV. Measurements of the total neutron yield (for neutron energies ranging

from 4 to 14 MeV) resulting from the bombardment of lithium-7 with protons

have been reported in Ref. [151]. As the energy dependence of this neutron
yield from the 7Li(p,n) reaction is reported by the authors of Ref. [151] in
relative units, the data were normalized at a proton energy of 4.0 MeV under
the assumption that the neutron yield results from the first two channels of
the 7Li.(p,n)7Be reaction. The resulting neutron yield data are listed in
Table 4.36, and the excitation function for the summed integral yield of

7
neutrons from the 7Li(p.n) Be reaction is plotted in Fig. 4.18.

7 4
4.17. The Li(p,a) He reaction

Because of its intrinsic scientific interest (e.g. in the investigation
of clustering effects and for astrophysical studies) and its pertinence to the
development of controlled fusion, the 7Li(p.a)aﬂe reaction, as well as its
inverse, the 4He(u.p)7[.i reaction, have been studied extensively in many
laboratories of the world.

The integral cross-section for this reaction has been measured in the
proton energy range of 0.023 to 12 MeV. At low energies the dependence of the
excitation function can be described by Eq. (2.14). At energies above 1 MeV,
the cross-section is strongly influenced by resonances corresponding to the
levels of the compound nucleus of beryllium-8.

Practically all of the measurements (see Table 4.37) which have been
pecformed to study the 7Li(p.u)AHe reaction can be divided into two groups.
The ficrst group consists of relative measurements which were normalized to
data given in Ref. [220], or which are in agreement with the absolute values
presented in (220). The second group consists of absolute measurements which
are in agreement with the data given in Ref. [221]. The differential
cross-sections from these two groups of data differ by a factor of two. The
reasons for such a significant discrepancy are investigated in Refs [215, 222
and 223) as well as in those references which are devoted to the study of the

inverse reaction (224, 225). The results of these investigations oblige us to
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review all of these data [159, 226-228). As a consequence the evaluated curve

has been reduced by a factor of two.

A comparison of the experimental data with the evaluated curve is shown
in Fig. 4.19. The recommended values of the integral cross-section data for
proton energies (in the laboratory system) above 0.02 MeV can be calculated
with the aid of Eq. (2.13) using the coefficients listed in Table 4.38.
Extrapolation of the experimental data to stellar energies can be done by
using Eq. (2.14) with the following parameters: ES = 7.765 MeV,

S(E ) = 65.0(1 + 1.82 E - 2.51 E2 ) MeVemb.
c.m. c.m. c.m.

4.18. The cross-section for the formation of tritium in interactions of

protons with lithium-7 nuclei

When lithium-7 nuclei are bombarded by protons, tritium can be produced

by the following three reactions:
7. 5 .

1. Li(p,t)Li Q = —4.434 MeV
7.. 4

2. Li(p,t) He + p Q = —2.468 MeV

3. 7L.i(p.::')7t.i -—> AHe +t Q = -4.6 MeV

n

Inasmuch as the only information available for the evaluation of the
7Li(p.t) interaction was Ref. [229], all deductions and conclusions were
necessarily based on that reference. In the measured spectra reported in
Ref. [229], groups of tritons which correspond to the formation of the ground
state of the lithium-5 nucleus can be clearly distinguished. The contribution
of the tritons from the 7Li(p.t)5Li reaction decreases gradually as the
angle increases, until at angles larger than 90° their peak merges completely
with the continuous spectrum.

It is impossible to infer from the shape of the spectrum which of two

reactions (2 or 3) is the main contributor to the formation of the continuous

Spectrum. However, theoretical considerations would suggest that the

7Li(p.t + p)AHe reaction does not contribute significantly to the spectrum
because of the low probability for simultaneous three-particle formation.

The curve in Fig. 4.20 approximating the energy dependence of the
tritium production cross-section in the 7Li(p,x)3H reaction can be

described analytically by the expression

255 [ x (B-6.6)
= X tan———“~ 0
a(B) ==2=x) 5 +arctan—r—aes

4.19. Cross-sections for the formation of neutrons and beryllium-7 nuclei in

the 7Li(d,x)n and 7Li(d.2n)7Be reactions

The production of neutrons in the 7Li + d interaction occurs through
a number of channels, and this leads to a complex neutron spectrum [230]. The
difficulties which arise in studying the multi-particle neutron-producing
7Li + d interactions limit our opportunities to perform thorough analyses of
each separate reaction channel, yet, at the same time, in practical
applications it is often desirable to know, first and foremost, the total
yield of neutrons. With regard to specific measurements of total neutron
yields from the 7Li(d,x)n reaction, from among the relatively dependable
sources of information we can cite here only Ref. [173], which reports
measurements of the differential cross-section of this reaction for deuteron
energies from 0.2 to 2 MeV at an angle of 90°, and Ref. [172], which reports
differential data for Ed = 2.8 to 11 MeV (see Table 4.39).

The absolute value of the cross-section data from Ref. {172] was found
by using the ratio method with the 7Li(p,n)7Be reaction; this procedure
introduces an uncertainty of £ 15%.

An analysis of neutron angular distributions {231, 232) from the
various 7Li + d reaction channels for incident deuteron energies smaller
than 2 MeV indicates that values for the total 7Li(d,x)n cross-section can

be obtained within 10%-15% by multiplying the differential cross-section at

90° by Aw.
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On the basis of these considerations, an evaluated curve in the
deuteron energy range from 0.2 to 11 MeV was produced from the Ref. {172]
data, using also the data from Ref. [173] multiplied by the 4w factor. The
excitation function of the 7Li(d.x)n total neutron production cross-section
is plotted in Fig. 4.21. The spline coefficients as well as the uncertainty
of the cross-section at the spline knots are listed in Table 4.40.

With regard to the total neutron production cross-section, the neutron
reaction channel leading to the formation of the beryllium-7 nucleus is of
special interest for astrophysical applications and a number of other
practical applications. The total integral beryllium-7 pcoduction
cross-sections and the partial integral cross-sections for the production of
the first excited state of becyllium-7, based on the data published in
Refs [169] and (171), are tabulated in Table 4.41.

4.20. The 'Li(d,p)®Li reaction

Absolute values of the integral cross-section for this reaction at low
energies are of interest in connection with a controlled fusion fuel cycle
based on a reaction chain involving charged particles and nuclei of lithium-6,
lithium-7 and beryllium-9. A brief description of the most important
references used in deriving evaluated cross-section data for this reaction is
given in Table 4.42.

The data from Refs [168) and [235] differ by 24%, a discrepancy larger
than the sum of the root-mean-square errors of the data reported by these
authors. The large discrepancy prompted measurements of the total
cross-section of this reaction by two separate methods {237, 238): by
measuring the total proton yield, and by measuring the activity of lithium-8.
The results yielded by the two methods are in good agreement and are close to
the values reported in Ref. [168), which in turn agree with the data published

in Ref. [236). The data for the total 7Li(d,p)83e reaction cross-section

published in the literature cover the energy range from threshold to a
deuteron energy of 10 MeV.

Values of the total cross-section for this reaction can be calculated
using Eq. (2.11) with the spline coefficients listed in Table 4.43. As can be
seen from Fig. 4.22, the evaluated curve relies largely on the measured data
in Refs [168, 236-238) and reflects well the resonance character of the
excitation function of the 8Li(d.p)aBe reaction cross-section.

4.21. The 7Li(d,t)6Li reaction

Data on this reaction would be of particular interest for the solution
of certain practical problems, but are unfortunately extcemely scacce.
Measurements of the total integral tritium production cross-section in the
7Li + d interaction, measured from threshold to Ed = 4.71 MeV, were
reported in Ref. {179] and the results are listed in Table 4.44. The only
data at high energies are partial differential cross-sections of the

Li(d.to)sLi (ground state) reaction in the energy range 10-12 MeV at an angle
(in the lab system) of 155°, and information on the angular distribution of
tritons for a deuteron energy of 12 MeV, both reported in Ref. [239]. The
partial cross-section reported in Ref. {239] at Ed = 12 MeV is 66.5 mb. If
we assume that the contribution of the partial cross-section corresponding to
the ground state of the lithium-é nucleus is approximately 30% of the total
tritium production cross-section (which is deduced from a rough analysis of
the spectra reported in Refs [239) and [240)), then the total tritium

production cross-section at Ed = 12 MeV 1is 200 mb.

7. . .
4.22. Evaluation of the integral Lx(tLQ)gLL reaction cross-—section

Lithium-9 has only two stable states whose levels contribute to the
total lithium-9 production cross-section. The total lithium-9 production
cross-section for this reaction, measured by the activation method, has been

reported in Refs (195, 241]).
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The references used in evaluating the integral 7Li(t,p)9Li reaction
cross-sections are listed in Table 4.45. The shape of the excitation function
in the tritium energy range from 10 to 15 MeV was constructed on the
assumption that the cross-section is strongly affected by a "giant™ threshold
anomaly [195]. The spline curve, obtained with the use of data published in
Refs [195] and [243], is shown in Fig. 4.23, and the spline coefficients are
tabulated in Table 4.46.

R . 7 . . . .
4.23. Evaluation of the integral ngﬁ,d)aLl reaction cross-section

The spline curve which describes the excitation function of the total
lithium-8 production cross-section for the 7Li(t,d)8Li reaction was based
on the data published in Refs [171] and [195]. The spline curve is plotted in
Fig. 4.24 and the spline coefficients are listed in Table 4.47.

The lithium-8 nucleus has only two stable levels which can contribute
to the total cross-section, and the experimental data therefore correspond to
the summed cross-sections for the two channels: 7Li(t.do) and 7Li(t,d1).

s . . 7. 6 .
4.24. Evaluation of the partial integral Li(t,a) He reaction

cross~sections

The helium~6 nucleus which results from the 7Li(t.a)6He reaction has
only one stable state, namely the ground state. All other helium-6 states
lead to decay resulting in two neutrons and an alpha particle. If we know the
cross-section for this reaction channel, which is taken into account in the
total neutron production cross-section discussed in Section 4.25, we have the
possibility of separating out other neutron producing channels. The formation
of the helium-6 nucleus is interesting in itself, and is taken into account in
astrophysical calculations. A brief description of the references which
report on the 7Li(t,a)6He reaction is given in Table 4.48.

The angular distribution of the alpha particles is isotropic for the

7., 6 . : . . .
Lx(t.al) He reaction channel at low reaction energies, and is subject to the

W(8) = A + Bcosz(e) dependence for the 7Li(t,ao) reaction channel.
Furthermore, for tritium energies smaller than 0.3 MeV, the partial
cross-section leading to the first excited state is an order of magnitude
larger than the partial cross-section leading to the ground state [244, 249]).
This ratio decreases gradually as the tritium energy increases and assumes a
practically constant value (approximately equal to 2) over a broad energy
range, Et = 2 to 20 MeV [246-248]). As a result, the following procedure was
used to evaluate the excitation functions of the partial cross-sections for
the reaction channels under consideration.

On the assumption that the alpha particle angular distributiocn is
isotropic, data from Refs {244, 249] were used to determine the integral
partial cross-section for the 7Li(t,a1)6He reaction channel in the
0.04-0.5 MeV energy range. The excitation function for this reaction channel
was extended to the energy range 1.15 to 1.95 MeV by using integral values
obtained by the integration of differential data given in Ref. [246]. 1In the
3.0 to 10.0 MeV energy range, the excitation function of the 7Li(t.a1)6He
reaction channel cross-section (leading to the first excited state) was
derived from the energy dependence of the integral partial 7Li(t.a)6He
reaction cross-section (leading to the ground state) [195] on the assumption
that it is two times smaller than the integral partial reaction cross-section
leading to the first excited state. The spline curves for the cross-sections
of these reaction channels are shown in Figs 4.25 and 4.26, and their
coefficients are listed in Table 4.49.

The excitation function for the partial 7Li(t,ao)6He reaction channel
in the energy range Et = 0.039 to 0.5 MeV was derived from the excitation
function corresponding to the first excited state on the assumption that its
value is 1/10 of the latter. The justification for such an assumption is

based on the values at reference points at Et = 0.055 MeV [244], and
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Et = 0.151 MeV and 0.272 MeV [249]. Data from Refs {195, 246 and 247] were
used for higher energies.

The summed cross-section (for both reaction channels) of the 7Li(t.a)6He
reaction can be extrapolated to lower energies - Et $ 0.055 MeV - by means of
the following expression:

o(E) = (19827/E) exp( - (26.5/E)>"%] mb

4.25. Evaluation of the integral cross-section for the production of neutrons

in_the interaction of tritium with lithium-~7 nuclei

The 7Li§t,x)n reaction

In the interaction of tritium with lithium-7 nuclei, neutrons are
produced by way of the following two channels:
1. Two-particle channel: gBe + n + 10.455 Mev
2, Multi-particle channel: ZAHe + 2n + 8.865 MeVv
Most publications present results in the form of differential neutron
production cross-sections (see Table 4.50). In order to be able to use these
data, we analysed the angular distributions in Ref. [194) and obtained
normalizing coefficients with the help of which integral cross-section data
were obtained from differential data at 0°.
The total neutron production cross-section for low triton incident

entrgies can be approximated by the following expression [251):

3.52-10¢ 28.09 |, 1
ag(E) = 'exp(- L3 7 (.2
[(E-0.1172)z+0.1267] E E

A spline fit in the energy range E £ 0.13 MeV, constructed on the
basis of existing experimental data, is plotted together with the experimental
data in Fig. 4.27; the spline coefficients are listed in Table 4.51.

4.26. The 7Li(1,n)gB ceaction

Data on this reaction is scarce and incomplete. The reaction channel

leading to the ground state of the boron-9 nucleus has been studied relatively

well (see Table 4.52). The total cross-section has been investigated only in
Ref. [192]. The rest of the references report on measurements of partial
differential cross-sections corresponding to the ground state of the boron-9
nucleus; analysis of the neutron time-of-flight spectrum described in

Ref. (235}, shows that the ground state reaction channel, for an energy

ET = 2.1 MeV, contributes 11% of the total neutron yield. The values of

the total neutron yield differential cross-sections at 0° given in Ref. [192]
are fisted in Table 4.53. Neutron angular distributions corresponding to the
ground state of boron-9 in the energy range ET = 1.5 to 5.5 MeV are

reported in Ref. [252]); Legendre coefficients for these distributions, and
the integral cross-sections for the 7Li(1,no)93 reaction, are

tabulated in Table 4.54.

4.27. The 7Li(1,p)93e reaction

This reaction has not been investigated extensively. The references
used in the evaluation are described in Table 4.55. The measured excitation
functions of the partial differential cross-sections and the associated
angular distributions show that, in the energy range ET = 0.6 to 1.4 Mev,
this reaction proceeds primarily by way of the compound nucleus of boron-10
with an excitation energy of 18.5 MeV. 1In the range from ET = 2.2 to
11 MeV, the excitation functions are relatively flat, without any resonance
structure. The angular distributions have a very strong isotropic
component {254). In view of the paucity of experimental data, it has been
impossible to make an evaluation of this reaction. The only available partial
differential cross-section data, from Ref. [252], are tabulated in Table 4.56.

4.28. The 7Li(t.d)BBe reaction

Data for this reaction are very scarce and incomplete. Measured
excitation functions and differential cross-sections of angular distributions

of the residual deuterons, corresponding to the ground state of beryllium-8 in
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the energy range E‘ = 1.0 to 2.6 MeV, were reported in Ref. [257]. 1In
that energy range, the partial differential cross-section at 70° and 130°
increases monotonically from 0.1 to 0.7 mb/sr. The total deuteron production
cross-section in this reaction is composed of two channels, corresponding to
the ground and first excited states of the beryllium-8 nucleus. Measured
yields of do and d1 deuterons for energies of ET = 3.0 Mev {258] and
10.0 MeV [254] indicate that the ratio of the deuteron yield corresponding to
the first excited state to the d0 deuteron yield obeys the (2J + 1) rule.
This substantiates the assumption that compound nucleus processes contribute
considerably to the 7Li(1.d)8Be reaction. Reference [254] shows that
for a t energy of 10 MeV:

c(3He.do) =5.0 % 0.6 mb, and c(3He.d1) = 25 * 3 mb.

7 7
4.29. The Li{(tr,t) Be reaction

Data for this reaction can be obtained from references devoted to the
study of the total beryllium-7 production cross-section in the helium-3
interaction with lithium-7 (see Table 4.57). The data used in the evaluation
of this reaction and in the construction of the spline fitted curve were taken
from Ref. [209]. The differential data given in Ref. [260) were integrated,
and the resulting total beryllium-7 production cross-sections normalized using
data published in Ref. [209]. The results of this evaluation are shown in

Table 4.58 and Fig. 4.28.

4.30 The 7Ligr/a26Li reaction

In spite of its large energy yield (Q = 13.328 MeV) this reaction has
not attracted the attention of fusion researchers. Data that could be used
for the evaluation of this reaction (see Table 4.59) have been dedicated
primarily to the study of the mechanism of direct reactions in the energy

region I-:_r =1 to 10 MeV.

These measurements include partial reaction channels corresponding to
the ground, first excited and second excited states of lithium-6. The angular
distributions of the a, and s, groups exhibit substantial forward
peaking at angles larger than 160° which indicates the presence of a cluster
structure (JHe + t) in the resultant lithium-6 nucleus.

Partial integral cross-sections given in Refs (261-264) were used in
the derivation of the summed integral cross-section of the 7Li(r,a)6Li
reaction. The data from this reaction used in constructing the evaluated
partial cross-section curves were not normalized. The approximating curve
representing the summed cross-section, whose coefficients are listed in
Table 4.60, was obtained by adding the spline curves for the individual
partial cross-sections. The evaluated curve is compared with the experimental
data in Fig. 4.29. The partial integral cross-sections can be calculated by
means of the summed cross-sections and corresponding ratios for the individual

levels given at discrete energy points which are tabulated in Table 4.61.

4.31. The total integral cross-section for the production of neutrons in the

7 .
Li(a,n)loB reaction

This reaction, which leads to the ground state of the boron-10 nucleus,
is tﬂe inverse of the 10B(n.a)7Li reaction. Inasmuch as this (inverse)
reaction is used extensively in neutron detection and neutron flux
measurements, study of the boron-10 nucleus and its associated structure for
excitation energies above 11.456 MeV should be of considerable interest.

The integral cross-section of the 7Li(a,n)loB reaction in the
energy range from threshold to 5.5 MeV is determined by the partial integral
cross-section corresponding to the ground state of the boron~10 nucleus. This
energy range has been investigated in a number of experiments {265-267], but

with disagreeing results. The evaluated curve was obtained on the basis of
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results published in Ref. [265] which had been lowered by the authors by 10%;
this corresponds to the discrepancy in the cross-section values of the
7Li(p.n)7Be reference reaction which had been used by the authors of

Ref. [265]), and which are now considered as accepted.

Information on the integral neutron production cross-section at
energies higher than 5.5 MeV, and on the total neutron yield up to 8 MeV, has
been published in Ref. [21]. For high energies we have only data on the total
differential cross-section at 0°, from which it appears that, in addition to
the prominent peak of the excitation function of the total neutron yield
cross-section at 7 MeV, three additional peaks can be seen at 10.2 MeV,

12.5 MeV and 13.7 MeV.

Values of the evaluated total integral cross-section of the 7Li(a,n)ms
reaction are listed in Table 4.62; the excitation function of the differential
cross-section for the total neutron yield at 0°, which was taken from Ref. [268]

and normalized to results published in Ref. (265], is plotted in Fig. 4.30.

Jable 4.1

Energy charscteristics of individual channels for the interaction
of hydrogen and helium isotopes with {ithium nuclei

Input Output Energy Reaction Decay
Channel Channel - In Me¥ product Energy
decay in MeV
6I.i+p 7Ba+r 5,6064 7Be(£)7L1 0,86I8
+p o+ -5,070 e — *He+2p 1,372

S.14p  “He+’Be 4,020

bLivd  Bpesy 22,282  Spe—2%e 0,092

61144  TBesn 3,38I8 TBe(e) Lt 0,862
5Li+d TLi4p 5,026 - -
6r14a 4'He+*t;+'p 2,559 - -
briva 44714 0,59 514 — *He+p 1,97
6r14d JHe+7He 0,90 e — 4He4n 0,89
61444 “HestHe 22,374 - -

Table 4.1 (continued)

Input Output Energy Resction —‘ g'“v
Channel Channel in Me¥ :::::c? I ‘:':;
61..1«:1 4He+n+’He 1,795 - : -

" n+SBe 16,024 Bge-2« 0,092
6Li+t «+°He I5,2 >He ~*Hesn 0,89
br14¢  p+SLt 0,801  811(s)%8e 16,006
114t 2n+TBe 2,876  Tee(&)Tra 0,862
bLset  JHesPHe 3,488 Cme(s)ut 3,507
briet a+T1a 0,993 - _
bitec e 16,60  33—SBgesp 0,185
brase n -1,975  83(5")%Be 17,979
bi4+¢ BResp 16,786 e-2x 0,092
bLi+c SLi+a 14,51 314 —pt 1,97

+e TRe+a 0,112 Tme(e)Twa 0,862
brisr st -4,307 o—*He42p I,371
6Li+_.c 1°B+r 4,460 - -
b1+ n+B =3,977 33 -83e+p 0,185
TLi4p aBe-q- 17,254 8pe—2x 0,092
7Li+p TBe+n -1,644 7Bc(£)7L1 0,862
TLisp  7Lis+t -4,43 Sld~pra 0,89
7L1+p e+ a 17,346 - -
TLisd  JBess 16,695 - -
TLi+a  SBesn 15,030 BBe~ 2« 0,092
Tri+a 4He+7He 14,23 5He ~4Hesn 0,89
TL4+a  TBes2n 3,869 TBe(&)T14 0,862
T Butep 0,192 Bry(p)%se 16,006
Tri+a 1+¢ -0,993 : - -
Tra+t 1°Be+; 17,250 1030(;')198 0,557
,L1+t e+n 10,438 - -
Tr1+4 65.+.( 9,839 6o (;')61.1 3,507
7L1+t 2n+BB¢ 8,772 e—2x 0,092
Tt a4 -2,386 311(57)%Be 13,606
Tri+t 8L1+d 4,225 81.-1(}6' )%Be 16,006
Tuer g, 17,788 - -
Tia+r 38.4n 9,351 93-—£Be+p 0,I85
Tigrr  Berp II,201 - -
Tlaer o+d II,7%L 8,0, 0,092
Ti+r  TBest -0,881 Tpe(e)TLL 0,862
Trser e 13,321 - -
7Li+¢ 1°B+n 2,790 - -
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Jable 4.2

Spline fit coefficients for the description of the 6Li(p,Y)7Be
integrai reaction cross-section (The cross-section can be
calculated using £q. (2.13))

Spiine fit coefficients
Knot Crosg
Knot enar: section
no. In n:: "0 “1 Az A} uncart. %
I 0,157 8,471 5,622 -5,I82 1,931 IS
2 0,345 -6,314 I,055 -0,823 0,160 7
3 1,174 5,663 0 0 0 14
Table 4.3
Ratios of partial cross-section values for the 6Li(p,Y°) 7Ba
and 6Li(p,Y|)7Ba reactions
Energy ner
in Ma¥ 1 /‘fr, ,F,, ,:: %z /°;’G
0,4 2 0,8 1,7
0,5 1,6 0,9 1,6
+0,6 1,6 1,0 1,7
0,7 1,8 II 1,7
Table 4.4
Integral neutron production cross-sections of the
6Li(p,:()n reaction
= L] ross R ross
Energy :.ﬂ. J Uncertainty Energy g.ct l Uncertainty
in Me¥ in m in Mey in -
5,700 0,00 0,0 6,700 22,30 2,50
5,800 2,10 0,00 6,800 24,40 2,70
5,900 5,30 0,50 6,900 26,40 3,00
6,000 8,40 0,80 7,000 29,50 3,40
6,100 9,40 0,90 7,100 30,50 3,0
6,200 11,80 1,20 7,200 32,60 4,00
6,30c 14,00 1,4 730 4. 4,30
6,400 16,10 1,60 7,400 36,80 4,60
6,500 18,20 2,00 7,500 39,00 4,90

Table 4.4 (continued)

T

Cross .
U rtaint
o I ncertainty Energy

Cross

] Uncerteinty

Energy oy
in Mey In o in MeV "
6,600 20,20 2,20 7,60 41,00 5,20
7,700 42,90 5,50 10,600 94,70 13,
7,800 44,80 5,60 10,700 95;90 14,00
7,90 46,7 6,00 10,800 97,00 14,20
8,000 48,60 6,30 I0,%U 98,00 14,40
8,100 50,50 6,60 II,000 98,90 14,60
8,200 52,40 6,90 II,I00 99,80 14,80
8,30 54,30 7,20 II,20 100,60 I5,00
8,400 56,20 7,50 11,300 101,50 15,20
8,500 58,10 7.80 II,400 102,20 15,40
8,600 60,00 8,00 I1,500 I04,00 15,60
8,0 62,00 8,30 1II,e00 104,70 15,80
8,80 64,00 8;60 II,70 105,40 16,00
8,900 66,00 8,90 I1,800 I06,I0 16,20
9,000 68,00 9,20 II,S00 106,80 16,40
9,I00 €9,90 9,50 12,000 107,50 16,80
9,200 71;80 9,80 I2,I00 108,20 I6,80
9,300 73,70 10,10 2,200 108,90 17,00
9,400 75,60 10,40 I2,300 109,80 17,10
9,500 77,50 10,70 I2,400 110,40 17,20
9,600 79,20 11,00 12,500 11,00 17,30
9,700 80,90 1,30 12,600 III,s0 17,40
9,800 82,60 11,60 12,70 112,20 17,50
9,900 84,30 11,90 I2,800 I12,80 17,60
10,000 86,00 12,20 I2,900 113,40 17,70
I0,I00 87,50 12,40 13,000 1I4,00 17,80
I0,200 89,00 I2,70 I3,I00 114,60 I7,90
10,300 90,30 12,90 13,200 115,20 18,00
10,400 9I,80 I3, 13,300 II5,80 18,00
10,500 93,20 13,50 13,400 II6,40 18,00
13,500 I17,00 18,00 13,800 118,20 18,00
13,600 117,60 18,00 I3,900 119,40 18,00
I3,700 118,20 18,00 I4,000 120,00 18,00
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Brief data content of raferences used in the evaluation of
the 6LI(p,o.)’He reaction cross-section

Energy Range of Uncertainty in %
range angles Type of data; Ref.

in Mav in deg random ': ] system,
0,025-0,05 4% Exc,SIG 15 20 {Ts4]
0,04 0,24 90 RIC, DA 30 50 {155)
0,05°-0,19 60-I20 AND,DA 10 10 [1s6)
0,I -0,7 37-160  AND,DA 10 14 1s7
0,14 -3,0 35-I55 ARD,DA 7 10 {158}
0,15; 0,317 35-I150 AXD,DA 8 12 [159)
0,3 -I,0 I0-160 AND,DA 10 20 {160]
1,9 -5,0 20-160 A¥D,DA 15 20 (161
0,I -0,I8 4z EXC, SIG 10 15 (162)
3,0 -12,0 25-155  AND,DA 10 15 {163
9,0 -I2,0 I0-I70  AND,DA 10 20 [164)
12 -18,5 I0-I70  AND,DA 4 10 [1es!

Table 4.6

Spline fit coefficients to describe the 6Li(p,u)’He
integral reaction cross-section

(The cross-section can be calculated using Eq. (2.13))

Table 4.7

Brief data content of references used in the evaluation of the
6Li(d,n)7Be integral reaction cross-section

Table 4.9

Total integral neutron production cross—sections
for the 6Li¢d interaction

Energy Range ot Uncertainty in % Ret. Enecgy Cross section Energy Cross section
range ongles Type of date In MeV in b in Me¥ inmd
in Mey in deg random [ system.
3,0 319 5,6 321
0,1-0,I8 4% URD/EXC,8I¢ 10 30 (te6] 3,2 320 5.8 322
0,2-1,0 30-I50  AND,DA,ng,m, B8 15 (167) 3,4 321 6.0 328
0,5-3,0 I00 RIC,DA,n,+y 10 20 (168 3,6 322 6,5 338
1,3-12,0 4z EXC,51C,0,+n, I0 20 (189 3,8 "321 7,0 344
12-19,0 57 RI0,DA,ng+n, 20 40 by 4,0 322 7,5 349
2,9-II,0 55 EXC,DA,n, 10 15 {171) 4.2 325 8,0 350
3,0-II  20-I60  um/rzc,pA 10 15 173 4,4 324 8.5 358
0,1-2,2 %0 UsD/RIC, DA 20 30 173 4,6 323 9.0 352
0,649 0 uD/Exc,pa 20 50 {r74 4,8 322 9,5 344
5,0 322 10 340
5,2 321 10,5 331
5.4 320 11 322
Table 4.8

Spline fit coefficients for the description of the 6Li(d,n)7Be
integral reaction cross-section
(The cross-section can be calculated using Eq. (2.13))

Jable 4.10

Brief data content of references used in the evaluation of the
6Li(d,p)7Li reaction cross-section

Xnot Sptine fit coetficients Cross Knot Spline fit coetficients Cross Energy Range of Uncertainty in %
Knot anergy section Knot energy section range © angles Type of date + R

= ot * J M \ A2 \ Ay Juneerrz no. in Ma¥ 4 A A2 Ay uncert. 2 in Mev in deg random | svitea.
I o,10 -I6,89 13,84 -3,318 0,278 20 I 0,016  -I8,0I 14,20 -2,931 O0,1954 10 0,I-1,0 20-I160 AFD, DA, Pe Py 3 8 (167
2 0,00 -2,069 5,285 -I,I48 -0,0030 IS 2 0,163  I,6II 3,79 -1,569 0,234 6 0,3-1,0 20-I60 ASD,D4,pgspy S 20  [160]
3 0,140 2,149 2,514 -I,I57 0,I57 10 3 1,666 4,526 -0,088 -0,083 -D,059 4 0,53,4 25-I60 A¥D,DA,pg,py S 1o [168]
4 0,95 4,5% 0,210 -0.25I 4,039 10 4 170 3,138 0 0o o 8 0,8-0,2 90 2IC,DA,pp,p, 20 20 [159)
5 1,543 508 277 5589 -94,3 10 4,5-5,5 IS-I65 AT, Bpgpy 10 20 [I76)
6 I,70 5,319 -1,386 0,791 -0,2949 IO Iz Io-160 AXD, DAipgrpy - Is  [7]
7 18,5 2,620 -2,529 -I.280 -0,2%49 20 0,I-0,18 45-165  EIC,31G,pp +py 10 20 (7
2,9-II,0 55 EXC,DA,p, 10 15 [17]
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Table 4.11 TJable 4.14 Table 4.7
Spline fit coafficients for the description of the recommended Spline tit coefficients to describe the integral cross-section for totsl Spline fit coefficients for the description of the recommended
6Li(d,p)7L| partial reactlon cross-section tritium yield in the 6Li(d.+)5Li reaction 6Li(d,u)‘Ho integral reaction cross-section (The cross
(The cross-section can be calcutated using Eq. (2.13)) (The cross—section can be calculated using €q. (2.13)) section can be calculated using Eq. (2.13))
Reection 1 Xnat .Knof energy Spline fit costficients .C.::'x:;:twn K‘:’ :’::w Spiine tit costficients (::::rm or :::w Soline tit costficlents S:::;n
channe! o] Ma¥ Aq l A [ Ay ] A in Hay &oi K ] A5 ] %3] uocart..s — in my [W I L9 [ R ’ LS uncart..%
I 0,028 -10,84 9,804 -I,%24 0,00 2I I 0,29 -I0,35 9,114 -I,II6 -0,I78 23,0
. ' , I 13 0 06 , . 0, . . ’ '
d 2 0,2Ir 1,854 3,I33 -I,379 0,182 ¢ 0,1135 10454 4,0 01797 -0,2%7 4,7 2 0,285 2,514 1,231 0,840 -I,I73 4.9
Pg 2 0,4176 4,298 2,018 -~I,347 0,321 1,5 3 0,623 3,431 0,384 -I,920 0,986 3,0
3 1,592 4,055 -0,214 -0,278 0,085 3,3 3 3.909 5 663 0 0 0 Is g 3_2% g'sg% _5'57'572 rgééggs ?'75% %é
4 12,00 3,187 0,000 0,000 0,000 I ) ’ ) 4 4 . ' ' ,
4 6 14,80 I.234 0 0 0 1.0
I 0,027 -I13,97 12,06 -3,263 0,378 7
dp 2 0,206 0,24 3,488 -0,955 0,038 7
s 1,572 3,699 0,0m -0,726 0,215 - 4 Table 4.15 Tsble 4.18
4 12,00 2,643 0,000 0,000 0,000 IO
Brief data content of references used in the evaluation of the

Legendre polynomial coefficients to calculate the angular distribution

of neutrons from the 6Li(d,n¢1)4He reaction 6Li(+,x)n and 6 (1’,2n)7Bo reaction cross-sections

Table 4.12 -
Energy BQ ‘ 51 ] BZ ] B] ' 54 E:;‘.;. Energy Rangs ot Uncertainty in 3 .
Ratio of partial integral cross-sections for the 6Li(tﬂ,p) Li resction n He¥ o/3r inab ::":v ::G:; [[ype of data random ] System.
corresponding to the ground and first excited states — _ —
of the tithium7 nucleus 0,204 0,586 0.062 7,3641,1 0.14-1.4 0 0, oA s T o)
0,238 0,779 -0,=8 0,II9 - - 9,79+1,6 0.1 0.3 %0 £2C, 04 0 0 [1s3]
) p 058% 2217 0,516 0,20 - = - 27,944,2 3.8 -II,4 30-IS0 UND/EXC,SIG 5 15 17
Energy in MeV LN 0,578 3,984 1,485 0,439 50,147,5 01824 30150 ump/am,oh 10 20 154
0.779 5,883 2,828 0,45 0,50 0,669 73,9410,4 : . = '
0,030 12,95 . ' 5,4-10 55 EXC,DA I0 15 {171}
8:%% 2:% 4,4-12 4%  U¥D/RXC,SIG IO Is [te9)
0,600 2,48
1,000 1,7 .
1,500 1,45 Table 4.16
5,000 1,54
Ié-m I,7 Brief data content of references used in the evaluation of Table 4.9
the 6Li(d,u)‘He reaction cross-section -
Spline fit coefficients for the description of the evaluated
Table 4.13 Eneroy Range of u"c'"‘i:fri" g total neutron production SLi+t interaction cross-section
able 4. range angles Type of deta random I systen Ref. (The cross-section can be calculated using Eq. (2.13))
in Mev in deg :
Values of the t and Y parameters of €q. (4.1) for
different reaction channels of the SLi+d interaction 0,1-0,180 2Z EXC, SIG 8 10 [182] Knot Sptine fit coetficients Cross-
(Note: these parameters were calculated using the 0,05-0,300 2% EXC, SIG S 30 {183] Xnot enargy — section
values B.=0 and r=4.3 fm) 0,3-1,2 20-I60 AND, DA 3 8 [157] o, in eV & I 1 | A, [ A, uncert.,3
0,07-0,45 90 BXC, DA 7 g (184) 1 0,10 3,753 7,124 -1,963 0,208 0
Channal J + Cin n.v.b,l , 0,03-0,25 90 r.xc.x ;g 2 EISS] 2 0,708 4,091 I,77 -0,772 0,180 " 20
0,5-10 80-165 A¥D, 185} 3 5,67 6,153 0,88 -2,03I 0,762 II
5L1(d, pg) 1 82:9  -0,43:0,04 0.3-1,0  10-160  amD,4 5 20 (eq) 4 42 6047 0,827 0 0O 19
e, 4248 -0,02:0,12 1,0-1I,5  3,5-90 A¥D, DA 5 20 185)
614(4,n,) TBe 6347 -0,5240,06 0,96-5,0 10-90 AND, DA 3 10 [Teg)
611(a,n,)8e 3717 -0,17+0,1I 14,8 15-100 AFD, DA 20 30 {te1]
611(a,n) Re+*1i0 63t16  -0,35:0,I2 2,1-10,9  20-80 A, 04 I0 25 Te)

bLita,0%Be 434 0,58,0,03 2,16-5,87 20-160  amd,pp 5 IS (teg)
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Table 4.20

Spline fit coefficients for the description of the recommended
6Ll(‘l’,Zn) 7Be total cross-section for the production of
beryllium-7 in the ground and first excited states
(The cross-section can be caiculated using Eq. (2.10))

State Knot . Spline flt cosfficlents Cross

of Knot Energy " soction
Toe no. in H:: Lo l h A1- l A2 l A) uncert, X
Ground 1 4,800 10,20 21,33 -I,97 0,008 0,7
+flrst 2 12,00 64,77 5.72 o} 0 1,2
oxcited -

Frrst I 5,43 2,Is 3,80 -0,297 -0,0008 0,6
oxclted 2 9,% 13,25 I,0? O 0 0,7

Table 4.21

Brief data content of refsrences used in the evaluation of the

6L (f,p)BLi reaction cross-section

Table 4.23

Values of the partial differential cross-sections for
the 6Li(‘l’,p|)81.i reaction st an angle of 550

Energy Cross section Energy Cross section
in MoV in eb/sr in Mot in mb/sr
2,88 0,82 6,44 0,886
3,40 I,018 6. 0,855
3,91 0,884 7.4 0,337
4,42 0,767 7,95 0,663
4,92 0,928 8,45 0,641
5,83 0,974 9,45 " 0,673
5,3 I.097 :

Table 4.24

Spline fit coefficients for the description of the recommended
6Li(‘l’,d)7Li reaction cross-section (The cross-section can
be calculated using Eq. (2.10))

Energy Range of Uncertainty In § Knot Spline fit coefticients Cross
range angles Type ot date Ret. State Knot Energy section
in Mev in deg random T:vs?-n. no. in MoV Ao I ‘1 [ A2 [ A} uncert. ,mb
2,0-10 © 4% UED/EXC,8IG 5 5 (1s5) I 0,088 3,333 -20,40 7I8,5 -419,0 0,3
0,3-1,0 4% EIC, SIG 10 - (196) 2 1,200 292,9 23,15 109,6 -120,6 IS
3,0-9,5 55 RIC,DA I0 IS [I’7I] 3 1,726 317,9 38,34 -80,78 I26,5 1I6
' 4 2,252  334,I 58,40 II8,9 -193,2 1I7
Gwnd 5 2,779 369,4 23,08 -186,1 I190,6 I8
6 3,305 358,0 -I4,52 -1I,77 6,359 I8
7 4,150 341,2 -20,79 4,348 —4,033 17
T 8 5,600 307,8 -33,62 ~13,20 8,979 1Is
able 4.22
- 9 7,050 258,7 -15,26 25,86 -9,998 IS
Spline fit coefficlants for the description of the SLi(t,pI8Li 10 8,500  260,5 -3,308 -17,62 7,347 16
excitation function for the production of lithium-8 (The cross II 9,950 24,1 0 0 0 18
section can be calculated using Eq. (2.13))
I 0,I00 0,0079 0,563 60,79 -15,49 0,05
oor Knot Spline {1+ costficients Cross Flest 2 2,70 140,2 2,605 -9,055 2,470 1.8
o, enargy section excited 3 4,I50 I32,5 8,076 1,689 -I,566 1I,7
in ey b l M f Ki ] 2 Bt g 5,600 1II9,6-I3,06 -5,I25 3,487 I.6
I 0,I0 -5,427 7,124 -2,380 0,553 30 5 7,050 100,5 -5,%5 10,04 -3,883 1,6
2 0,273 -0,0856 4,054 -0,68I -0,I% 34 ] 8,500 IdI,2 -1,285 6,845 2,853 1I,6
3 2,180 3,599 -I,350 -I,912 26,68 20 7 9,90 93,62 0 0 ‘0 2,0
4 2,433 3,463 0,808 6,855 7,492 I8
S 4,071 3,842 0,294 4,714 4,504 18
6 5,682 . 3,583 -I,347 -0,208 0,381 I8
7 20,00 2,318 0 0 0 29

Table 4.25

Spline fit coefficients for the description of the recommended
6Ll’(\',n)aﬁ integral reaction cross-section (The cross
section can be calculated using Eq. (2.13))

Knot Knot Sp.lim fIt coafficients Cross

ecti
ro- ::‘:; AOTA1 ] Az ] A3 :r\c-r:'.‘,f
1 2,98 0,387 23,56 -I29,9 278,9 9,2
2, 3,710 1,997 5,225 -7,897 2,814 7.1
3 12,686 1,714 -1,432 2,482 4,341 I3
4 21,680 0,992 0 0 0 2,0

Table 4.26

Brief data content of references used in the evaluation of
the 6Li(1',|;:) interaction cross-section

Uncertainty in

Energy Range of

ran angle: T ° .

|: :v |:';.: ikl LY randcm systen. Rat.

0,5-1,85 0-IS5 A, DA (f,p) 3 5 (eodl

0,5-1,85 0-I55 am,pa {e,24) 10 15 f2odl
3-6 20-150 a4 (r,p) 10 15 (203l
36 20-I50 ao,na (7,24)  I5 25 {203]
5-I17  I0-I70 am,0n (e,p) 20 - (e02]
I4 20-100 AD,0A  {1,p) IO 25 {04}
I§  I0-ISO  awm,pa  {r,p) 20 - o1l

Table 4.27

Spline fit coefficients for the description of the recommended
6Li(1,p)aBe partial reaction cross-section (The cross-section
can be calculated using £q. (2.13))

Knot Spline tit coetficients Cross
Channal Knot energy section
ne. in Me¥ ‘0] A1—l' A2 ] 13 uncert.,%
1 0,461 -3,%8 II,68 -7.682 1,729 I8
Po 2 1,800 2,II2 0,320 -0,339 -0,0549 5
3 10,00 I,458 O 0 0 5
I 0,657 -0,0117 9,314 -9,206 3,204 9
Py 2 1,744 3,289 0,501 0,I8I -0,3568 S
3 10,00 2,817 0 0 0 K
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integral proton production cross-sections of the 6Li ('r,p)BBe
reaction corresponding to the 16.63 and 16,92 MeV excited levels
and to the muiti-particle 6Li+'r intersction channeis

Tabie 4.3}

Briet data content of references used in the aevaluation of the
integral gamma ray yie!d 7Li(p,‘f)888 cross-section

Table 4. .34

Values of integral cross-sections and Legendre coefficients
for the 7Li(p,n)7Be reaction (ground state)

Cross section in mb Energy Range of Uncertainty in T ner % B., B B B,/B B
E:‘:; Py vy — range 'nnglos Type of date, . A ::n ,:; 4In mo B‘|/BO 52/ 0 53/ [+] 4/ o] S/BO
sooz?,::u’ Iov.tcl l.;nl e " shene! e st I

1,887 50 - - - - -

0,660 5,98 - - 0,08-0,226 4z UND/EXC,SIG 20 30 {210) 1.8%0 220 - _ - -
0,755 18.1 - - 0,3 0,84 41 UED/EXC,SIG 20 30  (21I) I 8% 270 - . - - -
0,849 34,2 8,55 - 0,9 -1,2¢ 44 UND/EXC,SIG 7 15 R127 1,905 285 _ - - - -
0,949 46,2 7,92 1,01 1,7-161 90 PAR/EXC,DA.z,7, 5 10 [213 I.925 275 - - - - -
1,063 63'8 8,67 3. I1,7-16,1 0-140 PAR/AND, DA,L,]' ) 10 [213] 1,950 270 0,100 0,000 - - -

1,163 70,0 9,30 4,78 0,8-1,7  0-135 PAR/AND,DA. .. S - f14 2,000 269 -0,210 0,001 - - -

I,271 80,4 11,8 6,41 0,43-1,95 90;I20 PA.R/EIC,DA,]’,KI 7 I3 [215] 2,050 275 _0:457 O:OIO - - -

1,370 82,2 13,5 7,54 2,100 300 -0,467 0,020 - - -

1,470 80,4 15,0 8,42 Table 4.32 2,150 3% 0,315 0,089 - - -

1,568 90,9 15,1 12,2 2,200 490 0,136 0,092 - - -

I,648 82,8 15,8 9,05 Spline fit coefficients for the description of the TLip,y)Bae 2,250 590 0,664 0.145 - - -

I,745 80,2 15,8 8,80 gamma-ray production integral reaction cross—section 2,300 508 0,905 0,200 - - -

1,847 88,0 18,7 10,7 (The cross-section can be calculated %.350 420 0.%66 0.217 _ _ _

Teble 4.29 using €q. (2.13)) 2,400 380 1,000 0,250 - - _

Knot Spline tit comtficients Cross 2,450 315 0,963 0,243 - - -

Brief data content of references used in the evaluation of the Knot snergy section 2,500 300 0,816 0,224 - - -
6Li(1,d)"Be interaction cross-section no. in Me¥ Ay [ 4 [ A ] A uncert. 2,600 285 0,642 0,IR - - -

Erergy range of Tncertainty in 3 I 0,000 -9,675 1I,765 -9,743 3,32 10 gg :8.,3 8'55;; 8'22 - -
range angles Type of data T Rat. 2 0,3790 -3.029 4,346 4,583 I94,2 i 2 900 260 0.603 0. 120 _ _ _
in MY in dog S 3 0,482 -0,7%8 -23,14 4981,9 -77947, IO 3000 251 0635 0103 i i i
1.5-1,6 10170  rAv/ArD,04 10 5 ) 4 0,4313 1,033 6I,59 -2237.57 14276,2 4 3:200 245 0:60,, 0:103 _ _ _
1,3-1,6 10-170 PAR/AXND, DA 10 25 [206) 5 0,4830 0,054 -I5906 .4,89-10° -5,02-1 38 3,400 242 0,550 0,II0 _ _ _
6 0,4832 -1,669 -3,608 4,798 -0,2244 9 3,600 242 0,461 0,125 -0,0023 _ _

1,0-2,0 90 PAR/EXC, DA 5 20 [0 7 I,0000 -I,BI4 -2,205 3,021 0,407 3 3,800 244 0,40 0,153 -0,I100 _ _
1,7-5,9 4% UXD/EXC,SIG 5 7 [208) 8 2,0590 -I,702 -2,747 6,275 3,201 3 4,000 250 0,308 0,198 0,13 -0,I0 -
8,0-20 10-1€0 PAR/AND, DA S I2 (208) 9 4,680 -1,500 1,08 -I,560 -0,1237 2 4,200 268 0,270 0,28 -0,20 0,000 -0,200
1,8-6,8 4%  UFD/EXC,5I¢ S I5 [209) 10 18,000 2,570 0 o - 0 4 4,40 300 0,260 0,418 -0,26 - -
4,600 330 0,235 0,515 -0,235 - -

Teble 4.30 Table 4.33 4,800 355 0,215 0,5% -0,157 - -

5,000 376 0,Is2 .0,6I0 -0,076 0,20 -0,I9

Spline fit coefficients for the description of the recommended Brief data content of references (suppliementing information 5,200 352 0,057 0,593 -0,024 - -
6Li('r,d)7Be integral reaction cross-section (The cross given in [2161) used in the evaluation of the ~ 5,400 326 0,038 0,542 0,023 - -
section can be calculated using £q. (2.13)) "Litp,n)7Be resction 5,600 285 -0,I2 0,489 0,072 - -

r 5,800 264 -0,I86 0,455 0,II0 - -

Knot Knot Spline tit comfficients c'°’f Enargy Renge of Uncertainty in L 6,(1)0 233 -0,B7 0'42I 01I32 Ovzm 'onla
A B 5 [ & %] 5 il || e [ | 6,20 207 0,282 0,3 0,159 - -
6,400 185 -0,315 0,316 0,173 - -

I 0,400 -0,28702 5,5994 O 0 10 1.84,2 4% EXC,SIC 4 7 (217) 6,600 Ie2 0,331 0,355 0,I8I - -
2 0,8687  3,93092 5,5944 3,408 —4,7839 6 4,2-26 3-I159  AND,DA 4 IS (218) 6,800 140 -0,%41 0,335 0,188 - -
3 I,I2 5,26 2,637 -3,648 2,20 4.4 3-8 55 EXC,DA 10 10 1m 7,000 121 -0,35 0,327 0,199 - -
4 1,868 5,717 0,649 -0,256 -0,177 3,7 1,8-6,0 90 EXC,DA 10 I0 [219) 7,500 92 - - - - -

5 6,890 5,732 0 ) 0 8,9 4-14 4% EXC,SIG 20 - {151) 8,000 74 - _ _ _
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Table 4.34 (continued) Table 4.35 (continued) Table 4.37 .

Brief data content of references used in the evaluation of

E:.:: 4: :0' B’/BO leno B}/BO 34/30 35/:50 f:.':: }1“1:0' 31/30 BZ/BO BJ/BO the 7Li(p,c)4He reaction cross-section
B,SCD 63 = - - - g'g i?’g - - - Energy Range of Uncertainty in %
g'm 55 - - - - - ’ ’ range angles Type of dats Rof-
9,500 49 - - - - 13,0 1,4 = = = in Mey in deg random ] systen.
10,0 45 - - - - - 14,0 9.6 - - -
11,00 38 _ _ _ _ - 15,0 8,6 - - - 0,05-0,9 30-90  iND,DA 8 10 {223)
12,00 34 - - - - - Is,0 8,2 - - - 0,023-0,05 2%  Exc,SIc 12 20 (154)
13.00 30 _ _ _ _ _ 17,0 8,2 - - - 0,13-0,56 20-90  AND,DA - 7 15 [159)
14.00 28 _ - - N _ 18,0 8,4 - - ~ 0,025-0,236 2%  Exc,s16 15 25 [155]
15,00 26 - - - - - 19,0 8,6 - - - 1,01-1,47 90;720 Exc,DA 10 15 f220]
16,00 24 - - - - - 20,0 8,8 - - - 1,3-11,8  80-165 AND,DA 10 15 [221]
17,00 23 - - - - - - 2,7-10,3  90-170 aFD,D4 10 15 (228)
18.00 22 _ _ - - - 0,4-2,4 125;90  Exc,DA 5 8 [215)
13,0 a - - - - - 0,05-0,6 90  xc,nA 10 20 (226]
20,00 20 - - - - - 412 80-165 AND,DA 10 - (227)
Table 4.35 Table 4.36 Table 4.38
Values of integral cross-sections and Legendre coefficients for Total integral neutron production cross-sections of Spline fit coafficients for the description of the recommended
the Lilp,n|)'Be reaction (first excited state) the Li+p interaction TLi(p,a)*He integral reaction cross-section (The cross
Ener, Energy Cross section Energy Cross section section can be calculated using Eq. (2.13))
in Hn': ?,.1:0' 31/30 32/30 BJ/BO in MeY in md Tn Mev¥ in mb
Knot Spline fit coefticients Cross
2.4 3,41 0 - - 4,0 300 5,0 500 Knot energy section
2,5 7,82 0 -0,005 -0,005 4,2 325 5,2 460 no- in Pev ) ] 4 ] A, T Aq Luncert. 3
2.6 14,1 -0,023 -0,018 -0,046 4.4 350 5,4 420 1 0,020 -13,208 14,140 -10,453 4,669 20
2,7 22,8 0 . 0 -0,il4 4,6 425 5,6 380 2 0,085 -7,7505 6,8267 -2,6140 0,5652 I3
2,8 32,4 -0,143 -0,07 -0,133 4,8 450 5,8 360 3 0,067  —4,2368 4,I264 -I,50I4 0,499I I4
2,9 41,9 -0,177 0,125 -0,I28 6,0 325 9,5 200 4 0,2664  -0,ICB2 2,8267 -1,7242 0,5442 14
3,0 50,0 -0,188 -0,167 -0,II4 6,2 320 10,0 180 5 2,548 3,7495 3,3653 2,162I 49,34 14
3,1 55,9 -0,210 -0,186 -0,079 6,4 290 10,5 200 6 3,416 3,6805 -8,079 -0,3650 9,4684 I4
5,2 59,0 -0,223 -0,185 0,056 6,6 270 12,0 185 7 4,429 1,7246 -6,3422 7,0I68 414,20 I4
3,3 61,2 -0,247 -0.I54 0,037 g.g 265 12,5 i:g 8 5,175 2,4667 25,906 -202,45 435,93 I4
o 0 Py o s o o 150 9 6,061  3,2249 5,209 4,260 7,3228 14
. . ’ v y . . 14
40 49.4 0,457 0.326 2.0%0 8,0 240 14,0 200 10 8,406 2,1638 -0,2846 11,445 -36,403 p
1.5 @32 -0.481 G.477 20221 8,5 220 I 1,84 L8 0 0 0
5,0 39,8 -0,447 G.537 9.7 8,0 2I0 )
5,5 37,8 -0,080 0,738 -0,336
6,0 36,7 0,252 0,777 -0,087
6,5 36,0 0,312 0,411 0,062
7.0 35,3 0,296 0,119 0,067
8,0 32,2 - T- -
9,0 29,7 - - -
10,0 23,8 - - -



Table 4.39 Table 4.4}

Table 4.43
Brief data content of references used in the evaluation of the Beryllium-7 production cross-sections in 7Li+d interactions
total integral neutron and beryllium-7 production (The uncertainties given in parentheses are expressed in Spline fit coefficients for the description of the evaluated
7Li(d,p)BLi integral reaction cross-section

cross-sections in TLisd intersctions last significant figures of the cross-section values)

19

Energy Range of Uncartainty in g TLied,2m 7Be Litg,207Be (£ =0.43) . Knot Spline fit coetticients Cross
il e Type of dure 1 e, S i TV I ™ section
in Mav in deg random  |systes. i Energy Total cross-section Energy Partial cross-section ) 1 4 uncert..mb
in Me¥ in mb in Ma¥ in mb
I 0,406 1,839 II0,61 -609,97 I464,3 14,84
0,64 0-160  PAR/AND, DA; 10 - (31 ' ' 3 ' '
0230 o m/m-m_no o 0 () 5% 12,90(37) 6.20 2.000) 2 0,67 II3,39 728,56 —4328,9 4373.2 6.0
g oA 3 0,768 147,33 -6,289 -30I6,3 II732 5,5
1.62-2.97 4-I60 P . 10 15 [232] 5,89 22.,30(60) 6.70 2,76(28) 4 4 ’ 4 .
=2, AR/AND, DA;ng, 2y 4 0,849 128,26 -257,54 504,91 B453,3 5,9
I,14,I 120 PAR/EIC,DA; D, 0, - - (232) 6,40 22,10(77) 6,9 3,39(28) 5 0'938 16.02 97.314 3045 0 —zsceé s'o
- 1,0 0-I40  PAR/ARD,DA;ng,n, 20 - (233 6,90 34,40(90) 7,20 4,14(62) 6 I'(m m'm _45'557 _4471'1 29263 5'9
2,811 0-I60 UND/EXC,S1G 5 15 (17 7,41 39,6(14) 7,46 ~ 3,01(28) v I.I46 T I2 6. 583 43119 18063 6.0
2,9-11 55 URD/EXC,DA; 2n 10 s [17) 7,91 42,6(14) 7,96 4,27(75) 8 I.266 I30'04 zsé I -uos'4 2580 8 7'5
I,3-12 4% UND/RIC,SIG 10 10 [169) 8,42 47,9(16) 8,46 6,66(38) 9 1400 14747 11522 93163 495 67 g
9,I8 53,9(18) 8,96 8,66(176) I ’ ' o T4 aea ’
o 1,922 167,66 60,977 171,14 484,68 6,5
9,43 55,5(23) 9,22 9,67(75)
II 2,750 189,10 10,833 2829,5 -I0845 6,4
9,33 58,4(22) 9,72 8,79(I5I)
I2 3,317 2I9,I3 -70,8% -3265,7 I20I0 6,8
10,43 60,9(24) 9,97 10,2(I0)
I3 4,000 170,19 -29,953 -756,69 I24I,2 6,9
Tabla_4.40 10,93 63,2(24) 10,22 9,29(I63)
14 4,968 129,09 -I59,43 300,81 -3%0.66 6,9
I, 6L,8(25) 10,72 10,17(62) I5 7,059 99,I2% 0 0 0 10,7
Spline fit coefficlents for the description of the evaluated II,94 62,1(25) 10,97 10,80(75) ’ . J '
total neutron production cross-sections in TLivd !
interaction channels (The cross-section can
be calculated using Eq. (2.11))
Table 4.42 Table 4,44
Kot Spline fit coefficients Cross
Knot energy n [ ™ section Brief data content of references used in the evaluation of Total integral neutron production cross-sections of the
"o in Ma¥ *o ‘ 1 L } proert..m the Li(d,»8Li reaction cross-section TLitd, H8Li reaction
I 0,134 6,722 -I4,60 140,26 -54,82 0,669
2 0-2& SI'GS Imvs IG'% 541'9 2-266 Energy Range of I l Uncertainty in % Energy Cross section Energy (Crox: section Energy Cross section
3 0,599 368,2 IO‘S,‘ IZIII —943(8 0.238 range anglas Type of ﬂafl{ Ref. In Mav inmb in May in mb in Ma¥ inmb
4 0,664 500,2 604,9 -I6471 68790 0,318 in He¥ indeg | [ rondom | system. T.36 01 T.% 6.1 2% e
5 0,734  464,1 -6I16,9 4376,9 201921 0,292 0,34,0 in ®IC,516 I0 20 {1e8] 1,45 1,0 2,07 57,2 3,Is  137,0
6 0,812 43,9 03,7 226,7 5196 0,277 0,6-1,6 ax Exe,s1¢ Io IS (234 1,49 1,8 2,20 67,5 3,31 I33,6
7 0,888 43,6 70,3 IM%2 142090 0,264 0,6-I,9 an £xc,816 5 50 [235) 1,54 2,5 2,18 74,3 3,47 4,6
8 0,99  478,6 -89,40 23570 204830 0,281 2,0-I0 45 exe,sz¢ 10 20 (236) 1,63 7.7 2,27 8,4 3,60 I57,5
9 II 297,7 5%.,6 10,7 1I370,3  0,II8 0.6-I,2 4 Exe,st¢ 5 I0 (237 1,65 9,5 2,47 9I,4 3,78 58,7
I0 I473  252,7 417,32308,6 -4488,2  0,IN 0,76-0,79  75-I35  AND,DA 5 9 (239 1,69 14,0 2,35 9%,9 3,84 I54,2
o 20 463,9 -594,3 52,7 -444,0 0,478 0,68-0,9 S0 EXC, DA 5 9 [239 I,% 19,7 2,49  105,0 4,II  158,8
12 2,609 57,9 36,8 -I45,9 I454,9 0,204 2,9-11 55 EXC, DA 6 15 (171 1,83 26,6 2,64 103,9 - -
I3 3,951 528,7 -169,6 439;I 85,45 8,97 1,87 35,6 2,84 110,8 12,0 200
I4 5,551 525,2 158,8 526,3 -I638,6 9,507
s 7,799 §7%,7 -52,06 -1146,I 475¢,4 . 10,71
6 10,97 612,3 0 0 0" 22,99
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Table 4.48 Table 4.51

Table 4.45
Brief data content of references used in the evaluation of Brief data content of references used in the evaluation of the Spline fit coefficients for the description of the tota! neutron
the 7Litt+,p)%Li resction cross-section *O*Bl integral neutron and helium-7 production cross-section production cross-sections in /Lis+t interaction channels (The
Jin. TLiet mf.rachons (The lnformaflor.u given !n parentheses cross-section can be cafculated using £q. (2.13))
e Range of Uncerfainty in § md:ca+es which level (ground (0) or first excited (1) state)
rgy N . ;
range angles Type of data random Systom Ref. is considered in the reference.) - Knot Spline fit coafficients Cross
in MeV in deg y - - Knot anergy section
3,5-10,0 4z EIC,SIG 3 7 (195) f:rw Rnn?n of : Uncertainty in % Rat. fo. in MoV A ' Ay | Ay L Ay uncert.
23,0 3 A, 3 - (a2 in v A e o dame @J systen. I 013 1,5%9 6331 4,560 I,606 10
15,0 9-11I5 AND, DA 3 7 {243] 2 0,350 4,888 2,017 1,359 -I,387 10
0,06-0,II 150 EXC,DA(0,1) 5 I5 [244) 3 0,702 6,482 1,895 -1,535 -98,18 I0
0,24 4I-139  AND,DA,REL(0,1) 5 - [245] 4 0,740 6,563 0,901 -I7,I7 36,70 10
- Table 4.46 3,0-I10,0 - EXC,SIG(0) 20 30 [195_] S 0,934 6,305 -I,I23 8,433 -7,736 I0
1,15-1,95 I5-170 4xD,DA(O,1) 5 10 [xg] 6 1,82 7,005 -I1,03I 1,790 -0,755 I0
Spiine fit coefficients for the description of the ‘Li(t,p)oLi 22 I5-80  AwD,DA(0,1) 5 10 [247) 7 12,20 6,474 O 0 0 10
excitation function of the total cross-section for the 13 5-175 AND,DA,REL(0,1) 20 - [248)
production of lithium-9 (The cross-section can be 0,08-0,49 0 EIC, DA{0, 1) 3 7 [249]
calculated using Eq. (2.10)) i
Table 4.52
Spiine 1it costficients Cross Table 4.49
Knot """Gv section Brief data content of references used in the evaluation of the
ro. in Mev ‘ l L A, T uncert. ,mb Spline fit coefficients for the description of 7Li(f.0-)6H0 7Li(1,n)9B reaction cross-section
partial reaction cross-sections (The cross-section can be
1 0,50 -0,485 15,41 7,517 4,271 0,6 calculated using Eq. (2.13) e ——
2 5,487 26,31 5,304 -17,94 -54€.8 0,6 Energy Range of ret
3 5,70 19,09 18,06 -13,56 3,163 0,6 Knot Spline fit coetficients Crons ":":v I-:g;:; Type of data o T - .
4 6,851 26,73 0,584 -2,645 6,502 ‘0,6 State Knot Energy A w1 o | section
3 8,00 32,44 19,10 40,91 150 . 0,6 no. in ne¥ ° ] ! 2_} ) |urcert. s 1,5-5,5 10-I60 PAR/AND, DA 5 30 [252)
6 9,061 24,56 -17,06 6,826 0,178 0.6 1 0.65 -I0,48 8,047 -17,39 0,I56 35 1227 0 PAR/EXC, DA 7 50 - [253)
7 9,67 &M 551 Tm Las 06 2 0,272 -1,426 3,682 0,989 0,051 25 21~ 20-150  AND,DA i m
’ ’ ’ -z, . ’ 4 22,00 2,112 4} [} o 10
10 11,53 23,13 3,063 -0,736 0,056 0,6
II I4,89 27,20 0 0 0 0,6 I 0,085 8,783 9,295 0,029 -I,096 8 Table 4.53
2 0,150 -0,505 6,043 -3,706 0,795 3 18078 200
First 3 0,520 2,806 0,5I3 -0,745 0,254 4 s . R .
Table 4.47 xcite Values of the differential total neutron yield cross-section
:r:r: ¢ g ;é&&.; 2';3'17 _O'CI)GI O'SOS -0'368 Ig in the 7Li(t,n)95 reaction at an angle of 0°
Spline fit coefficients for the description of the 7Li(f,d)BLi * ’
oxcifaﬂon. funcﬂo.n o.f the total cross-section for the Teble 4.50 Energy  iCross saction] Emergy  [ross sectlon] EMray  [Cross section
production of lithiumn-8 (The cross-section can be e in eV J in mb/sr in May in mb/sr in Ma¥ In mb/sr
lculated i Eq. (2.10))
caiculated using tq Brief data content of references used in the evaluation of 0,46 oog 8'72 4.4 0,% 20,0
emat . : ™ 6,2 0,98 21,0
Spline tit 1ficient: ¢ the excitation function for the total integral neutron 0,49 0, ’ » ’ ’
Knot ::::w i St s:::on production cross-section in ILi+t interactions 0,52 0,33 0,78 8,0 1,03 21,5
o in Ha¥ Y | AJ Azl Ay | et ; 0,55 052 08  I0,0 105 22,5
1 6.1 0,139 -1I,I4 83,56 -36,68 2,426 Enargy | Range of Uncartainty in 3 0,58 0,80 0,86 12,2 Lo 23,0
’ v s s , ’ range angles Trowof et [T T 0] Rt 0,62 1,4 0,87 14,0 1.20 23,8
§ ';:gz ggg :158.20 —45.28 27.'9; ;';303 inMev | 1ndes 0,65 2,2 0,9 16,0 130 24,0
* ’ -93 I4' —9'9 ’
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Isble 4.54 Table 4.5 Spline fit cosfficients for the description of the 7Li(t,a)bLi
Integral reaction cross-section. (The cross-section can be
Normalized values of Legendre coefficients for the Partial differential cross-sections of the 7Ll(T.P)9BO calculated using Eq. (2.10)).
description of the anguiar differential cross-section reaaction tor a few angles and reaction channeis
of the 7Li(1-,n°)98 resction (20% uncertalnty) Kot Knot Spline fit cosfticients Cross
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10 5-160 rpar/ixD 3 I [4 4 6,085 229,25 53,8 3525 9,084 3,0 Table 4.62
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Evaluated total integral cross-section values for
Table 4.59 the TLita,n 08 reaction
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Table 4.57 the 7Li('\',a.)6Li reaction cross-section
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Fig. 4.10. Energy dependence of the (i) 6Li(t,d)7Li and
2) 6LI(+,4|)7LE integral reaction cross-sections.
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Fig. 4.24. Energy dependence of the total integral 7Li(f,d)8Li tithium-8

Fig. 4.23. Energy depandence of the total integral 7Li(1,p)9Li Lithium-9
production cross-section. Spline fit given by continuous curve,

Fig. 4.22. Energy depandence of the total integral 7Li(d,p}BLi 1ithium8
production cross-section. Spline fit given by continuous curve,

production cross-section. Spline fit given by continuous curve.
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* - [238), & - [237).



89

10° 10

E, MeV

Fig. 4.25. Energy dependance of the integral 7Ll(f,a)6ﬂa resction

cross-section (ground statel}.
curve. Experimentel date: O - [i95), « ~ [244], & - [246],

¥ - 12473, o - [249).

Spline fit given by continuous

[
*
200 *
+
(3
*
(4
100 +
60
20
1 " n " A .
20 10 40 50 €0 20 E, rey
Energy dependence of the total integral 7Li(1,f)7so

beryllium-7 production cross-section.

continyous curve,
O - [260].

Experimental data: * - [206],

Spline fit given by

+ - [209],

o, mb
0° o
1
't
’00
m.'
w0t
0!
10?
10"
ot ) 07 ’b, v 3 vy RAEAReL™
0 £, N 10 £, Na¥
Fig. 2.26. Energy dependence of the integral ’Li(t,a)®He reaction Fig. 4.27. Energy depsndence of the total integral 7Li(t,x)n neutron
cross-section (first excited state). Spline fit given by production cross-section. Spline fit given by continuous curve.
continuous curve. Experimental date: + - [224]), A - [246], Experimental data: x - (172), o - [193], + - [194], D - [25t).
D - [247), o - [249].
a, mb
w k)
c, mfsY ke
*
30
x
° 20
°
2 °
©
o
0
ot §
S . , . . - 2 N .
F 4 6 &, MY 5 0 5
E, Moy
Fig. 4.29. Energy dependence of the integral TLi(t,a)Li resction Fig. 4.30. Energy depsndence of the total ditfersntial 7Lita,n) !0

cross-section (for the ground and first excited states). Spline

fit given by continuous curve.
o - (262, + - [264)

Experimental date: x - [261],

nevtron production cross-section at an angle of zero degrees.
Spline fit given by continuous curve. Experimental data from
Ref. [265]).



69

5. CROSS-SECTIONS FOR THE INTERACTION OF BERYLLIUM NUCLEL
WITH ISQTOPES OF HYDROGEN AND HELIUM

5.1. Basic data
Beryllium: atomic number - 4

atomic mass - 9.0122
Isotopic composition: beryllium-9 100%
Density: 1.848 g/cm3
Melting temperature: 1284°C

Thermal neutron capture cross-section: 0.009 b.

Fields of application: in nuclear technology, as a neutron moderating

and reflecting medium in nuclear reactors. Beryllium is widely used as a
9 12 . . :
neutron source through the Be + a = n + C reaction, and is considered
as a potential nuclear fuel in thermonuclear reactors through reactions such
9 4 9 6. . . .

as Be(p,d)2 He or Be(p,a) Li. Beryllium is also used in metallurgy and
in the silicon industry.

Nuclear properties of reactions between beryllium nuclei and isotopes

of hydrogen and helium are listed in Table 5.1.

The 9Be(p.Y)loB reaction

w
N

" ‘ (2

This reaction is primarily of astrophysical interest, which explains
the small number of measurements listed in Table 5.2.
At proton energies below 0.2 MeV the total gamma-ray production

cross-section can be estimated with the use of Eq. (2.14) and the following

(centre of mass) parameters: S(E, 1) = (2.9 £0.3) 1073 beMev and

Eg = 14.1 MeV. At energies above 0.2 MeV the excitation function is
influenced by resonances corresponding to the states of the compound nucleus
of boron-10 which manifest themselves at incident proton energies of 0.330 and

1.0 Mev.

The evaluation of the integral cross-section for this reaction was
performed on the assumption of moderate angular anisotropy, which was inferred
from the measured [269) partial differential cross-sections of the
9Be(p,Y)wB reaction at 90°. The coefficients for a spline curve
describing the total integral gamma-ray yield from the 9Be(p.Y)loB
reaction are listed in Table 5.3. Figure 5.1 shows the excitation function of
the total integral gamma-ray yield summed over all partial cross-sections.

The results given in Ref. [269] were normalized to the data published
in [272]). There is only one set of data [270], giving the total gamma-ray
yield at 0.33 MeV and 0.5 MeV, which can be used to check the normalized data
given in Ref. [269]). The agreement between these two sets of data is very
good at 0.5 MeV, but the data diverge by a factor of two at 0.35 MeV.

In our evaluation, preference was given to the data from Ref. [269]
because other independent data [147] seem to indicate that there is a
resonance at Ep = 0.33 MeV, and its absence in the Ref. [270] data casts
doubt on their reliability at 0.33 MeV.

5.3. The 9Be(p,n)QB reaction

Measurements of this reaction, which were first performed in the 1950s,
were devoted initially to the development of nuclear spectroscopy and are well
docqéented in Ref. [273]. It was not until the early sixties that the
cross-section for this reaction was measured with the intention of using it as
a neutron source. The excitation function of the total neutron production
cross-section of this reaction for the energy range from threshold to 13 Mev,
as well as the partial integral and differential neutron production
cross-sections corresponding to the ground state of the resultant boron-9
nucleus, were evaluated on the basis of the existing data, listed in Table 5.4.

The integral neutron production cross-section was evaluated from data

published in Refs {21) and ([280]}; these data were then used to normalize the
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relative measurements given in Ref. [151]. The cross-section data presented
in Ref. [274) were multiplied by a factor of 1.7 in order to obtain better
agreement with the data given in Ref. {21]. The spline coefficients for the
evaluated curve of the total neutron yield cross-section are listed in

Table 5.5. The evaluated curve is compared with the experimental data in
Fig. 5.2.

The partial integral cross-section for the 9Be(p.no)gB reaction
corresponding to the ground state of boron-9, based on data published in
Ref. [279]), is plotted in Fig. 5.3. The differential partial cross-sections
for this reaction can be calculated from the Legendre coefficients listed in

Table 5.6 by means of the following expression:
_ ao(E)
a(f,E) -—-4—,‘—[1\*): B, P, (cos8)| mb

The energies in Table 5.6 are given in the laboratory system, and the
differential cross-sections in the centre of mass.

5.4. The 9Be(v.dLBBe reaction

An interesting feature of this reaction lies in the fact that it leads
to a quasi-stable state of beryllium—-8 which in turn decays into two alpha
p?rticles. From a practical point of view, the interesL in this reaction lies
ié‘the integral cross-section for the production of deuterons as well as in
the partial cross-sections of the separate reaction channels. The most
axtensively studied reaction channel is the one leading to the ground state of
beryllium-8. This channel predominates up to an energy of Ep = 3.3 MevV. At
higher energies, the charged particle spectrum resulting from 9Be +p
interactions reveals a broad resonance [(281] which corresponds to the 3.04 MeV
state of the resultant beryllium-8 nucleus. At a proton energy of 14.26 MeV,
the integral partial cross-sections of the 9Be(p,d)BBe reaction leading to

the ground state and to the first excited state are practically equal [282].

Since the only available data, listed in Table 5.7, consist of
differential data, a more or less complete description of the energy
dependence and angular distributions is possible only for the partial
cross-section corresponding to the ground state of the resultant beryllium-8
nucleus.

At low energies, the energy dependence of the 9Be(p,do)aBe cross-
section can be approximated by Eq. (2.14) with the following parameters:

S(0) = 35 MeV-b and Eg = 14.1 MeV (in the centre-of-mass system).

This s-factor value was derived in Ref. [283] as a result of
interpreting the measured reaction cross-section values in the framework of
the R-matrix theory. According to the analysis performed in Ref. [283]), the
character of the angular distribution and of the energy dependence of the
partial cross-section for the 9Be(p,do)aBe reaction at proton energies
smaller than 0.70 MeV can be explained on the basis of the mechanism for the
formation of the compound nucleus. At higher energies it is necessary to take
the mechanisms of direct reactions into account [281].

The spline curve describing the excitation function of the evaluated
integral cross-section of the 9Be(p,d)BBe reaction in the low part of the
energy range, shown in Fig. 5.4, was determined from data given in Ref. [283].

- The evaluation in the upper part of the energy range was based on data
given in Ref. [287]. The coefficients which define the spline curve, as well
as the cross-section uncertainty range having a statistical probability level
of 67%, are listed in Table 5.8.

5.5. The 9Be(p.a)éLi reaction

This reaction has been investigated in numerous experiments, some of
which, listed in Table 5.9, are used here in the evaluation of its
. . : . . 6. .
cross-section. This strong interest in the exothermic aBe(p,a) Li

reaction is due to a large cross-section at low proton energies which makes it
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usable in a fusion fuel cycle. 1In addition, this reaction could be used
advantageously in the production of lithium-6 which is a potential fuel in
thermonuc lear fusion.

At low incident proton energies (Ep < 0.2 Mev), the integral
cross-section for the 9Be(p,ao)sLi reaction channel behaves practically
identically to the 9Be(p,do) cross-section and can be described by
Eq. (2.14) with the same parameters that were used in the case of the
9Be(p,do) reaction,

The angular distribution of the alpha particles up to an energy of
0.7 MeV has been measured by Sierk and Tombrello [283). The integral
cross-section at Ep = 0.33 MeV, determined to an accuracy of 3%, is in good
agreement with the value given in Ref. [285].

Data from Refs [284) and [286) were used to obtain the evaluated curve
in the energy range Ep =1 to 4 MeV. The data from these two references
show fairly good agreement (within the limits of their uncertainties) only
between 1.5 and 4.5 MeV. In the range 1 < Ep < 1.5 MevV the data from [286]
are higher than those from (284) by a factor of 1.25. The integral
cross-section of the 9Be(p,uo)sLi reaction was derived from the data of
%ff. [286] after they had been normalized at Ep = 1.0 MeV and Ep = 1.25 MeV.
:‘ Above 4 MeV the evaluation was based on the data from Ref. [288] which
contain a-particle angular distributions for the ground state and first
excited state in the energy range Bp = 6 to 12 MeV. The same reference also
gives the excitation functions of the differential cross-section for both
channels of this reaction. The differential cross-sections given in
Refs [286] and [292]) agree within the limits of their uncertainties.
Futhermore, our analysis shows that the error introduced in the normalization

of the data in [288], which is estimated by the authors to be > 40%, is

actually less than 20% if one takes the additional comparison with the data
from Ref. [289]) into account.

A spline curve reflecting the evaluation of the integral partial
cross-section for the 9Be(P.a)6Li reaction was constructed in the light
of the above considerations and is shown in Fig. 5.5 together with the
experimental data used in the evaluation. The spline coefficients are listed
in Table 5.10.

Angular distributions for the (p,al) channel corresponding to the
excited state of the resultant nucleus with Ex = 2.18 MeV are given only in
Ref. [288], for the energy range Ep = 9.0 to 11.5 MeV. The excitation
function for this reaction channel is also given in the same reference, but
for a broader energy range, namely Ep =5 to 12 MeV. Analysis of these
angular distributions suggests that, within the limits of the errors in the
measured data, the cross-section can be approximated by o(E) = ¢(90°,E)4r
(see Fig. 5.6).

Spline curve coefficients for evaluation of the integral partial
cross-section for this reaction channel are given in Table 5.11.

5.6. The 9Be(d.Y)uB reaction

Experimental data for this reaction, which are summarized in
Table 5.12, are sparse and conflicting. The measurements consist primarily in
a study of the (d,Yo) reaction channel with the objective of obtaining

. . . 11 9 .
information on the inverse B(y,d) Be reaction.
)

The evaluation of the integral cross-section for the 9Be(d,yo)n%

reaction was based mainly on the data in Ref. [295], which contains values of
the excitation function of the differential cross-section measured at 90° for
energies ranging from 2.9 to 11.9 MeV at energy increments of 0.25 MeV. From

an analysis of the angular distribution data, it is clear that the integral
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cross-section can be represented with an accuracy of ¢ 5% by the expression:
a(E) = d(E,QO‘)Aﬂ/(1—0.5°A2/A°).
where Ao and AZ are the corresponding Legendre coefficients.
The experimental data for the 9Be(d.Yo)uB reaction channel are plotted
in Fig. 5.7.

. . 9 11 .
The excitation function for the integral Be(d.Yo) B reaction cross-

section can be described by the expression

3
= E ol IR
o <ol o nf ] |

where AO = -6.499, Al = 2.465, A_ = -0.987, A, = 0.0609, and E ranges from

2 3
0.399 MeV to 12 Mev.

For energies Ed < 0.4 MeV, this excitation function can be
represented by Eq. (2.14) with the following parameters: S(0) = 3.46 mbeMeV
and E:s = 25.63 MeV in the centre-of-mass system.

Without taking the weak resonance structure into account, the energy
dependence of the integral partial cross-sections for the 9Be(d,Yl)uB
and 9Be(d.Y2 + 73)113 reaction channels, which are qualitatively and
quantitatively similar to the dependence of the (d.YO) channel, can be
:gpresented by

a(E) = A-Ez + B*E + C mb

if one takes A = -1.33, B = 5.94 and C = -1.32 for the Yl channel, and
A =-5.531, B = 17.12 and C = -4.29 for the 72 + 73 channels.

5.7. The 9Be(d,n)lOB reaction

The majority of publications dealing with this reaction have reported
data in the form of relative measurements because most of the measurements
were made with the objective of checking the applicability of the distorted
wave method to low mass nuclei. The relative data reported in

Refs [296, 297], listed in Table 5.13, were normalized to absolute data at a

deuteron energy of 1.4 MeV taken from Ref. [298], as well as data from
Refs [270] and (299].

The neutron spectrum consists of individual peaks with particularly
well-defined peaks corresponding to the excited states of the resultant
boron-10 nucleus. Only at energies of Ed = 15 MeV and above does one detect
a small background caused by the continuous neutron spectrum. Up to a
deuteron energy of 1.5 MeV, the main contribution to the cross-section is due
to the reaction channels corresponding to the ground and first excited states
of boron-10.

The evaluated values of the partial cross-sections for the ground and
the first four excited states are listed in Table 5.14.

The integral cross-sections at low energies can be obtained from
Eq. (2.14) using E:s = 25.63 MeV and the following S(0) values for the

states of boron-10: 12320 MeVemb for n 33610 MeVemb for n, 3360 MeV-mb

0’
for n,. 8960 MeV-mb for n, and 5600 MeVemb for n,.
These five levels determine the neutron yield in this reaction up to a
deuteron energy of 0.5 MeV, at which point the next level at Ex = 4.774
comes into play. However, as shown by the relative dependence of the
excipation function of the total neutron yield ([297], the influence of this
and 3bove-lying levels is small (< 10%) up to an energy of Ed = 1.54 MeV.
Unfortunately, data on the contribution of levels with excitation energies
higher than 3.587 MeV are missing completely up to a deuteron energy of 12 MeV.
As shown by the data in Ref. [301], the contributions of high-lying
states, at energies of 12, 15 and 16 MeV, are comparable to the contributions
of the first five states. Moreover, it must be noted that a contribution to
the total neutron yield cross-section is made - at deuteron energies of
2.7 MeV and above - by three-particle channels, notably the

de(d, n + p)gBe reaction.
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5.8. The 9Be(d.g)}°Be reaction

The total as well as the partial proton yield from this reaction has
been measured over a broad energy range, viz. Ed = 0.03 to 21 MeV. The
references used in the evaluation of the reaction are listed in Table 5.15.

From the point of view of practical applications, evaluation of the

total integral beryllium~10 production cross-section is the most interesting

task. The basic data used for this evaluation have been taken from Ref. [314].

The values of the total integral beryllium-10 production cross-section given
in [314] can be checked against later measurements - ten partial cross-section
values measured at a deuteron energy of 15 Mev [2Bl]. This same reference
reports on the measured values of proton spectra. A summation of all of the
partial cross-section values given in Ref. [281) yields an integral cross-
section of 40 mb, which is 2.5 times smaller than the total cross-section
value given in Ref. [(314). On the other hand, the integral cross-sections at
Ed < 1.6 MeV (which take into account only the contributions of the ground

and first excited states) reported in Ref. {314] are 2.7 times larger than the
values derived from an analysis of the data in Ref. [307]. A comparison of
the summation of the integral partial cross-sections for all low-lying stable
states of beryllium-10, reported in Ref. [313], with the summed yield value
gtven in (314] reveals a discrepancy of 2.3. The data reported in [314],
renormalized on the basis of the above considerations (i.e. their values were
reduced by a factor of 2.5), were used in the evaluation of the recommended
spline curve for the total integral beryllium-10 yield cross-section for the
9Be(d,p)loBe reaction (see Table 5.16). The curve representing the total
beryllium-10 yield can be used to derive evaluated values of the integral
total proton yield from the same reaction. In this operation, it is important
to take into account that the latter conforms to the integral beryllium-10

production cross-section up to Ed = 2.7 MeV, and 1is then enhanced by the

contribution of protons from three-particle reactions of the
9Be(d,n + p)9Be type.

As mentioned above, at Ed < 2.7 MeV, the total proton yield
cross-section can be derived from the excitation functions of the partial
cross-sections for the (d,po) and (d,pl) reaction channels. In view of
the number of existing measurements (see Table 5.15), it is possible to solve
this problem to a high degree of accuracy. At low energies, data from

Ref. [210] were used to derive the following input parameters for the

approximating curve described by Eq. (2.14): Es = 25.634 MeV; and

"

for Py S(E ) 23.8 - (115.6'2c o ) + (119-52 o ) MeVemb, and

c.m.

for P, S(E ) 15.4 - (ZO-Ec o ) - (172-E§ o ) Mevemb

c.m.

(for Ed < 0.1 MeV).

At higher energies, there are two groups of data which differ in their
cross-section values by a factor of two. The first group [304, 308] was
excluded on the basis of an analysis of other reaction channels, e.g. (d,t)
and (d,a). Angular distributions and integral partial cross-sections were
obtained from the other references. The excitation functions of the integral

10

partial cross-sections for the 9Be(d,po) Be and 9Be(d,pl)mBe reactions and

the experimental data used in their evaluations are shown in Fig. 5.8 and

Fig. 5.9 respectively. The spline curve coefficients for the recommended

partial cross-sections are listed in Tables 5.17 and 5.18.

5.9. The de(d,go)BBe and 9Be(d,t)aBe reactions

Two different types of data are investigated in this section: the
first deals with the integral partial cross-section for the generation of
monoenergetic tritons corresponding to the ground state of the resultant
beryllium-8 nucleus, and the second is concerned with the total integral

triton production cross-section in this reaction.
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The references used in this evaluation are described in Table 5.19. 1In
our analysis of the literature, references which did not include absolute
values or those which presented results of relative measurements with
uncertainties exceeding 20% were not taken into account. The evaluation of
the total triton production cross-section is based primarily on the data
reported in Refs [302, 314, 315]). The limited amount of data from the
different authors precludes a thorough intercomparison of results. 1In
addition, the sparse distribution of data points prevents the construction of
a reliable approximating cross-section curve (see Fig. 5.10).

The proposed spline curve to represent the triton generation
cross-section of this reaction must therefore be considered only as a rough
approximation (the errors inherent in the relative measurements and the
normalization errors are estimated to give a combined uncertainty of 30%).
Spline curve coefficients describing the excitation function of the reaction
cross-section of interest in the energy range Ed > 1.4 MeV are tabulated in
Table 5.20. At lower energies the cross-section can be calculated with the
aid of Eq. (2.14) and with the following parameters (given in the centre-of-
mass system): Eg = 25.634 MeV and S(0) = 13.86 MeV+bh,

In view of the large number of studies that have been made of the
Zﬁe(d,to)BBe reaction, it has been possible to perform a more detailed
analysis. A comparison of the experimental data with the evaluated
cross-section curve is shown in Fig. 5.11, and the spline curve coefficients
are tabulated in Table 5.21. Equation (2.14) can be used to obtain
cross-section values at deutecron energies below 0.5 MeV, with the following
parameters in the centre-of-mass system: E = 25.634 MeV and

S(0) = 2590 MeVemb.

5.10. The ngjg,a)7Li reaction

The evaluation of the integral cross-sections for this reaction is
based on papers that appeared between 1957 and 1987 (see Table 5.22).

The large cross-section of this reaction and its large energy yield
make it interesting for the study of fusion as well as for astrophysics
applications. The lithium-7 nucleus has two excited levels which are stable
against decay to (a + t) states, and this allows two two-particle channels
leading to the ground and first excited states of the resultant lithium-7
nucleus.

At low energies, the partial cross-section for the 9Be(d.a)7Li
reaction can be described by Eq. (2.14) with the following pacrameters (in the
centre-of-mass system): Eg = 25.634 MeV and S(0) = 16.606 MeV+b for age
and S(0) = 20.058 MeV+b for ay- The evaluated partial cross-sections
for deuteron energies larger than 0.2 MeV are listed in Table 5.23.

The summation of the partial integral cross-sections for the reactions
leading to the ground and first excited states of the lithium-7 nucleus was
evaluated and described by a spline curve, whose coefficients are listed in
Table 5.24., Figure 5.12 shows the evaluated spline curve and the experimental

data used in the evaluation.

S.1¥. The gBeLt,nl}lB reaction

The total neutron yield from the interaction of tritium with
beryllium-9 nuclei in the energy range from 0.3 to 2.3 MeV has been reported
in Ref. [323]. A significant number of resonances were discovered in the
excitation function of the differential cross-section for the total neutron
yield at an angle of 0° by the authors of this report. The neutron angular
distributions in Ref. [323] for energies larger than 1 MeV are anisotropic and
exhibit a sharp forward peaking. In Ref. [192] the differential cross-section

for the total neutron yield at an angle of 0° was measured from 0.3 to 1.4 MeV.
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The presence of resonances in the excitation function of the
differential cross-section has been confirmed by the data published in
Ref. [192). Furthermore, the absolute values reported in Ref. [190] are twice
as large as the analogous values reported in Ref. [323]}. The data reported in
Ref. [324) do not help to clarify the situation. This paper reports partial
9Be(t,n)llB cross-sections corresponding to the ground state as well as to
the first, second, sixth, eighth and ninth excited states of the boron-1ll
nucleus, which when added together to obtain the integral partial
cross-section yield a value of 98 mb at E = 1.3 MeV which is four times lower
than the corresponding value given in Ref. [323]). Also, Ref. [324] reports a
distinctive peak in the angular distributions at angles > 160°.

In view of the discrepancies in the data, it was decided to represent
the integral neutron production cross-section for this reaction in the form of
a smooth curve drawn through the data reported in Ref. [323]. The recommended
cross-section values for the total neutron yield in the 9Be(t,n)llB
reaction are listed in Table 5.25.

5.12. The 9Be(r.n)uc reaction

This reaction has been studied in a relatively large number of papers
(see Table 5.26). Their prime objective has been to investigate the mechanism
of the (t,n) process, which provides the means to obtain and study
proton-emitting nuclei that are otherwise difficult to produce.

The evaluation of the total cross-section for the production of the
radioactive carbon-1l nucleus was based on measurements reported in
Refs [325-327). The good agreement among the data reported in these three
independent measurements made it possible to derive recommended values with an
uncertainty of < 5%.

In order to obtain a reliable extrapolation to low energies, the

above-mentioned data were supplemented by the excitation function for the

total differential cross-section at 0°, taken from Ref. ([192]). The
normalizing factor was chosen so as to guarantee a smooth transition from the
data given in Ref. [192] to the data derived from Refs [325-327].

Spline coefficients describing the total integral carbon-1l production
cross-section are listed in Table 5.27. Expression (2.11) can be used to
calculate the cross-—section. A comparison of the evaluated curve with the
experimental data will be found in Fig. 5.13.

Extrapolation of the cross-section to energies lower than 0.8 MeV can
rely on Eq. (2.14) with the following parameters (in the centre-of-mass
system): Es = 140.98 MeV and S(0) = 5.78 MeV+b.

The partial differential cross-sections of the 9Be(t.n)nc
reaction leading to the ground and first excited states of carbon-~11 have been
studied in detail in the measurements reported in Refs (328-330]. As
indicated in Ref. [328], the shape of the neutron angular distributions
changes considerably with increasing energy. For neutrons emitted in the
reaction channel corresponding to the ground state, the angular distribution
changes from a near-symmetrical distribution with respect to 90° at low
energies ({328]) to one that is highly asymmetrical, and has a pronounced
forward peak at energies larger than 4 MeV.

In contrast to the shape of the integral cross-section, the excitation
function of the partial differential cross-section at 0° for the
de(r.n)llC reaction corresponding to the ground state of the resultant
nucleus (shown in Fig. 5.14) displays a rather irregular behaviour
characterized by depressions at 2.4 and 5.5 MeV.

The evaluated spline curve for the partial differential cross-section
of the de(t,no)llC reaction, which was derived from the results published
in [328] and {330}, is plotted in Fig. 5.14, and the spline coefficients are

listed in Table 5.28.
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The angular distribution of neutrons emitted in the reaction channel
corresponding to the ground state of carbon-1l can be calculated using the
Legendre polynomial coefficients listed in Table 5.29. The differential
cross-section in the centre-of-mass system can be derived from the following

equation:

-]
0{6,E) =a(0’, B) ;B,(E) P, (cosb)
-0

whére Bk are the Legendre coefficients for the k-th term of the polynomial,
and o(0°,E) is the differential cross-section at zero degrees.

The partial cross-section corresponding to the ground state of
carbon-11 has been reviewed here. Information on the partial cross-section

corresponding to the first excited state is available from only one

paper [328]. The excitation function for the integral partial cross-section

of the 9Be(r,n)uc reaction taken from that paper is reproduced in Fig. 5.15.

5.13. The 9Be(,r.p)nB reaction

The partial differential cross-sections of this reaction have been
studied in the energy range 1.0 to 14 MeV (see Table 5.30).

The principal interest in this reaction was stimulated by the
opportunity of studying the double nucleon transfer mechanism. The most
complete data are reported in Ref. [331], which includes measurements of
angular distributions and excitation functions of the partial differential
cross-sections for the first seven levels of the residual nucleus. With
reference to the shape of the angular distributions associated with these
partial 9Be(r,p)uB reaction cross-sections, the authors of Ref. [331)
conclude that the direct double nucleon transfer mechanism plays a dominant
role in most of the partial cross-sections of this reaction.

Reference [332]) reports on an investigation of this reaction in the

energy range from 1.8 to 4.8 MeV, which includes measurements of the

differential cross-section over a broad range of angles for channels
corresponding to the ground and first excited states of the boron-11 nucleus.
The data from Ref. [332] are in good agreement with Ref. [335]. In our own
paper we have used a linear extrapolation of the excitation functions of the
partial integral cross-sections reported in Ref. [332) up to 5.8 MeV to
normalize the measurements reported in Ref. [331]. An analysis of the [331}
data shows that the shapes of the angular distributions do not change
significantly with increasing energy; as a result, the excitation function of
the integral cross-section can be described to a high degree of accuracy by
the excitation function of this cross-section at an angle of 90°. In most
cases, the angular distributions reported in Ref. [331] are characterized by
prominent forward peaking, which confirms the conclusion that the direct
reaction mechanism plays a dominant role in these reactions.

Excitation functions of the integral partial cross-sections
corresponding to the reaction channels leading to the ground and first excited
states of the boron-11 nucleus are shown in Figs 5.16 and 5.17 respectively.
The spline coefficients for these evaluated curves are listed in Table 5.31.

5.14. The 9Be(a.n)lzc reaction

The interaction of a-particles with beryllium-9 nuclei has been
thoroughly studied because of the extensive use of the 9Be(a.n)lzc
reaction as a neutron source. Most of these measurements concentrated on
thick-target yields of neutrons from beryllium targets rather than on detailed
studies of angle and energy characteristics of this reaction. The available
data on the interaction of a-particles with beryllium-9 nuclei lead to the
conclusion that the compound nucleus process plays a prevalent role in

- 9 12 .
determining the shape of the "Be(a,n) C reaction cross-section.
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Both partial as well as total neutron production cross-sections,
measured over a broad energy range (0.4 to 20 MeV), are described in the
literature (see Table 5.32).

Direct measurements of the total cross-section are reported only in one
paper [337]. The resulting data were compared with the summed partial
integral cross-sections from Refs [338] and (339], taking into account the
continuous neutron spectrum reported in [340].

- The data recommended in our evaluation are based on the evaluated
results published in Ref. [339], which emerged from an analysis of more than
127 angular distributions taken from measurements reported in Refs {338,
340-344].

Table 5.33 lists recommended integral cross-section data for separate
reaction channels, as well as for the total neutron yield. Graphical
representations of the excitation functions for the partial and total neutron
production cross-sections are shown in Fig. 5.18.

The difference between the summed partial cross-sections for individual
reaction channels and the total cross-section is due to the contribution of
the continuous neutron spectrum which results from the three-particle reaction

channel.

Table 5.1
Energy characteristics of interactions between hydrogen and,
helium isotopes and beryllium nuclei
{nput Oursut Energy F;'::": oz.urv
channel chaanal Me¥ Decay ::' gYs
9Be¢p 10347- 6,586 - -
95e¢p 9544_1 -1,851 3 aBe¢p 0,IS8
Besp 3exd 0,559 83e 24 0,092
9Be+p 6Li+¢. 2,126 -
93e+p Taest  -12,082  Tse(e)Tig 0,862
35e+d Mg, 15,816 - -
35e+d 10,0 4,362 - -
I8e+a %3esp 4,588 1934(4)1% 0,557
93e+d 83e+t 4,592 %3¢ — 24 0,092
9Be+d T+ o 7,152 - -
TBe+t a+113 9,559 - -
5o+t Sli+« 2,926 8L1(s)58e 16,006
I3e+t 105e.4 0,555  193¢(s)'% 0,557
93691 120¢r 26,279 - -
Be+T n+'lc 7,558 11C(P')”B 1,982
Se+r p+118 - 10,323 - -
Se+T d¢1°3 1,082 - -
I3e4n ++78 -1,087 93—33c+p 0,158
Y54t «+83e 18,912 33.-—2“ 0,092
I5e+ Beup 10,648 - -
9se+¢ 1ZCim. 3,702 -
Table 5.2

Brief data content of references used in the evaluation of the
9Be(p,‘1) 10 integral gamma ray production cross-section

Energy

Range of

‘ Uncartainty in 3

ran angles Type of deta Ret.
in :v inqdlq [ ranaos [ systes,
0,1-0,22 90  UND/EIC,DA 5 20 (210)
0,27-1,2 90  PAR/EXC,DA 15 20 [269)
0,33;0,50 90  UND/EXC,DA 10 20 fe70]
1,2-1,9 0-120 PAR/AND,DA 25 30 fer1]
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Table 5.3

Spline fit coefficients for the description of the “Be(p,y}'08
gamma ray production cross-section

Brief data content of references used (n the evafuation of the

Table 5.4

9Bo(p,n)98 neutron production cross-section

Table 5.5

Spline fit coefficlients for the description of the 9Be(p,n)98 neutron

production cross—section.

(The cross-section can be calculated using

(The cross-section can be calculated using Eq. (2.13)) Eq. (2.13)
ot Sptine it contticients Srosa- Energy | Range of Ret. Knot Spline fit cosfticients Cross
o | B TR AT T ] e | | e ey s £ IS I Y Y B =
I 0,102 -7,858 4,644 0,992 0,231 12,86 2,1-5,1 0-150 UND/AND, DA 7-10 (274) 1 2,053 0,827 98,35 -2092 21262 6,8
2 0.335 3,354 0,570 45,34 167,8 4,332 2,1-2,8 4z UND/EXC, SIG 7-10 (274] 2 2,101 2.242 35,83 -622,5 4970,5 4.2
3 0,403 -3,735 1,248 48,96 -I262,8 4,156 2,3-5,6 0; 0 EXC, DA 10 [275] 3 2,187 3,001 9,873 -21,04 230,04 4,5
4 0,420 -3,688 0,928 -Ix3,2 3593,5 ~ 6,210 2,1-5,4 4% UND/EXC, SIG 3 [21] 4 2,430 4,075 13,08 51,56 1235 -~ 3,0
_5 0,424 3,703 -I1,914 -0,846 8,907 5,576 2,54,1 0-I50 AND, DA 30 [276] 5 2,537 4,834 24,43 21I1,3 37703 4,0
6 0,686 ~3,434 2,399 -I5,73 80,97 4,632 3,5-10,9 0-150 AND, DA I0 [277] 6 2,562 5'063 17,18 -929,7 -399I84 4,2
7 0,808 -3,I0I 3,837 24,26 170,8 4,530 18,5 0-150 AND, DA 10_ [278) i 2,573 5,069 -12,58 145,6 -415,8 4,5
8 0,952 -I,077 25,48 -582,4 2648,4 3,370 4-14,3 4% UND/EXC, SIG 5-20 (151 8 2,933 5,003 2,720 -3,082 2,369 5,0
9 1,037  -I,5@ -I6,00 97,87 -71,74 4,574 8,2-15,7 0-I50  AND,DA 5 [279) 9 4,049 5,639 1,471 17,06 36,23 5,0
I0 I,I30 -2,200 82,36 79,44 -I50I.,5 2,580 10 4,466 5,961 5,856 41,74 18,65 6,0
II 1,194 -2,25¢ 0,000 0,000 0,000 4,678 I 4,904 6,179 -I,47I -36,5I 459,8 7,0
Table 5.6 I2 5,315 6,064 1,587 -I7,07 52,21 8,0
I3 6,749 6,180 2,364 2295 427407 9,0
Legendra polynomial coefficients to calcylate the 98e(p.n0)98 I4 6,761° 6,I79 -I1,743 28,57 -I09,8 10,0
differential cross-section IS 7,489 6,182 0,656 -5,I1I3 17,39 12,0
15 8,388 6,238 0,528 2,664 3,729 I5.0
Energy | o, B s 3 B 3 3 7 11,38 6,263 -0,I107 1,618 -I2,0I 20,0
in Mev | in g 1 2 3 4 5 6 18 14,22 6,186 0 0 o] 20,0
2,06 I,09 0,04 0,09 0,048 0,038 -0,01 -
2,12 371 0,08 0,220 0,085 -0,058 0,318 - Tabla 5.7 Table 5.8
2,30 I8,I 0,33 0,506 0,22 -0,084 0,073 - - -
2,40 4,9 -0,37 0,506 0,208 -0,I13 0,086 - Briaf data content of references used in the evaluation of the Spline fit coefficiants for the description of the
2,50 93,6 0,22 0,310 0,138 0,172 0,I2 - 9Be(p,d)B8a raaction cross-section (angular distribution 9Be(p,do)BBo partial reaction cross-section.
2,5 130,2 0,2 0,140 0.056 .218 Q,IsI - data, ground state) (The cross-section can be calculated using £q. (2.13))
2,58 I137,8 0,04 0,092 0,28 -0,230 0,Is0 -
2,60 102,1 0,08 0,045 0,002 -0,240 0,I70 - Range of | Uncertaiaty in 1~ Knot Spiine fit cosfficients Cross
B b B - Kl e B it Y O O B =
’ . » - ’ » N - in MaV in deg "
2,00 8,2 -0,0I6-0,217 0,143 0,210 0,12 ~ 0.030.7 0160 3 5 283] I 0,280 -9,040 5.70 2,781 -I,300 10
§-9° of,2 -0,083 .0,254 0,283 -0,I56 0,065 -~ 0,8-3.0 30-150 5 10 [284] 2 0115 0,878 5,699 -2.762 2,444 6
;2 ozismamomdmase © o m RE DT @ D SR AR an
3.5 87,2 -0.328 0,023 0.187 0.062 0.008 -~ 2.13.3 20-160 5 10 (28] : L Sl 3'“?; _125'17;2 4029 6
40 I21.3 0,39 0.56I 0.329 0159 0.047 - 5= is-165 3 S (287) 5 0.4%5 5,500 '2'3665 0’77' 1 448 5
s 100 0% oz 081 -00m ol . - S O L o > o sew o ols s S
50 195 0,344 0,691 0,400 -0,420 -0,I4 -0,035 7.0 40-160 7 I [289) 8 0,953 5,774 -10,86 6I.86 -I04,91 6
5.5 II4,0 .0,266 0,43 -0,075 -0,_512 -0,Q19 -0,035 10 20-165 12 30 [290] g 1,272 5,269 -I[,370 8,540 -I7,87 10
70 el a0 0201 0.440 -0.009 0.0 I2 166 Do 2 [z 10 1,512 5.195 -0,00 0,742 0,97 10
80 si2 o J ' . . J 15 10-150 20 2 281) I 2,489  4,88] -I,481 2,035 -I,067 IO
o0 a2 027 0,468 -09M 0,012 0,015 0,11 14;26 110 10 20 (87 12 7,69 4,268 -0,966 ~I,57 0,848 IO
Io'o :4.1 0.469 0,529 -0,25I 0,088 0,0 0,041 13 26,20 2.273 0 0 0 Is
, f 0,31 0,511 -0,308 0,060 -0,I50 0,080
12,0 37,9 0,435 0,416 -0,423 -0,0I6 -0,243 0,204
14,0 33,2 0,597 0,42I 0,412 -p,210 -0,088 0,392
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Table 5.9

Brief data content of references used in the evaluation of
the 9Bo(p,a.)6Ll cross-section

Tabie 5.12

Brief data content of references used in the evaluation of the

9E!ve(\:i,‘{) ! ’B cross-section

Table 5.5

Briet data content of referances used in the evaluation of

the 9Be(d,p) ‘08¢ reaction cross

-section

Energy Range of Uncartainty in 3 _ | Energy Range of cvar ) Energy Range of TUnc-r‘Ynln"v in 1
::n:' ;:ald:: Type of data R Ret. .f:"::v ?:9:; Type of data unu:_::;'?n : Ref. r):n::v ::q;:; Tvpe of data r-rmdcn systen, | FOT-
0,03-0,7 60-I60 AND,DA,aq 3 6 (83] 0,55,5 90; 0-I30 wD,D4,r 30 (293 0.30,6 5-170 PAR/ARD,DA,p, 10 30 [302)
0,3 40-150  AND,DA,xq 5 10 (285) 0,56-3,56 0-I130  &¥D, 1.7 35 (294) 0,6-1,4 0-I70 PAR/AND,DA,p, 10 20 {303]
0,83,0 0 EXC,DA, 5 10 [284] 2,9-I1,9 90: 0-160 AND,DA,; 30 f2e5) 0,62,7  I0-I50 PAR/AND,DA,pg,p 20 70 [304]
, éj,: zgglgg $2§2‘° g ;g geeg Table 5.13 0,09-0,24 90 PAR/EIC,DA,pg,p 10 15 %zgg
. . H » DA %p 0,9-¢,5 30-160 PAR/AND,DA,7 7 IS 3
0.
2,2-3,2 35 EXC,DA, I2 20 [286] Srief data contant of referances used in the evaluation of the 0.85-2,0 -~ EX0, SIG, p, h 5 10 {306)
g-g:;i['g g:‘i: ﬁ-g:"o ig "238 l[_g% 98a(d,n) %3 reaction cross-section 0,9-3,1 - PAH/HC.SIQ.PO.P.‘ ) I0 [307]
. . - yDA ey I1,73,I 0-I70 AND,DA,p, 20 {308]
3,7-12,I 90  EXC,Daeg 10 20 [288) Energy Ranga of | . ,LUnc-rf-'nfv in% 2,0-2,8  30-I150 awp m:pg 3 10 [309)
t d '
5,1-12,0 910 EXC,DA, o, Ig 20 g?] n;:n:' ..:g:; ype of data l randen | systen. Ret. 3.4; 3,9 20-100 PWm.m.po‘& 10 - [3IOJ
5,9;7,0 40-I60  AND,DA,«q,%, 15 9) 3,6 20-160 PAR/A¥D,DA,pgyp, 15 20 B1y
0,06-0,16 4%  PAR/RIC, SIC,ny-n, 10 20 (299) 5
0,3-0,7 4% PAR/EXC,SIG,n, 10 30 [2m) »8-6,3 40 PAR/EXC,DA,p5,py 7 30 BI7
Table 5.10 0'8._2'4 30 PWEIC,DA,DO,D1 3 10 [2%] 4v5“5.2 20-160 PAH/m.m.Po-P4 10 20 [I?GJ
1,4;1,9;2,4 I0-I50 PAR/AND,DA,n., 3 10 [298 11,8 20-160 PAR/AND,DA,py=py 7 15  [a13
Spline fit coefticients for the description of the 9Be(p,uo)6Li 0.5-1.6 5-150 y%m'm :8_:1 15 - [[296% I-21 4% xIC,SIG:LC‘:! o 20 30 [314]
partial reaction cross—socfi.on. (The cross~section can be 0,5-1,5 4% mc SIG' 4 10 - [297) I5 I5-140 PAR/AXD, D4, py=pg 5 18 [ZSI_]
calculated using £4. (2.13)) 1132 0-150 ' 5 [3
7:12;15:16  10-150 T Ao 10 15 [32?]] Teble 2-18
Knot Knot Spline tit cosfticients S:::: T ! Pwm.m'no-na
Energy on Integral 1 roduction cross-sections of
No. in HaY I ] 1, l Ay l Ay | uncerr. 3 Table 5.14 nrears p:hoe ogne_:(d‘ :,clol,;:a r:::ﬁ on
I 0,0280 '9.853 9'28 '1.4!13 0.099 a Evaluated partial differaential cross-section values - .
2 0,2640 5,031 4,492 -0,7WI -14,96 4 for the 7Be(d,n)'0B reaction Boargy (Crost-sectiont  Energy Cross-sect | Znargy Cross-section
30,3826 5,832 22,240 4,583 -2,468 4.5 : e e [0 ol S ELE.
4 1,5942 4,816 -4,211 3'29_105 é,23-109 ] f:e:: Partial cross-section in mb (uncertainty given in %) 0,045 0,09 3,645 119,2 9,968 73,3
5 I,5942 4,816 2,697 4,04 I,II7 55 013207 | 0,2 (22001, 74 (2301 2. 1512 5] 35812307 0,605 0,541 3,652 I2¥.¢ 10,41 69,7
6 8,3002 3,275 -I,524 1,485 6,209 3,5 0.5 I 30 3 ) S 0,845 5,37 3,768 I28,9 10,% 64,4
7 11,586 2,704 0 0 0 6 0,6 19 41 5 11 10 1,064 II.6 3,995 132,6 II,41 59,9
0,7 31 54 v 14 13 1,292 16,0 4,221 134,3 11,74 58,9
0,8 46 7] 9 21 19 I,4I3 23,2 4,557 135,2 12,41 52,7
Table 5.11 0,9 58 84 11 29 32 1,533 31,2 5,000 31,6 13,18 49,1
1.0 el % 13 42 56 7 36,5 .
Spline fit coefficients for the description of the 9Be(p,a.|)6Li 1,1 64 78 10 40 48 i 9: 43.6 2 :45; %22'2 ;2'2 g'g
partial reaction cross-section. (The cross-section can be 1,2 55 20 13 27 36 v ’ »w . . .
calculated using Eq. (2.10)) 1.3 47 €5 11 23 33 2,114 50,7 5,992 118,2 15,20 41,8
1’4 a pt 8 22 hos 2,235 58,7 6,322 I12,8 15,85 40,0
Knot Knot Spline fit coefficients Cross I:S 55 b 7 26 s 2v354 6'5'0 6.764 ICB,3 16 -75 37v2
Yo Energy " I N [ " [ " section 1,8 87 110 11 54 65 2,473 71,2 7,094 102,9 17,83 36,3
in Me¥ 0 1 2 3 uncert.,% 3.0 8 8 11 a8 58 2,5 78,3 7,425 99,3 18,20 35,3
b 4,940 85,29 -29,36 19,36 6,402 I,5 3,5 63 68 10 32 52 2,712 85,4 7,867 94,9 19,21 33,5
2 5,823 70,05 -I10,I5 2,40 -0,416 I,0 5.0 51 45 8 21 4l 2,830 0.8 8,310 90,4 19,99 3,6
3 9,652 42,9 -10I' 2,38 I,5%5 2,0 7040 o § o it 3,08  %,8 8,752 8,9 20,7 307
4 11, 25,5 O 0 0 2,5 o z 10 : 3 o 3,182  105,9 8,972 82,3 21,3 30,7
* 3,412 111,2 9,3 77,8 22,0 30,0
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Jable 5.17 Table 5.20 Table 5,23

Spline fit coefficients for the description of the recommended Spline fit coafficients for the description of the tritium production Partlal CFOSS SOCﬂOﬂS for the %Beld ao)7Ll and
9&(d,p0)'08g integral reaction cross-section. 98.(d,f)889 reaction cross-section., (The cross-section 986 (d yap) TLi reactions
{The cross-section can be calculated using can be calculated using Eq. (2.11)) (Data uncertainty is +10%)
Eq. (2.13))
Knot Knot Spline fit coetficlients Cros: Knot :::: Solime (11 contticients :::::on :::.::: R"C"°." A L
ke f:.:; 4o l A 1—A2 I A :gr:‘.‘.i - in H:: 4o l Ay l ) l Ay uncert.,% 52 Od';; —l el
I 0,0857 -5,6185 6,578 -I,1903 0,0403 9 I 1,440 108,84 388,90 -397,7 126,14 30 0.3 2.3 g.:o
2 0,735 2,403] 2,0086 -20,998 93,I38 4,5 2 8,049 243,16 -891,1 1332,9 -§57,9 20 0.4 5.5 7.2
3 0mm . 2.4m9 0.4 -0.08% -019 2 3 18,42 102,50 0 0 0,5 9,I 10,9
5 I8 1,71% 0 10 0.6 12,5 14,5
Table 5.21 0,7 16,5 7
Table 5.18 R 0,8 19,5 I8
Spline fit coefficients for the description of the 0.9 3 2.0
Spline fit coefficients for the description of the recommended 93.(,3',0)33. integral reaction cross-section. ' 4
9Be(d,p|) 1080 integral reaction cross-saction, (The cross-section can be calculated using 1,0 27,9 26,2
{The cross-section can be calculated using £q. (2.11)) ' 1,5 45 37
£q. (2.131) 2,0 41 39,7
Knot Spiine tit costficients Cross 2,5 42,1 33,2
root Koot Spline 1it coatticients Cross "::’ Energy A n x section 3,0 36 35
Yo. Energy " J Ay Ay A ::::ﬂ’ in Mev 4 ‘ 1J ZJ 3 uncert.,$ 3,5 a1 29
lldndd - 1 0,295 0,871 -3,I8 14,88 -3,46 30 4,0 28 24
I 0,09 -6,6540 8,3I44 -4,I220 I,0023 25 2 0,825 9,58 16,45 4,204 7,444 30 4,5 25 2I
2 0,789 2,2187 4,589 -I1,0331 9,I825 20 3 1,384 20,24 26,77 15,75 -35,32 30 5,0 2 20
3 I,52I 3,3736 2,8941 -8,02I4 §,6273 20 4 2,347 33,57 13,88 —40,I8 13,64 30 5,5 20 18
4 2,714 3,452 -0,74I 0,7063 -0,4968 X0 5 15,0 8,1I 0 0 0o - 20 6,0 19 I7
5 11,9 2,306 0 0 0 25 Table 5.22 7.0 18 14
Table 5.19 8,0 15 12
Briet data content of references used in the evaluation of 9,0 13 10,5
Brief data content of references used in the evaiuation of the the 9Ba(d,ag)’Li and %Be(d,a;)"Li reaction 10,0 12,7 8,0
9Bo(d,fo)880 and %Ba(d, +)8Be reaction cross-sections cross-sections I1I,0 II,1 7.2
12,0 10,0 6,1
Energy Range of Uncertaiaty in % Energy Range of Tupe of deta [ uncectainty in 3 13,0 7.6 5,6
.;:n:v ::9:; Trpeof data [ rsom | systear | T ‘;:“::v ::9:; ype cancom | system, | "OT- 14,0 7.3 5,1
15 25-125 PAR/AKD,DA,to,t, 10 20 {287 0,5-0,9 - - PAR/EIC,81G,x5,%, 5 10 (319)
0,295-0,62 5-170 AND,DA, %, 10 30 [302 0,09-0,24 90 EIC,Dd,x, 10 ko) [210)
15,1 25-II0 AMD,DA,t, 20 30 [316] 13,6 8-143 PAR/AND,DA,g=xy I0 20 [320)
0,9-2,5 30-160 AND,DA, %, 20 20 [B17 0,3-1,0 IG-I70 PAR/AND,DA,2g,q 5 IS (3]
1,5-13,5 4%  UND/EXC,SIG 5 % [314) 0,2-0,5  50-170 PAR/AMD,DA,ot« 10 30 [270)
0,86-2,2 25-160 A¥D,DA, %, 5 I0 {308 14,1 30-170 PAR/AND,DA,xg-y 8 15 [289]
3,8-6,3 40  EXC,DA,%, 15 % [Ig 0,9-2,2  IS-I65" PAR/AND,Dd,xp,«, 5 10 (322)
0,6-2,7 30-160 AND,D4,t, 20 0 [304) 0,4-2,4  25-I70 PAR/AED,DA,goeq 4 10 (306
2,3;2,5;2,8 30-160 AND,DA,%, 5 10 [309) 0,4-2,4  90;165 PAR/EXT,Dd,xg,x, 6 10 {308)
12,2-14,4 85  PAR/EXC,DA,%,,t, IO 20 (318 0,6-2,0  25-170 PAR/AND,DA,xy,x, 40 0 [304)
12,4;14,1 20-170 PAR/AND,DA,tg,%, 10 20 [318 0,6-2,0 160  PAR/EXC,DA,spoaq - - (304
0,9-3,1 30-160 ARD,DA,t 5 15 [307) 12,7-14,4 25-I70 PAR/AND,DA,«yre, 8 10 [31g]
0,35-7,7 4%  UND/EXC,S1G 5 I1s  [315 12,7-14,4 35  PAR/EXC,DA,dg-a, 8 10 [a1g)
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Spline fit coefficients for the description of the evaluated
9Bc(d.a)7LI integral reaction cross-section.
(The cross-section can be calculated using

Table 5.27

Spline fit coefficients for the description of the %Be(t,n)!IC

Egq. (2.13))
Xnot Knot Spline fit coatficients Cross
Ene section
K- l: ::: AO J A1 ] AZ I AJ uncert.,%
T 0,087 -4,662 4,568 2,089 -I,309 15
2 0,363 2,3I3 2,525 -1,149 0,120 I0
3 0,833 3,686 0,865 -0,885 28332 I0
4 0,836 3,600 1,888 -I,I2I -0,I40 I0
5 2,043 4,382 -0,452 -I,497 II,243 10
6 2,680 4,374 1,25 -59,225 458,81 10
7 2,800 4,353 -I,323 0,632 -0,322 I0
8 14,06 2,518 0 0 0 12
Jabie 5.25

Integral neutron production cross-sections

of the 9Bc(f,n)”8 reaction

Energy Cross-section Energy Cross~section

In MoV Inmb In Mev In =
0,58 56 1,z 314
0,78 127 1,43 390
0,88 164 1,48 410
I,03 227 1,54 438
I,I3 272 1,584 472
1,182 292 1,975 555

Jable 5.26

Legendre polynomial coefficients for calculating partial angular differential Channe

Brief data content of references used in the evaluation of
the 9Bc(r,n) ¢ reaction cross-saction

carbon-!| production cross-section.

Knot Knot Spline tit costflcients Cross

. Energy section

ne in MeV AO l A1 ] AZ I AJ uncert.,%

I 0,652 0,337 18,38 -I8,8I 103,0 0,03
2 I,ISI I7,95 86,89 156,93 -I63,9 0,47
3 I,916 81,30 1II9,I -93,75 4,474 2,94
4 7,991 73,23 -I2I,3 -82,I3 7.22-I06 3,55
5 8,002 73,08 -79,85 41,80 -I2,I6 3,588
6 24,18 19,46 -32,00 1,480 22,91 0.8
7 40,70 6,433 0 0 0 0,5

Spline fit coefficients for the description of the partial
differential 9I}e(r,n)"c (ground state) cross-section at 9.
(The cross-saection can be calculated using £q. (2.10))

Spline tit coafficients

Knot Cross
Knot energy i
Moo | in Rev A [ A ] A2 ] A g
I 1,330 0,613 1,480 6,831 -9,714 0,II
2 1,732 1,681 2,265 —4,878 4,167 0,08
3 2,561 2,582 2,776 5,495 4,594 0,09
4 3,312 5,819 3,25 -4,857 1,837 0,09
5 4,867 6,045 1,473 3,710 -5,243 0,I
6 5,719 6,70 0,0 0,0 0,0 0,24
Jable 5.29

cross-sections for the 9Be(T.n0) HIg reaction corresponding to the
ground state of the residual C nucleus

Enargy Range of Uncertalnty in %
T B e R Ca
5-40 4%  UND/EXC,SIG 10 15 [325)
3.2-9,6 4T  UKD/EXC, SIG 10 15 (326}
2,0-6,2 4%  UND/EXC,SIC 5 8 (327)
1,5-5,0 0-I70 PAR/AND,DA 10 20 {328]
0,9-1.4 0-160 PAR/AED,DA 5 20 (329)
3.5-5,8 0-I60 PAR/AND,DA 10 25  [(3s0]
0,6-1,3 0 UND/EXC, DA 10 25 [192]

N vl BB 18 Byl B2 By | By Bg

0,9 0,217 0,635 -0,177 0,488 0,020 0,0I4 -0,005
1,0 0,223 0,607 -0,093 0,469 0,002_ 0,033 -0,032
I,2 0,315 ,633 0,097 0,456 0,083 -0,059 0,018
I,4 0,642 ,728 0,227 0,487 0,04 -0,075 -0,007
I,59 I,I0 ,704 0,141 0,445 0,03 -0,027 -0,014
1,77 1,55 ,\729 0,088 0,298 0,039 0,031 0,052
1,97 1,71 , 79 0,073 0,236 0,049 0,054 0,001
2,19 1,76 ,854 0,094 0,21z -0,050 0,031 0,031
2,48 2,02 ,938 -O,IZI_ 0,236 0,028 0,09 0,009
2,80 2,68 831 -0,012 0,182 0,05 0,082 -0,0I6
3,11 3,98 ,594 0,085 0,23¢ 0,I4I 0,034 -0,032
3,46 5,11 ,502 0,09 0,215 0,182 -0,03I -0,000

Table 5.29 {cont.}

PR i B Byl Bl B3| B Bs
3.81 526 0,489 0,I36 0,242 0,15 0,067 0,040
4,12 5,07 0,427 0,IS2 0,248 0,124 0,046 0,049
4,52 4,59 0,432 0,152 0,245 0,086 0,018 0,074
4,90 4,92 0,388 0,I56 0,226 0,103 0,055 0,051
5,06 4,83 0,379 0,I53 0,193 0,I23 0,080 0,012

Jable 5.30

Brief data content of references used in the evaluation
of the 9Be(r,p)”B reaction cross-section

Uncertalnty in %

Energy Range of
range angles Type of dats rendom | system. Ret.
In Me¥ in deg
1,84,8 10-150 PAR/EIC, DA 5 20 [332)
5,7-10,2 I0-I30  PAR/A¥D,DA vi - (331
5,7-10,2 10 PAR/EXC, DA 7 - [33L
2,0 30-I60  PAR/AND,DA 5 20 [a33)
13-14,2  30-60 PAR/AND, DA 5 9 [334)
14,0 20-ISC  PAR/AND,DA 5 20 {204}
2,0 5-I70  PAR/AND,DA 5 20  [339)
I1-3 I0-I60  PAR/AND,DA 10 25 [336)°

Spline fit coefficients for the description of the partial cross
section for the 9Bo(1-,p) 118 raaction. (The cross-section
can be calculated using Eq. (2.10))

Knot Spline fit coatficients Cross
Knot energy section
No. 1 i mev A l Ay l A l A3 | uncert.,x
I 1,806 I2,I4I I4,i52 -I13,725 5,598 0,6
Po 2 2,327 14,994 4,733 A,660 -3,430 0.4
3 3,662 12,384 -5,292 8,35I —4,030 0,3
4 4,423 11,416 0,417 -0,84I1 0,07 0,3
Po S 6,789 8,72 -R,285 0,322 -0,0I9 I,2
6 14,0 1,660 0 0 0 0,8
I I,8I5 6,433 2,368 -3,613 1,871 0,4
2 3,182 7,612 2,740 3,892 -I6,12 0,3
Py 3 3,516 8,348 -0,813 -0,026 0,052 0,4
4 §5,I87 7,IW3 0,47 0,229 -5,403 0,4
5 5,493 6,833 -2,I57 -5,220 8,233 0,5
6 5,981 5,494 -1,378 0,I7I -0,0075 I,1
7 140 I,610° 0 0 0 0.2
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Table 5.32 Table 5.33 (contd.) Table 5.33 (contd.)

Brief data content of references used in the evaluation
of the 9Be(a,n)|2C reaction cross-section Energy Partial cross-section in m Total ; Energy Partial cross-saction In mb Totel .
In MoV cross-saction In HeV cross-section
Energy Riige of Uncertalnty In $ n°i ™1 Tnz l I L "o ] o l nZJ I
range angles Type of data L o Jsystem, | 0T 3,1 42,5 48,5 - - 9I,I 7.5 27,7 104,4. 3I,5 40,8 648,0
In MoV in deg 3,2 35,1 53,5 - - 88,6 7,6 33,3 I1I13,I 34,9 37,1 678,0
0,48-0,70  0-I40 AND,DA,ng,n, 5 15 Bu) 3,3 32,4 54,4 - - 86,8 7,7 37,3 122, 38,6 33,9 688,0
0,5-1,32 0-I60 AND,DA,ng,n, 5 25 [343 3,4 36,4 55,4 - - 92,1 7.8 7,3 1I8,7 42,9 33,9 696,0
0,56-1,32 0  EXC,DA,ng,B, 5 25 [343 3,5 47,1 62,6 - - 110,0 7.9 2,8 I20,2 42,0 33,8 698,0
1,5-7,8 0-160 ARD,DA,ag-n,  I0. 15 [338) 3,6 75,6 72,0 - - 148,0
1,5-7,8 0 EXC,DA,ny-ny 10 15 [33q) 3,7 98,6 73,6 - - 174,1
-3,6-7,6 0; 90 EXC,DA,n, 10 25 [345) 3,8 1I3,5 74,6 13,8 - 202,0
- 1,8-5,3 0; 90 EXC,DA,ng,n, I 25 (346] 3,9 130,2 84,5 33,4 - 250,0
1,8;2,0 0-165 AND,DA,n, 5 20 347 4,0 I40,2 339,8 58,4 - 541,0
1,7-6,4 0 EXC, DA, ny-ny 5 10 * [340 41 148,00 36,0 70,5 - 462,0
1,7-6,4 0-70  AND,DA,ng,n, 3 - {342) 4,2 139,2 202,8 TI,6 - 430,0
6,8-9,9  O-I70 AND,DA,ng-n, 5 10 (341 43 II9,9 32,2 65,8 - 438,0
13-14 I0-160  AND,DA,ny-n, 5 15 [348] 4,4 109,6 250,0 57,5 - 442,0
17-22 I12-I65 AND,DA,ng-m, 15 30 [349) 4,5 1I0,0 257,8 51,7 - 448,0
14-23 0~165 AND,DA,np,n, 5 20 _[3:0) 4,6 84,1 2560 46,8 - 435,0
1,7-10,5 4% UED/EXC,SIG 5 6 (337 4,7 76,4 AU4,4 459 - 407,0
4,8 7,6 255,0 44,6 - 431,0
4,9 75,6 296,9 47,6 - 475,0
Table 5.33 5,0 9. 330,3 37,9 - 52,0
5,1 60, 340,0 32,7 - 536,0
Total and partial neutron production cross-sections for 5,2 65,9 325,0 38,4 - 549,0
the %Ba(a,n 'IC reaction. 5,3 63,8 335,I 41,8 - 580,0
5,4 54,7 320,2 36,4 - 580,0
Energy Partial cross-section in mb Total 5,5 49.3 3I6,8 35.6 - 5%.0
in Me¥ n ] n i a T a cross-section 5.6 45.3 320,0 28,4 - 613,0
0 ! 2 3 o= 5,7 42, 35,8 28 - 637,0
1.4 5,8 0 - - 5,8 5,8 3,0 33,0 24,5 - 657,0
1,5 8,1 0 - - 8,5 5,9 48,6 257,2 21,4 - 626,0
. I8 9,0 8,8 - - 17,8 6,0 43,7 44,9 186 - 606,0
S 12,6 39,9 - - 52,5 6,1 4,9 2171 18,0 - - 592,0
1,8 39,9 185,33 - - 225,2 6,2 34,8 1955 19,3 O0,I 592,0
1,9 59,3  236,7 - - 296,0 6,3 34,8 168,9 18,4 4,2 592,0
2,0 72,0 1672 - - 239,2 6,4 32,3 Is2,2 23,3 8,2 588,0
2,1 81,8 90,7 - - 172,5 6,5 31,2 I39,3 32,5 10,9 592,0
2,2 107,4 74,3 - - 181,7 6.6 30,4 I28,7 38,0 1I3,0 585,0
2,3 II5,0 55,3 =~ - 170,3 . 6,7 2,4 II7,8 34,5 16,4 590,0
2,4 II1,7 53,6 - - 165,3 6.8 =,4 I109,4 28,7 I7,5 585,0
2,5 III,0 74,6 - - 185,6 6,9 20,8 105,6 30,2 21,3 584,0
2,6 95,6 97,6 - - 193,2 7,0 28,0 I03,7 34,6 2,5 598,0
2,7 77,5 100,8 - - 172.3 7.1 33,5 95,0 37,1 25,6 610,0
2,8 59,7 8.9 - - 140,6 7,2 29,9 89,5 37,6 27,4 621,0
29 889 63,1 -~ - 22,0 7.3 2¢,9 81,8 36,2 34,0 618,0
3,0 49,1 51,7 - - 10I,0 7.4 23,9 87,I 32,8 38,I 618,0
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Figure 5.1. Energy dependence of the total integral proton radiative Fiqure 5.2. Energy dependence of the total integral FBe(p,n)%8 figure 5.3. Energy depandence of the total integral 95'(91“0)93
capture cross-section of beryllium9 in the 9Bo(p,Y)'°B reaction cross-section. Spline fit given by continuous reaction cross-saction (for the ground state}. The
reaction. Spline fit given by continuous curve. curve. Exparimental data: o ~ (211, A - (I5I1). + indicates evaluated data used for the spline fit,
Exparimantal data: A - [210), ¢ ~ [269].
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figure 5.4. Energy dependence of the partial 9Bo(p,du)aﬂa reaction Figure 5.5. Energy dependence of the partial 930(p,ao)6|.i Figqure 5.6. Energy dependence of the partial 98"P-"‘I?su .
crost-section (for the ground state). Spline fit given by reaction cross-section (for the ground state Spline fit resction cross-section (for the first n-cnh? state). Spline
continuous curve. Experimental data: o -~ (281), * - {282), given by continuous curvae. Experimental data: + - [283], fit given by continuous curve based on experimental dats
4 - (2831, - {284], + - (286), O - {2871, x - (289], 0 - {285), o - {288), x - {289]. [283) indicated by «.
a3 ~ (2912
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Figure 5.7. Energy dependence of the pertial 9&(d,1°)“5 fiqure 5.8. Energy dependence of the partial 93-(d,po)l°Bo reaction figurs 5.9. Energy dependence of the partial 93.(4.;,)‘03. reaction
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6. CHARACTERISTIC LEVELS OF INDIVIDUAL NUCLEI [108, 199]
(Estimated values are given in parentheses)
Table 6.1 Tabte 6.5
Characteristic levels of helium5 Characteristic levels of baryllium-6
Ex, Ho¥ I, T s Te.m. s MoV Decay channel Eyo MoV T Fe.m eV Decay channel
0 3/2- 0,60+0,02 n,« 0 O+ 1 9246 Py w
411 1/2- 441 n,« I,67+0,05 (2)+; I 1160+60 Py
16,76+0,13 3/2+ 0,10+40,05 p,n,d,t,« 33 4—-; - - nT
Characteristic levels of lithium5 Characteristic levels of lithium-7
€y, Me¥ ¥, T e 1/ Tem.s MoV Decay channel Exs MoV . T tor Te g keV Decay chaanel
0 3/2- 1.5 Py = 0 3/2-; 1/2 0
4-10 1/2- 5+2 Poa 0,4776:3-1091/2-; 1/2 <, = 105+5 dc r
16,66+0,07 3/2+ 0,3 Pid e 4,630:0,009 7/2-; 1/2 r = 9318 xaB t,«
6,68:0,05 5/2-; 1/2  r= 875593 t,a
Table 6.3 7.460+0,00I 5/2-; 1/2 r=B8%R7 n,%t,«
9.67+0,1 7/2-; 1/2 r= 400 n,%,
Characteristic levels of helium6 9,85 3/2-; 1/2 r = 1200 n, «
11,24+0,03 3/2-; 3/2 r= 260+35 n,p
Exs Me¥ T Tor o, kev Decay channel
0 O+; I r,,= 806,7+1,5 Mc -
' o: s £
1,797:0,025 (2)+; I F= 117420 2, « Tble 6.7
13,6+0.5 - - = - Characteristic levels of beryllium-7
I5,8+5.4 - - - r
23,2:0,7 - - - 7
£, MoV %, 1 T oor Mo m,. keV Decay chennel
Teble 6.4 0 32 1/2  4p= 53,23 cyr ¢
Characteristic levels of lithium-6 0-42908‘£0va1 1/2-; I/2 @ = 592 ¥o r
4,57+0,05 7/2-; 1/2 r= 175+7 t
Exe MoV T Te.m.» HaV Decay channe! 6,73:0,1 5/2-; 1/2 r=1200 ,x
7,21+0,06 5/2-; 1/2 r=50 p,O=
0 I+; O 0 - 9,27+0,1 7/2-3 1/2 - Py 7
2,186+0,002 3+; 0 0,024+0,002 7idyx 9,9 3/2-; 1/2 F= 1800 PiTx
3,563:0,I 0+ I (8,2:0,2)-1076 r 11,01+0,03 3/2-; 3/2 r= 320+30 PaT, @
4,310,022 2+; 0 I1,740,2 el
5,366+0,01I5 2+; 1 0,540+0,020 SH Py =
5,65t0,05  I+; 0 1,5:0,2 a4«

Table 6.8

Characteristic levels of |ithium-8

Egp Me¥ .1 tor T p,s ke¥ D‘Cl; channel
0 273 I 1,= 83846 uc P
(,9808+0,000I I+; I 7,= I12+4 O¢ r
2,255+0,003 3+; 1 r= 2336 TR
3,21 I+; I r = 1000 n
5.4 {0,T)+; 1 r=650 a
6,1+0,1 3! r=1000 _ o
6,53+0,02 4+; I r= 3515 n
7.140,1 - - r=400 n
Characteristic levels of beryl!ium-8
£y, MoV T Tems ko¥ Dacay chancel
0 O+; O (6,8+1,7)1073 «
3,04+0,03 2+4; 0 1500+0,02 «
I1,4+0,3 4+; O 3500 o=
16,626+0,003 2+; O+l 108,1+0,5 I
16,922+0,003 2+; O+} 74,0+0,4 =
17,640+0,00I I+; 1 10,7+0,5 Iy P
18,150+0,004 I+; O 138+6 TP
18,91 2-; - 48+20 r3,p
19,0740,03  3+; (I) 270+20 TP
19,24+0,03 3+; (0) 230+30 n,p
19,4 I- - 650 n,p
19,86:0,05 4+; 0 700+100 Prt
Table 6.0
Characteristic levaels of boron-8
Ex, MoV 7 tor g Ke¥ - Decay channel
0 2+; I «,,= TW+3 Mc A
0,778+0,007 - r = 40+10 e 7P
2,32+0,03 3+; I r= 350+40 -
10,619+0,009 O+; 2 r <60 -
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Table 6.11

Characteristic leveis of (ithium-9

LY T tor [e o ho¥ Decay channel
0 3/2-; 3/2 14=178,3:0,4 nc  p°
2,691+0,005 (I/2-) - - T
4,31+0,02 - - r=100+30
5,38+0,06 - - r= 600+100 -
6,4340,0I15 29/2 r= 40420 -
Table 6.12
Characteristic levels of beryl!lum-9
Ey, MoV T Teom.s ke¥ Decay channel
v 3/2-; 172 0 -
1,685:0,0I5  I/2+; - -150 72
2,4294+0,0013 5/2~; - 0,77+0,15 Ty«
2,78:0,12  1/2-; - 1080+110 7B
3,049+40,009 5/2+; - 282211 70
4,704+0,025 (3/2)+; - 743155 P2
6,76+0,06  7/2-; -~ 1540+200 7B
7,94:0,08 (i/2-) -~ 1000 -
1I1,283+0,024 (3/2-): - 575+50
I1,81+0,02 -3 I/2 400+30 7.2
13,79:0,08 -; I/2 590460 o
14,3929+0,001I8 3/2-; 3/2 (,381+0,033 /70,
14,4+0,3 - - 800
I5,10+0,05 - - - r
15,970,038 -~ ; 1/2 300 T
16,671+0,0I - - 41+4 I
Table 6.13
Characteristic levels of boron-9
€y, Mev ot Te.m.s kev Dacay chamne!
0 3/2-; 1/2 0,54+0,2 p,a
(1,6) - - 700 (p,yx)
2,361+0,005 5/2-; 1/2 BI+5 o
2,788+0,03 (3/2,5/2)+; 1/2  550:+40 P
(4,8+0,1) - - 1I000+200 -
6,97+0,06 7/2-; 1/2 2000+200 -]
11,70+0,07 (7/2)~; 1/2 800+50 P
12,06+0,06 -5 1/2 800+200 P
14,0+0,07 -;. 1/2 390+110 -
14,655+0,002 3/2-; 3/2 0,395+0,042 fp

Characteristic leveis of berylliumI0

Tabtle 6.16

Characteristic fevels of carbon-(0

E,, MoV W (T= ) tor Tom ke¥ Decay channel
0 o+ T,=(1,6+0,2)10%r0ma  4°
3,3680+0,0002 2+ ’f,/,=130117 e r
5,9583+0,0003 2+ .80 ¢e I
5,9599+0,0006 1~ - -
6,1793+0,0007 Cs T,= 1,1+0,4 nc r
6,2633+0,005 2- - -
7,371+40,001 3- r=185,7+0,5 a
7,54240,001 2+ r=6,3:0,8 n
9,27 (4-) r = 18020 n
9,4 (2)+ r= 29,20 n
Characteristic levels of boron-i0
E,, MoV ., T T or Toopm.s eV D'C'; channel
0 3+; 0 0 -
0,71835+0,00004 I+; 0 «<,= 1,020+0,005 ®C r
1,7401540,000I7 O+; 1 1.= 743 bo r
2,1543+0,0005 I+; 0 <.=2,13+0,2 mo r
3,5871+0,0005 2+; 0 1.= IS3+I2 §¢ 7
4,7740+0,0005 3+; 0 r=(8,7+2,2}I078 e
5,1103+0,0006 2~; 0 r=0,98+0,07 FaX,
5,1639+0,0006 2¢; 1 7.<6 o I«
5,180+0,0I I+; 0 r=1I0+10 I«
5,9195+0,0006 2¢; 0 r=6+1 P X
6,025+0,0006 &; - =0,050,03 T
6,1272+0,0007 3-; = r=2,3640,03 T«
6,561+0,002 (4); = r=26,I+1,1 «
6,873+0,005 I~; O+] r= I20+50 DPida
7,002+0,006 (I,2)+; (0) r=100+I0 Py
7,430+0,010 2(=); O+I r=I00+I0 Pl .
7,467+0,010 I+; = r= 65¢+I0 P
7,473+0,002 24; 1 r=T44 IR
7,961+0,001 O+rs I r=2,66+0,2 7P
(7,67:0,030) (I+; 0) r= 250420 P
7,819+0,02 I~; - r = 260+30 P
8,07 2+; = = 800+200 TiPyd
(8,7} (I+,2+); - r=(200) ]
8,889+0,006 3; I = 84+7 I I
8,895+0,002 2+ 1 =401 TPy =

Ey, MoV T Tor eom., ko¥ D.c.; channe)
0 O+; 1 «p=19,255+0,05 ¢ A
3,3536+0,0009 2+; - r,= 155:25 ¢¢ I
5,22+0,04 - - = 225+45 -
5,38+0,07 - - = 300+60 -~
6,568+0,02 - - = 200+40 -
Jable 6.17
Characteristic levels of beryllium-1{
Ex, MoV T Tor Iop, keV Decay channel
u 1/2;  3/2 1,=13,81+0,08 ¢ s
0,32040,000 1/2-; ~ «,=I66+15 ¢ -
1,778+0,012 (5/2,3/2)+; - r=I00+20 ()
2,69+0,02  (1/2+~,3/2+=,5/2+) r= 200+20 (a)
3,41+0,02  (I/24+-,3/2+=,5/2+) I= 125:20 (n)
3,887+0,015 >7/2; - r=10 (n)
3.956+0,0I5  3/2-; - r= 1545 T (@)
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Characteristic levels of boron-11

Table 6.18

Eys MaV v, T Fe.m.s ke¥ Decay chennel

0 3/2-; 12 0 -
2,1247:0,00003 I/2-; - {0,I2+0,01}073 r
4,4449:0,0005 5/2-; - (0,56+0,02M073 I
5,0203:0,0003 3/2-; - (1,963:0,07M073 7
6,7420+0,0018 7/2-; - (0,03:0,007)1072 7
6,7918+0,0003 I/2-; - (0,385:0,044)1073 ’
7,2855:0,0004 5/2+; ~ (1,149:0,08)10° r
7.9778+0,0004 3/2+; -~ (1,15+0,15)I07° 7
8,560+0,002  5/2+; =~ (0,946+0,09)107° r
8,920+0,002 5/2-; - (4,37+0,02}1073 re
9,1850+0,002  7/2+; ~ (1,9:I,5M07° Fia
9,2744+0,002  5/2+; ~ (7) r=
9,876+0,008 3/2+; ~ 110415 e
10,26+0,015 3/2-; ~ 165425 «
10,330,011 .  5/2-; -~ 110420 e
10,597:0,009  7/2+; =~ 100+20 e
10,96+0,05 5/2-; ~ 450 «
11,265+0,017 9/2+; =~ 1I0+20 =
11,44440,019 - - 103+20 «
11,589:0,026 5/2+; -~  I70+30 B
11,88640,017 5/2-; -~ 200420 D,
12,040,2 7/2+; - 1000 o«
12,557:0,016  I/2+; 3/2 210+20 IrPrx
12,916+0,012 I/2-; 3/2 155420 TePrx
13,13740,04  9/2-i - 426440 0, ,t

Table 6.19

Characteristic lavels of carbon-1)

Table 6.20

Characteristic levels of carbon-12

Eyo Ma¥ 01 tor T ., keV Decay channal £, MoV T Teum.» ko¥ Decay channel

0 3/2~; 1/2 1,,=0,39+0,02 vmu  p’ 0 0+; O 0 -
2,0000+0,0005  I/2-; - . =10,3:0,7 dc ’ 4,43891+0,00031 2+; 0  (I0,8+0,6)10°°  ,
4,3188:0,0011  §/2-; - 7.<I2 gc r 7,6542:0,00015 O 0 (8,51,0007 .«
4,8042+0,001 3/2-; -  Ta<II g 7 9,641:0,005 3-; 0 3445 e
6,3392:0,001 1/2¢; - T.<1I0 §c T 10.3:0.3 0+ 0 3000+700 «
6,478240,001 /2-; 7.<8 ¢c 7 10,844+0,016 I-; © 315425 «
6,9048:+0,001 5/2+; - 7,<69 ¢o 7 11,828+0,016 -, 0 260425 7.-
7.4797+0,002 2-; - <91 ge Fa 12,710+0,006 I+; 0 (I8,l+2,8)1073 I
8,1045+0,002 3/2~; - %.=D,06:0,04 ¢c 7 13,352+0,017 (2-); 0 375440 rhe
8,420+0,002 S/2-; - 7.20,043:0,01 ¢ 7 14,083+0,015 44; 0 258+15 «
8,655:0,008 2+; - rss Py 15,110+0,003 I+ I (43,641,3M07° 7.«
8,701+20 5/24; - =151 ree 15,14£40 25 0 I500+200 -
9,200+0,05 (5/2+); ~ r = 500+100 TP 16,1067+0,0005 24; 1 5,240,5 PP
9,65+0,05 (3/2-); - r= 210450 7P
9,78+0,05 (5/2-); -~ r= 24060 7P
9,97+0,05 /2-; - r= 120420 7P
10,083+0,005 2+; - r=23 b
10,679+0,005 9/2+; - = 200:30 I
11,03+30 - - =300+60 -
11,44+10 - - r=360- Pron
12,51+30 I/2-; 3/2 = 490:40 p
12,65+20 2+; - r= 360 T



68

(2]

[51]

(61

(7

[39)

[40])

{58)

{74)

{76)

[81]

[87]

[94)

(951

BIBLIOGRAPHY
(Non-English references only)

Zvenigorodskij A.G., Agureev V.A., Dunaev I.B., et al., A set of
computer programs for the evaluation of nuclear physics data, Problems
of Atomic Sciences and Technology, Ser. Nuclear Constants Vol.2 (1983)
61-68 (in Russian]

Zavialov Yu.S., Kvassov B.N., Miroshnichenko V.A., "Spline function
methods”, Nauka (1980) [(in Russian]

Brandt Z., "Statistical methods for the analysis of obsecvational
data"”, Mir (1975) [in Russian]

Gamow, G., Quantum theory of the atomic nucleus. Z.Phys. 51 (1928)
204 [in German]

Ganeev A.S., Govorov A.M., Ossentinskij G.M., et al., "The d-d reaction
in the 100-1000 keV range", Nuclear Reactions of Light Nuclei.
Atomizdat, Moscow (1957) 26-47 (in Russian]

Davidenko V.A., Pogrebov I.S., Saukov A.I., Determination of the
excitation function of the T(d.n)‘He reaction, Atomn.Energ. 2, 4 (1957)
386-388 [in Russian]

Volkov B.B., Vorotnikov P.E., Koltypin E.A., et al., "Investigation of
the d-d reaction in the 0.20-1.75 MeV range”, MNuclear Reactions of
Light Nuclei. Atomizdat, Moscow (1957) [in Russian]

Bogdanov G.F., Vlassov N.A., Kalinin S.P., et al., The T(p.n)3He reaction
for proton energies ranging from 7 to 12 MeV, J.Exp.Theor.Phys. 36, 2
(1959) 633-636 [in Russian]

Vlassov N.A., Kalinin S.P., Ogloblin A.A., et al., The interaction of
protons with tritium and the excited state of 4He, J.Exp.Theor.
Phys. 28, 6 (1955) 639-650 [in Russian]

Besotossnyj V.M., Zhmaijlov V.A., Surov L.M.,et al., The 16.7 MeV gamma
ray production T(d.Y)SHe cross-section for deuteron energies
ranging from 25 to 100 keV, Yad.Fiz. 10, 2 (1969) 225-226 [in Russian])

Balabanov E.M., Barit I.Ya., Katsaurov L.N., et al., "The measurement
of the effective d(t.n)‘He cross-section in the deuteron energy range
of 40-730 keV", Nuclear Reactions of Light Nuclei, Atomizdat,

Moscow (1957) (in Russian)

Strel’'nikov Yu.V.,, Abramovich S.N., Morkin L.A., Yur'eva N.D.,
Excitation function of the 3He(t,Zn)"‘He reaction at an angle of 0°

in the energy range of 40 to 200 keV, Izv.Akad.Nauk USSR. Ser.Fiz. 35,
1 (1971) 165-168 ([in Russian]

Serov V.I1., Abramovich S.N., Morkin L.A., Measuremment of the total
cross-section of the T(t,2n)%He reaction, Atomn.Energ. 42, 1 (1977)
59-61 {in Russian]

[96])

[971]

[103]

[114]

{123]
[127]

[128}

{152}

{154]

{156

[160]

{169])

[171]

{172}

[183]

Govorov A.M., Li Ga Yen, Total cross-section of the T-T reaction in the
60-1140 keV energy range, Preprint P-764 JINR, Dubna (1961) [in Russian]

Govorov A.M., Li Ga Yen, Ossetinskij G.M., et al., The differential
cross-section of the H(t,Zn)‘He reaction at an angle of 90° and

the associated alpha particle spectra, J.Exp.Theor.Phys. 41, 3 (1961)
703-707 [in Russian]

Kraus L., Suffert M., Magnag-Valette D., Study of the ZH(3He,Y)5Li reaction
at a 3He energy of 5.5 MeV, Nucl.Phys. A109,3 (1968) 593-602 [in French]

Klyutcharov A.P., Yessel'son V.A., Walter A.K., Study of the inter-
action of JHe with deuterons, Dokl.Akad.Nauk USSR 109, 4 (1956)
737-739 (in Russian]

Van Nen-Min, Novatskij B.M., et al., Investigation of the
IHe+3He reaction, Yad.Fiz. 3, 6 (1966) 1064-1069 [in Russian]

Li Ga Yen, Ossetinskij G.M., Sodnom N., et al., Investigation of the
JHe+3H reaction J.Exp.Theor.Phys. 39, 2 (1960) 225-229 [in Russian]}

Kim Syn Nam, Ossetinskij G.M., Sergeyev V.A. Conservation of the
isospin in the IHe(t,d) *He reaction, Yad.Fiz. 10, 4 (1969) 705-712
[in Russian]

Merchez F., Bouchez R., Hofswell R.A., Yavin R.A., Excitation of the
3.56 MeVv OF level by (p,p’) diffusion from 14 to 16 MeV, J.Physique
Vol. 29, 11-12 (1968) 969-972 [in French]

Fiedler 0., Kunze P., Cross-sections of the 6Li(p,a)3He and the
3Li(p.a)"He reactions at very low energies, Nucl.Phys. A96,
3 (1967) 513-520 {in German]

Gemeinhard W., Kamke D., Reaction channels and cross-section of the
6Li(p.a)3He reaction in the 50 to 190 keV energy range, Z.Phys. 197,
1 (1966) 58-74 [in German]

Bertrand F., Grenier G., Pornet J., Study of the 6Li(p,a)3He, 6Li(d,a)%He,
6Li(d,p°)7Li and 6Li(d.p1)7Li reactions from 300 to 1000 keV,
Rep. CEA-R-3428 (1968) [in French]

Guzhovskij B.Ya., Abramovich S.N., Zvenigorodskij A.G., et al., Total
cross—sections of the 6Li(d.n)7Be. 7Li(d,2n)7Be and 6Li(t,Zn)7Be reactions,
Izv.Akad.Nauk USSR, Ser.Fiz. 44, 9 (1980) 1983-1987 [in Russian]

Abramovich S.N., Guzhovskij B.Ya., Protopopov V.N. The effect of the
partial decay channel properties on the shape of the excitation
function of the {? missing in original] reaction, Izv.Akad.Nauk
Kazakh.SSR, Ser.Mat-Fiz. 4 (1984) 24-29 [in Russian]

Guzhovskij B.Ya., Abramovich S.N., Zvenigorodskij A.G., et al., Energy
dependence of the total 6,7Li+2+34 neutron production reaction
cross-sections, Appl.MNucl.Spectr. 13 (1984) 135-143 [in Russian]

Golovkov M.S., Kulikauskas V.S., Voronchev V.T., et al., Study of the
low energy deuteron+bLi reaction cross-sections, Yad.Fiz. 34, 3
(1981) 861-864 [in Russian]



06

[1871}

{192}

(193]

[194]

{195]

[207]

{209]

[228]

[229}

{230]

f232]

[236])

[241)

[249)

Durr W.,Clausnitzer G., Fick D., et al., Analysis of the vector
polarized SLi(d,a)%He reaction at 2.1 to 10.9 MeV, Nucl.Phys. A120,
3 (1968) 678-690 [in German]

Serov V.I., Guzhovskij B.Ya., Investigation of the 6Li(t,n), 7Li(t,n).
7Li(3He,n). 9Be(t.n)1 B and 9Be(3He,n)11C reactions, Atomn.Energ. 12,
1 (1962) 5~11 [in Russian]

Seltz R., Magnag-Valette D., Excitation functions and cross-sections of
the Li(t,n) reactions from 100 to 300 keV, Compt.Rend. 251, 19 (1960)
2006-2008 [in French]

Salter A.K., Watset P.I.,Kolesnikov L.Ya., et al., Neutron yield from
the ®Li(t,n) and 'Li(t,n) reactions, Atomn.Energ. 10, 6 (1961)
577-586 [in Russian]

Abramovich S.N.,Guzhovskij B.Ya., Dunaeva S.A., et al., Shape of the
excitation function for the generation of short-lived 6ye, 8Li,

9Li nuclei and for the ’Li+3H reaction, Problems of Atomic Science
and Technology. Ser. Nuclear Constants No.2 (1985) 14-18 {in Russian]

Byzhin'ski S., Zhupran'ski N., Russek K.I. et al., Measurement of the
excitation function of the 6Li(3He,He)6Li and 6Li(3He.d)7Be reactions,
Izv.Akad.Nauk USSR. Ser.Fiz. 43, 1 (1979) 158-159 {in Russian]

Abramovich S.N., Guzhovskij B.Ya., Pereshivkin V.A., Measurement of the
total cross-sections for the formation of the radiocactive 'Be nuclide
in the interactions of °Li, 7Li. 98e and 10B with 3He. Problems

of Atomic Science and Technology. Ser. Nuclear Constants No.5 (1982)
21-25 [in Russian]

Kilian K., Clausnitzer G., Durr W., et al., Investigation of the
TLitp,pp)'Li, "Li(p,p,)’Li and 7Li(p,x)%He reactions with

polarized protons with energies of 2.7 to 10.8 MeV, Nucl.Phys. Al26,
3 (1969) 529-544 [in German]

Vlassov N.A., Ogloblin A.A.,” The 7Li(p.t) reaction", MNuclear
Reactions at Low and Medium Energies (1958) 24 ([in Russian)]

Friedland E., Venter I., The ’Li(d,a)’He reaction in the
0.6 to 2.0 MeV energy range, Z.Phys. 243, 2 (1971) 126-131 [in German])

Ossetinskij G.M., Sikoro B., Fryshyn B., Investigation of the
7Li(d,n)8Be reaction, Preprint 5143 (1970) JINR, Dubna {in Russian]

Abramovich S.N., Guzhovskij B.Ya., Zvenigorodskij A.G., et al.,
Investigation of the highly excited states of the 9Be nucleus in the
6Li(t,p)8Li and 7Li(d.p)8Li reactions, Izv.Akad.Nauk USSR. Ser.Fiz. 50,
1 (1986) 65-67 [in Russian]

Abramovich S.N., Baz' A.I., Guzhovskij B.Ya., Near-threshold anomaly in
the 'Li(p,9Li)1H reaction, Yad.Fiz. 32, 2 (1980) 402-406 {in Russian)

Serov V.I., Strel'nikov Yu., Abramovich S.N., et al., State of the 10ge
nucleus with an excitation energy of 17.3 Mev, Izv.Akad.Nauk USSR.
Ser.Fiz. 51, 5 (1987) 930-932 [in Russian}

[251])

[293]

(296}

{309]

{313]

(320])

[321]

(323)

{324}

{327]

f334]

{347]

Serov V.I., Strel'nikov Yu., Abramovich S.N., et al., State of the 10ge
nucleus with an excitation energy of 17.3 MeV, Izv.Akad.Nauk USSR.
Ser.Fiz, 51, 5 (1987) 930-932 [? same as Ref. 249!']) [in Russian}

Linock I., Bilwes R., Kraus L., et al., Study of the first excited states
of ®Li, J.Physique 30, 1 (1969) 17-28 [in French]

Shpetnyii A.I., Energy and angular distribution of neutrons in the
98e(d,n) 08 reaction, J.Exp.Theor.Fiz. 32, 3 (1957) 423-431
[in Russian]

Antuf'ev Yu.P.,Deinenko A.S., Zalyubovskij I.I., et al., Angular
differential cross-sections and vector analysing capacity of the
9Be(d.p)loBe, 9Be(d,t)BBe and 9Be(d,a.)7Li reactions for deuteron
energies ranging from 2 to 2.8 MeV, Yad.Fiz. 40, 1 (1984) 53-61 (in
Russian])

Schmidt-Rohr U., Stock R., Turek P., Angular distribution of protons in
the 9Be(d,p)1%e, 12¢(d,p)13c, 160(d,p)170 and 40ca(d,p)4lCa reactions
at 11.8 MeV, Nucl.Phys. 53, 1 (1964) 77-76 (in German]

Ivanits'kij I.G., Alpha particle angular distribution in the
9Be(d,x)’Li reaction, Ukr.Fiz.J. 7, 11 (1962) 1160-1163 [in Russian]

Bertrand F., Grenier G., Pornat J., Study of the 9Be(d.ao)7Li.
9Be(d,aq)'Li, %Be(d,t)BBe and %Be(d,py)1%Be reactions from
300 to 1000 keV, Rep. CEA-R-3504 (1964) [in French])

Wal'ter A.K., Watset P.I., Kolesnikov L.Ya., et al., Neutron yield in
the 9Be(t.n) reaction, Ukr.Fiz.J. 6, 4 (1961) 457-460 [in Russian]

Palushin'ska K., Nedvedyuk K., Salatskij Vv.I., Khal'evek I.,
Investigation of the 9Be(t,n)Ll1B reaction in the triton energy
range of 1.1 to 1.7 MeV, Preprint P.15-9986. (1976) JINR, Dubna [in
Russian]

Abramovich S.N., Guzhovskij B.Ya., Pereshivkin V.A., Total
cross-section for the formation of llc in the 9B(3He,n)cC,
105(d,n)1lc and 11p¢d,2n)1lc reactions, Problems of Atomic Science
and Technology. Ser. Nuclear Constants No. 2(56) (1984) 55-60

[in Russian)

Pouliot J., Roy R., Bricault P., Polarization and measurement of the
98e(3He,p)11B reaction, Can.J.Phys. 61, 12 (1963) 1609-1612 [in French]

Klages H.O0., Scholermann H., Polarization and neutron angular
differential cross-section in the 9Be(a,n)lzc reaction, Z.Phys. 227,
4 (1969) 344-351 [in German]



16

Cnmcox AMTepaTYypPH

I.aughlanG., PowlerA., Ha r-
ri{es M. e,a. Tables of thermonuclear reacti-
on rates for low-mass nuclei// At.Data and Nucl.
Data Tables. 1985. Vol. 36, N 2, P.177-233.

2. 3B Ero p oxXckK#@AT.,, Ay~
pees B A., dIynaes H.E.z Ip. AImAapaTHO-
IporpaMMHETt KOMILIEKC OTH 0 OlieHKE AXep—
HO#@H3HVGCKKX KOHCTAHT AHT , Cep. eDpHHE
KOHCTaHTH, 1983. Bum. 2. C. 6I-6

3eM11le y G.H. Charged-particle cross secti-
on plasma applications// C00-2218-195, 1980.

4 HorsleyA., ParkerxrdJd.B,, Pri-
c e JJA. Curve fitting and statistical techniques
for use in the mechanised evaluation of neutron
;rogg s;ction// Nucl.instr.Meth. 1968, Vol. 62.
L[] -4.

5.3 asB oBi.C., KpacosBB.H.,
Mapo H o B.A. Merom: cmwuaita—

H &
GyHxImt ., M.: Hayxa, 1980.

6. BpaH I T 3. CraTECTEYECKAEe MBTOIH aHa-
Jmu3a Hadimmexmt. M.: Mup, I975.

Ruw

7.G am o v G. Zur quantentheorie des atom-
kernen// Z«Phys. 1928. Bd. S1. S« 204,

8GurneyRW.,, Condon E.Y. Quanten
mechanics and radiocactive disintegration// FPhys.
Reve 1929, Vol. 33. P. 127,

9furransS,Cey St rothers J. The ex-
citation of y-radiation in processes of proton
capture// Proc. Roy. Soc. 1939. Vol. A172,
N 948. P. T72-89.

0. W1 1 kinson DiHe A Bource of plane~
polarized gammsa-ray of variable energy above
5 5 MOV// Phyl. Mﬂgo 1952. Vol. 43' 3410
P. 659—6620

M. Gri £ £1it¢ths G Hj LalM., S¢canxr-
f e C.Ds The reaction D(p,‘ He below 50 keV//Can.
J.Phys., 1963« Vol. 41, X 5. P. T24-736.

2. Griffiths GMey Larson E.A.,
Robertson L.P. The capture of protons by
deuterons// Can.J.Phys. 1962. Vol.40, N 4.

P. 402-411.

3. Gellerx § N, LBu irheadE.G,,
Cohen LD The “H(p, ;) He reaction at the bre-
alup threshold// Nucl.Phys. 1967. Vol. A96, N 2.
P.397-400.

14 Sk opikDeMy, Weller g +Rep, R o—
bertsonN.Rey ¥ enderxr S.A, H(p,;) He
reaction using polarized protons// Phys. Rev.
1979. Vol. C19, N 3. P, 6071-609.

15 Foude van-derd,, Hal ber
M.L., BinghsmC.Re; Be 1l t BsDe Evidence
for a Tal/2 resonsnce in the SHe syeten// Phys.
Rev. Lett., 1971. Vol. 26, X 15. P. 309-912,

6. Mat thewsJley XruseTey ¥W1il~
liamas M.E., 0.2, Radietive capture of protons=-
by deuterons at E_=16 MeV{/ Rucl. FPhys. 1974.
Vol. A223, N 2. P P, 221-233.

17. X1ingE.E., RObexrsonUN«R,, Wel=
ler HRey P11 1 e y DeR¢ Polarized and unpo-
larized proton ospture on deuterium// Fhys. Rev.
1984. Vol. C30, X 1. P, 21~25,

18, Bel t BsDey BinghamCeRe, Ha l=-
bexrtMcLey, Wo ude A, Radiative capture of
deuterons by protons//Phys. Rev.Lett. 1970. Vol.24,
N 20, P, 1120-1123,

9. BarkasW,Hey, Wh i t e M.G. Disinteg-
ration of deuterium by protons and P-N reactions

in light gaseous elements// Phys.Rev. 1939.V0l.56,
N 3. P. 288-289.

20 HenkelR.Ly Perry J E., S ? ith
R.K. Breekup of deuterons on H, T, 3He and 4He//
Ibia. 19550 Vol. 99, N 3. P. 1050-1053.

2%« Gi bbons JeHey, Mac k1l i o R.Le To-
tal neutron yilelds from light elements under pro-
ton and alpha bombardment// Ibid.1959. Vol. 114,
N 2, P. 571-580.



c6

22. RybakovB.Vey S1idorovw V.A.3
V1asov NeA. Breakug of deuterons on H,D, He
and 4He// Nucl. Phys.1961. Vol. 23, N 3. P. 491~
498.

23, Cranbergl., Smith R.K. Breakup
of deuterons by. protons//Phys.Rev. 1959. Vol.113,
N 2. P. 587-589.

24, Ni g i_mur a K. Breakup of deuterons by
the eactions 'H(d,p)pn with E, = 18 MeV and
D(p,p)pn with E_ = 9 MeV// J.Phys.Soc. Jap.1961.
Vol. 16, N 11. F. 2097-2100.

25, Van-Oersw,.H,,Brockman
K.¥W. Phage shift analysis of elastic nucleon-deu-
teron scattering// Nucl.Fhys. 1967. Vol. A92, N 3.
P. 561-583.

26, Cec i1 P.E., Newman D.E. Diagnostics
of high temperature deuterium anf tritium plasmas
by spectrometry of radiative capture// Nucl.Instr.
Meth. 1984, Vol. 221, N 2. P. 449-452.

27. Cec il F.E., Co 1l e D.Me, Wil k in-
s o n E.G. Measurement and application of dd, dt
and d 3He reactions at low energy//Ibid. 1985,
Vol. B10/11, N 1. T. 411-414.

28. WelleriHsK,, CO1byP.,, Langen-
B runnerdJ. eea. 4He D-state effects in the
H(d,;)4He reaction at low energies// Fhys.Rev.198C.
VOl. 034, N 1. Po 32-’3.{..

GilbertS. e.as 2H(d,7)4He reaction from 6
to 19 MeV// Hucl.Phys. 1969. Vol. A131, N 3,

P, 489~500.

29. Mevyerho f W.E., { eldmantW.,
)4H

3. Zurmuhl eRWe, St ephenas W.E,,
S taubdb H.H. Gamna rays from neutron capture in
helium~3 and deuteron capture in deuterium// FPhys.
Reve. 19630 Vol. 132. N2, P, 751"754.

3. PoutissouddMe, D el Blanoco
W. Angular distributionas of the 2H(d,7)4He reacti-
on// Nucl. Phys. 1973. Vol. A199, ¥ 3+ P.517-529.

J2,. JarmiefN., Br own ReEs Low energy
nuclear reactions with hydrogen isotopes// Nuol.
Instr.deth. 1985, Vol. B10/110 Pt 1. §0405—41°.

33. Dros g M, Unified absolute differential
crogs sections for neutron production by the hydro-
2en isotopes for charged-particle ensrgies between

and 17 lcV// Nucl.Sci.Eng.197B. Vol. 67' N 2.
P, 190-220.

34 KkraussA.,, BeckerHW,, Trau-
tvetter HP. eca, Low~anergy fuasion oroas
sections of d+d and d+’He reactions// Nucl.Phys.
1987, Vol, A465, K 1. Ps 150-1T72,

35. Low energy cross sections measurement of
d-d and d-~t reactions// Phys.Bnerg. ¥ort. at Phys.
Nuclo 1%5. Vol. 9. N 60 Po 723-7350

36 Chagnon P:Ryy, O wen GeE. Angular
distributions of the d~d neutrons// Phys.Rev.1956.
Vol. 101, N 60 Pe 1798-1803.

37T. PavanP., TonioloD.y Zago Ge

e.a.2 Yorw absolute cross-section of the reacti-
on “H(d,n)’He for E,=(346) MeV// Nuovo Cim. 1981.
Vol. A68, N 3. P. 285-271.

3. ManleydJdosHoy Co,onJHe, Graves
E.R. Cross section of Dzd,n)3ﬂe reaction// Phys.
Rev. 1346. Vol. 70, N 1-2. P.101.

39¢ TeHeeBAC.,, Toropos AM.,0cC e-
TAHCcKK#HTM, #ap. Peakupa D-D B uxTEDBEIS
100-1000 xaB/éﬂneBHHe DeaKUME HA J6TKMX A5pax.M.:
Arommsmar, I957, U, 26-47.

4C. 1 aBupgedxoB.A.,,lorpedoB

H.C., Cayx oBA.U, Onpenesnenne dopuH XpEBOR
BOSCYRIGHEA DOAKIIAK T(d,nizﬂe //ATOMHAA PHEpIEA.
I957, T. 2, ® 4. C. 386-388.

411, Hunter GeTey, Richards H.Ts. Yield
and angular distribution of the d-d neutrons//Phys.
Rev. 1949. Vol. 76, N 10. P. 1445-1451.

42, Schult 5 Rele, COo 83 ac kM, Obs t
AW., W ei1ild JoL. “H+d-reactions from 1,96 to
6,20 MeV.// Nucl.Phys. 1972. Vol. A192, N 3.

Pc 609-624 L]

43 Okihanadey PujiwarabN., Na~
kamuraYo 5 ot a H. e.a. The D(4,d4)D,
D(d,p)T and D(d,”He)n reactions at 13,2 MeV//
JQMBQSOCQJEPQ 19790 Vol. 46' N 3' P'7o7-7140



- €6

44, Pres tonG.,, ShawVP.F.Dey Young
S.A. The cross sections and angular distributions
of the d-d reactiuns between 150 and 450 keV//Proc.
Roy.Soc. 1954. Vol. A226, N 1165, P. 206-216.

45, Boot hDsLey PrestonG., Show
P.FeDe The cross section and angular distridutions
of the D-D reactions between 40 and 90 keV// Proc.
P}.‘ufﬂ.Soc. 1956. Vol. 69A0 Pt. 3' N 4350 P.265—270.

-

46, JarmieN.,, Jett J.He Neutron source
reaction oross sections//Phys.Rev. 1977. Vol. C16,
N 1. P. 15-17.

47, BlairJM,, FreierG., Lampi
Be esa. The angular distributions of the produc#s
of the D=D reaction: 1 to 3,5 MeV// Ibid. 1948,
Vol. 74. N 11. Pe. 1599‘1603.

48, Yin gNe., Cox B.Bsy, Barne B.K.,
r,0 w8 AW, A study of the 2H(d,p)”H and

"Bar
gH(d,n)JHe reactions and the excited state of

e at 23,9 MeV//Nucl.Phys.1973. Vol. A206, N 3.
P.481-497,

49. DietrichPF.Sey Adelberxrge 5
E.Go, Me y erhof W,E. Study of the 2H(d,n) He
reaction between 12 and 19 MeV// Ibid. 1972.Vol.
A184, N 2. P. 449-457.

50 BrolleyJss, PutnamT.M., R 0=
8 en L. d-~D reactions at 6 to 14 MeV input
energy// Phys.Rev. 1957, Vol. 107, N 3.P.820-824.

S%eThornton S.T. The D(d,n) He reaction
fI‘OIn Ed=5 to 10 MQV// Nucl.PhyS.1969. vol.A136,
N 1. % p.25-34.

52 ArnoldWeRe, Phi114ps J.A.,

Sawyez>r G.A, e.a._Cross sectjons for the reac- »
tions D(d,p)T, D(d,n)?He, T(d,n)*He, and 3He(d,p)%He

below 120 keV//Phys.Rev., 1954. Vol. 93, N 3.
P. 483-499.

536 GoldbergMDe, Le~B1lankJ.M
Angular distributions of the D(d,n)”He reaction for
5 to 12 MeV deuterons// Ibid.1960. Vol. 119, K 6.
P.1992-1999,

54 MeyerhofW., Tombrello T
Energy levels of light nuclei A = 4// Nucl.Phys.
1968. Vol. A109, N 1. P. 1-58.

55« LiskienH.,, Paul se nA, Neutron
producEion cross §ection and energies for reactions
?(p,n)“He, D(d,n)”He and T(d,n)*He// Nucl.Data.
Tabl. 1973. Vol. A11, N 7. P. 569-579.

56 Greene S,L. Maxwell averaged cross sec-
tion for some thermonuclear reactions on light iso-
topes//UCR. 70522. 1967. P. 1-46.

57T« GruedblerW., KonigVe, Schm e~
3+ zbachP.Ae eéa. Investigation of chited sta-
tes of He via the <H(d,p)”’HA and “H(d,n)-He reacti-
ons usins a polarized deuteron beams//Nucl.Phys.
1972. Vol. A193, N 1. P. 129-148,

8. BoagkoBsBB.,Bopors gxoslE.,
KoarTwneaE.,A B Ip. sydeare d—dupes
B BHATepBaxe sHeyrHd neffromom 0,20-1,75 aB,;ﬁieg—
guelgeggnnz Ha ASTKEX Anpax. M.: Arommanmer, I1957.

S9. WengelWA,, WhalingW, Cross
section and angular di{stribution of the D(d,p)T
reaction//Phys.Rev.1952. Vol. 88. N 5.P.11439-1154.

600 rueblerW, KonigVe, Schme-~
lzbach PéA. o.asNew highly excited He levels
found by the <H(d,p) H reaction// Rucl.Phys.1981.
Vol. A369' N 3. Po 381"395.

- 6l JarmieN., J et t J.H. Various cross

Sections for A< 3 nuolei// Phys.Rev.1974. Vol.C10,
N 1. P. 54-56.

62.AllredJoCa, PhillipBDoDo’RO—
8 e n L. Angular distribution of protons from the
D(d,p)T reaction at 10,3 MeV bombarding energy//
Ibid. 1951. Vol. 82, K 6. P. 782-785.

6}, PerryJeEey, Bame S.J. T( ,7)4He reac-
tion//Ibid. 1955. Vol. 99, N 5. P. 1368-1375.

64, Del-BiancoW., Kajrys G. Angu-
lar distribution of the JH(p,7)4He reaction at pro-
ton energies below 1 MeV//Can.J.Phys. 1980. Vol.58,



v6

65. Meyer 3 of WJE"‘S uffertM,,
FeldmanW, “H(p,J?)*He reaction from 3 to
18 HeV// Nucl.PhyB. 19 o. Vol. A148| N 1. P.211-224o

66, Gemme l1lDS., Jones G.As The
T(p,y)4He reaction// Ibid. 1962. Vol. 33, N 1.
P. 102-109.

676 ardnerCeCey Ander s on J.D. Gam~
ma yield from the proton bombardment of tritium//
PhyB.ReVQ 1962- Vol. 125, N 2. P, 626-6280

68. CalarcodJeRey Hanna S.S.,
Cha 3.8 C.C. @.a, Absolu}e cross Bection
H(p,7)7He and a review of “He(y,pg)’H measurements//
Phya.Rev. 1983. Vol. C28, N 2." P. 483-488,

69. BrolleyJeBey PutnamTeds, R 0—-
s enls, St ewart L. Hrdrogen~-helium isoto-
pe elastic scattering proceases at intermediate
energies//Ibid. 1960, Vol. 117, N 5. P.1308-1316.

70. Goldbder gMsDo Neutron source,cross
section and angular distributions//Progress in
Pazt Neutron Physics. University of Chicago Press,
19 30 P. 3-210

T1e JarviegGAsy Hemmendinger
Aey AT go HVe, Ta s c h e k ReF« Reaction
constants for 3H{p,n)3He// Phys.Rev. 1950. Vol.79,
N 6. P, 929-935.

72, ¥ 11 s8onVvW,Eey Walter Rlsy F o B-
B an B.B. Differential cross sections for the
T(p,n)’He reaction//Nucl.Phys.1961. Vol. 27, N 3.
P- 421“430.

73. Goldber gMeDey Ander s on Je«De,
Stoerin § JoP.y, W o n g Co Angular distribu-
tion of T(p,n)’He neutrons for 3,4 to 12,4 MeV//Phys.
Rev. 19610 Vole. 122, N S« Po 1510-1513.

74. borxaHosIl.0.,BaracosH.A.,
KaarguaguC.. = nﬁ. Peaxima ®(p,nHe mpi
3HEPTHE ugoronoa 7-12 MaB// EST\D.I9§9.T.36,

% 2. C.6 36.

7%« SeagraveJ.De. The T(p,n)JHe reacti-
on and its inverse: Proc. of the Intern. Conf.
"Ruclear Forces and the Few-Nucleon Problem", held
at the Physics Dep. University College. London,
8-11 July 1959. London, Fergamon lreas, 1960.

P. 538-593.

76. BnacosHA. HaavunyC.O.,0 ~
JodJanuAA., 1 Ip. éaanmoneﬁcTBne IIPOTOHOB
C TPUTHEM X BO30yXEIeHHOe cocTosmme 4He //E3TO.
I1955.T.28, %6, C. 639-650.

7. ThambiduraiP, Beyerle AJd.,
GouldCeRey Purser F.O0. Tritium break-up
contribution to the neutron source reaction JH(p,n)
from 9 to 14 MeV//Nucl. Instr.Meth. 1982. Vol.196,
N 2-3 P.415-420.

7. Hal e GM., YoungUP.G., JarmieN.
R-matrix anslysis of the t+t reactions//BNL-NCS-
26133- 1979- Po 127"136-

79« MorganG.Ley Lisows ki PW,,
Wender S.A. e.a. Measurement of the branching
ratio 3H(d,£)/3H(d,n) using thick tritium gas tar-
get// Phys.Rev. 1986. Vol, C33, N 4. P. 1224-1227.

80, BussW., TaztlerH, g iegler
B. Radiative capture of deuterons by JH//Phys.lLett.
1963, Vol. 4, K 3. P. 198-199.

gi.be3o0oTocHHKZBM ,EMai#t aoB.A.,
Cypo B i.M. u ap.Ceverre peaxmmy T(d,r)%He ¢
penyckaHmeM 16,7 MaB y-kBaHTOB IpH 3HEDIAR HefiT—
EOSOBCZSE%QOZKSB/. fnepnas fuanmka. 1969. T. 10,

82, BrownRE(,, JarmieNsy, Hale
G.M. Pusion-energy reaction H(d,«)n at low energies//
Phys.Rev. 1987+ Vol. C35, N 6. P. 1999-2004,

83, JarmieN., BrownR.E. Hard e~
X o p £ R.A. Pission-energy reaction H(%,«)n from

_Ey= 12,5 to 117 keV// Ibid.1984.Vol. C29, N 6.

Py 2031-2046.

84, Mo -Daniels DiKey, DT o s g N,
HopkinsdJ«ey, Seagraveld.D, Angular
distriputions and absolute cross sections for the
7(d,n)*He neutron-source reaction//Ibid.1973.
Yol. C7, N 3. P. 882-888,

85. GalonskyA.,, J 2 hns on C.He
Cross sections for the T(d,n)*He reactions//Phys.
Rev. 1956. Vol.104, N 2. P.421-425.

86, Magierat,BormannM., Sc o=
helW, Hediss P An ar distributions of
neutrons  from the “H(d,n)%He reaction//Nucl.Phys.
1975. Vol. A246, N 2. P. 413-424.



S6

87. banradéaHosEM, ¥t WA LK a-
u aypoosl. H ! ﬁgg Vlamepefme exmﬂoro ceve-
QAR e B obracTy 3Heprwi HeHTOHOB
40 0 KaB//ﬂ.n Hue geammn Ha JeTKUX afpax. M.:
Atom3aaar, I1997. 7-7

88, HemmendingerA.,, Ar go H.V.
Reaction D(t,alpha)N at 1,5 MeV//Phys.Rev.3i955.
V01.9B, N 1. Po 70—72.

89, Bame S.J., PerrylJ.E. T(d,n)4He reac-
tion// Ibid. 1957. Vol. 107, N 6. P. 1616-1624.

90. ArgoHeV,, TaBschekRPF.,, Agnew
H.M. e.a. Cross sections of the D{t,n)4He reacti-
on for B0 to 1200 keV tritons//Ibid 1952. Vol.87,
N 4. P. 612-618,

9i. PoppecC.Hey, Hol browC.He, BoOo r~
c h e r s R.Re Neutrons from D+T and D+H// Ibid.
19630 vola 129, N 2¢ P. 733"739.

92, HenkelRLe, Perr g JJE., mith
R.K. Breakup of deuterons on H,T,”He and “He//Ibid.
1955, Vol. 99, N 3. P. 1050-1953.

93, JarmieN., All en RCST(t,alphaln,n
reaction//Tbid. 1958. Vol.111, N 4.P.1121-1128,

CH94CTpe.rx.sﬂxnéoxaOB..‘i A4MOBHY
H.ooopruH .,1 beBa AR BO3-
6y7memm§ 20)4e  1ox JIOHJS npK

3He 200 xaB//ﬁsa.. AH CCCT. Cep.busuyecran.

I97I. T. 35, » I. C. IG5-I58.

95.CeponBH.,A0paMoanqCH..
Mopxk .A. WsMepeHre MOQJHOIO ceqemm

'[(t an“ﬁe / AroMmas 3Heprud. 1977. T. 42 I.

96.I‘onoponAM..JInI’aEaOce'rxﬂc-
xnﬁI‘.M. Krﬁ 60011111128 cggenﬁxpeammﬁp.?&a HH-
gae-ne ~- K OpHET 764 .
JyOra: (M pe

97.ToBopopAM., I aTl akHt, Oce-
Tnacxnﬁ ...ump.énexrpug.mba

posmya sy 1) dije
ymou90 e%gg?m 41, % 3. C 2&% % non

98. A g newHMsy LelandW.Tey Argo
HeW. eom. asufament of the cross section for the
reaction T+T He+2n+11,4 MeV//Phys.Rev.1951,
Yol. 84, N 4. P. 862-‘8 3.

99, Bl at t_S.L 6Y oun g A.M.,L 1 ng S.C.
e.a, Reaction T(3Heg£§ Li in the energy range
0,5-11 MeV//Ibid.19 Vol. 176, N 4. P.1147-1153,

100e Ventur 3 B., hang CeCe,M oy e~
r h o £ W.E. The 3H( g e,r)°LL capture reaction
and tge1stgucture of SLi//Bucl.Phys.1971.Vol.A173,
N1- n-1¢

- 101, VenturaB.,CalarcoJ.R.,
MeyerhotWeE., YoungA.N. Dirgct and reso-
nant capture observed in the 3H He,7)°L1 reac~
tion//?hyﬂ-Letto 1973. Yol. 346, N 3' 0364-36 .

102, Youn gH.Me, B1 2 ¢ § SiLley Seyler
ReGeDirect radiative capjure of “He by tritons and
He cluster states in °Li//Phys.Rev.Lett.1970.

Vol.25, N 26. P. 1764-1767,

SuffertM., Ma g-
D, Etude de la reaction
5 MeV//Nucl.:hys.1968.

u 8 L.,
et . te
E(?He)=
P.593~

a
Vol. A109, N 3.

104. BlairdJ.sMey, Hint z NoM,,V & n~-
P aJt t e r D.M. Radiative capture of deuterons
He//?):u/s RQV.1954 Vol. 96 N 4. P. 1023 1029.

105 Bus sW,, Del-BiancoW.,, Wa -
f 1l erH., 2 e 1 gl e r B, Deuteron capture in
3He//Nucl.Phys.1968. Vol. A112, K 1,P.47-64,

106 SchroderH.,MausbergW. Study
of 5Li around 20 MeV excitation energy by a& radia-
tive capture reaction//Z.Fhys.1970. Bd.235, N 3.
S.234-243.

107. K 1 n2 § «T., g eyerhotf W.E. HIi -
k 0 R.G. The <H( 7)°Li reaction from 2-26 MeV//

Nucl.Phys. 1972. Vol A178 N 2. P.337-349.

108. A jzenberg-Selove F. Energy
levels of light nuclei A=5-10//Ibid.1984. Vol. A413,
N 1. P. 1-214.



96

109. M o 1 % erW%., BesenbacherePF,
A note on the “He+d nuclear-reaction cross secti-
on//Nucl.Instr.Meth.1980. Vol. 168, N 1/3.
P.111-114,

110 K1 ingerW., DuschP., Pleds=
c hmann R. The analyzing power of the reaction
3tie(d, p)4le for vector-polarized deuterons between
2 and 13 MeV//Rucl.bhys.1971. Vol. A166, N 2.
F. 253-265.

11M. Le ema 3 n Ch. 4M einerH., Roh-
r er U, e.a. The He(d,ps He reactioh between
2,8 and 10 MeV//Polarization Phenomena in Nuclear
Reactions, 1970. P« 548-549.

12. RoyR.,, Seiler F., Conzett
H.Fe, R a @ F.N. Cross section and vegtor analyzing
gower iT=11 of the processes “ile(d,d)”He,
3tie(d,p)4e between -15 and 40 VeV//lhys.Rev.1981.
Vol. C24, I 6. I 2421-2434.

113 Pre ize rGey, Holmgren H, Intexr—
action between “D and _He in the neighborhood of
the 18,6 MeV level of 514 //Phys.Rev.1954,V0l.93,
N 4. P. 825-826.

BA114éKnmqapg§Aﬁ§.,Ecanscjoxa
A..,Bensrroe K. gHHE® DOAXIMA “He C
(zfeﬁr 7H$.‘;{g7/lloxn. RH CCP. ESG. LI09, % 4.

>, ~739.

115 YarnellJJLs, Lovdber gR.He,
Strat ton w4R. Angular distribution of the
reaction 3He(d,p) He between 240 keV and 3,56 MeV//
Phys.Rev.1953.Vol.90, N 2. Po 292-2970

116. Allr S d J.C. Differential cross section
of the reaction JHe(d,p)%He at 10,2 MeV,bombarding
energy and search for excited state in 4He// Ibid.

. 1951. Vol. 84, N 40 PO 695"6990

11 7. BonnerTW., ConnerJ.Ps, L il
l11ie AjB. Crosi Section and angular distribution
of the “He(d,p)*He nuclear reaction//Ibid.1952.
Vol. 88, N 3. P, 473"4760

118, %_3 r visR.Ge, Roaf D, Comparison of
D-T and He at low energies//Proc.Roy. Soc.1953.
Vol.218, N 1134, P, 432-438.

119. Baker M.Pe, CamerondJ.Msy Ch a-
ntNS., MangelsonN,P, A saearch for high-
lying levels in the mass A=5 nuclei//Nucl.Phys.

1972. Vol. A184’ N 1. P. 97—104.

120 St ewartLle, BrovlleydJ.E., R 0=
5 e n L, Interaction of 6 to 14 MeV deuterons with
He and tritium//Phys.Reve 1960, Vol. 119, XN 5.
Pe 1649-1653.

121, GrueblerW., Konig Ve, Ruh
A, e,a. The differential oross sections and the
analys powers iT-11, T-20, between 2,8 and
11,5 MeV// Nucl.Phys. 1971. Vol. A176, N 3.
P. 631-644,

122, K u n z W.E. Deuterium ’He reaction//Phys.
Rev. 1955' Vol. 97’ N 2. P. 456-“462.

123. Bauw Hon-MuuHosaucxaut# B.H.,

Ocearpurcxuf M., u np. HccnenoBande pear—~
LAH FheJue /7Hnepﬂaﬁ (im:mﬁg. 1966. T. 3, r&ps.
C. 1064-1066G,

124, X i.n g TeRe, S B y3t h.,e R. Cross secti~
ons for 2H(’He, He) and °H(’He,%He) at 7T to

18 MeV centre-of-mass energy//Nucl.Phys. 1972.
Vol. A183’ N 3. P0657-665c

325. K e r r RsGs Neutrons from deuteron breakup
on “He//Phys.Rev. 1966.Vol. 148, N 3. P.998-1002.

126 KuhnBe, SchlenkB, Winkelvertei-
lungen fur die reaction JHe+t //Nucl.Phys.1963.
Vol. 48, N 3. P. 353-360.

127. IrTabuw, CcerumpHecxn i TM.,
ConueomH. n ng. Uccnegosanue peaxide 3He+ H//
TP, 1960. T.39, B 2, C, 225-228.

126 KymMCunurHaMm,Oceruncxut
Mo, Ce gr e 8 8 B,A, O CoxpaHeHpA A30CNHHA B
egmum "ése’(?_t}’d)‘iHe //finepuas ¢asuxa. 1969.T.I0,

R . L2y f —f(la,

129. M 0 a k C.D. A Study of the °H reactions//
Phys.Rev. 1953. Vol. 92, N 2. P.383-388%



L6

130 NockenUsQuastUs, R 1 § h t 2 r
Ae, Schreider G. The reaction JH(’He,d)%He
at very low energles: energy dependent violations
of the Barchay-Temger isospin theorem and highly
excited 3tate2 in PLi//Nucl.Phys. 1973. Val.A213,
N 1. Y. 37-106.

131« K1 opecilcJeTey Darden S.Ee Cross~
section agd polarization measurements for the
3A(”He,n)’Li reaction// Phys.Rev.1971. Vol. C3,

2. Harrison¥W.D.,, StephensW.E.,
TombrelloOo ;.A.,l inklerH. Radiative
capture of JH§ by JHe//Phys.Rev. 1967. Vol. 160,

N 4. P. 752-T795.

33,VenturakE, CalarkoldJd.,
Chang g.c. e,a, Resonant structure observed
in the 3H(JHe,s)®Be capture reaction//Nucl.Puys.
1974. Vol. A21 » X 1. P. 157—170.

;34. Dwa akanathMRy Winkler
H. He(Jﬁe,Zp)iﬁe total cross section measurements
below the coulomb barrier//Phys.Rev. 1971. Vol.C4
N 5. P. 1532-1540. :

135% K rausesiA,, BeckerHWe, Tr au-
tvett 5T «Po, R,o 1l £ 8 Co Astrophysical S(E)
factor of “He(’He,2 Y*He at solar energies//Nucl.
Phya. 1987. Vol, A467, N 2.P.273-290.

136 Tombrello T.A, Astrophysical pro-
blems//Nuclear research with low energy accelera-
toras/edited by Marion J.B., Van—Patter D.M. New-'
York-London: Academic Press, 1967. P.195-212.

137. BrownRBEsy COrell FDey, He g -
land PM, e.a. He+3ﬂe reaction cross sections
at 17,9; 21,7; 24,0 MeV//Phys.Rev. 1987.Vol. C35,
N 2. P. 383-392.

138. Dwarakanah M.R. 3He(JHe,Zp)4He
and the termination p of the proton-proton c
Ibid. 1974. Vol. C9, N 3. P.805-808.

139 Powl er WeAe Completion of the proton-
proton reaction abd the possibility of energetic
neutrino emission by hot stars// Aatroghysical
Journal. 1958, Vol.127, N 3. P. 551-556.

3 140. olm § ren q.D., JohnsgetonR.L,
H (q,c) Li and “He(«,s) 'Be reactions//Fhys.Rev.
1959, Vol. 113, N 6. F.1556-1559,

3 141. ; arkerP.De, Kavanagh R.W,
He(x, ) 'Be reaction//Phys.Rev. 1963. Vol.131,
N 6. Po 2578-2582.

142. NageatanikKey Dwara 5 anath
M.R., AsheryD. e.a. The JHe(x, 7)(Be reaction
at very low energy//Nucl.Phys. 1969, Vol. A128,

N 1. P. 325-332.

143, KrawinkelH.,, Bec e r H.W,,
Buchmann L. e.a. The 3He(a.r) Be reaction
and the solar neutrino problem//Z.Phys. 1982.
Bd. A304, N 4. 5. 307-332.

144. 0 8 bornedJels, Barnes C.,A,,
K a g ana q h R.V. e.a. Low-energy behavior of
the °He(a, ) /Be cross section//Nucl.Phys.1984.
Vol. A419, N 1, P. 115-132.

145« RobertsonR.G.Hey, Dy e r P.,
Bowles E.J. e.a7 Cross section of the captu-
re reaction He(a,f) Be//Phys.Rev. 1983. Vol. C27,
N 1. P. 11=17.

146 Alexander TK., Ball G.Ce, L e n-
nardW,N. e.a. Measurement of the 3He(a,rS7Be
reaction at £ = 252 keV//Nucl.Phys.1984.Vol. A427,

N 3. P. 526-5%4.

147. Gr i1 £ £1+thsGM., Morrow HeA,,
Ri11eyP.J. e.a. The T(«.g)’m reaction//Can.
J.Phys. 1961. Vol.39. N 10. B. 1397-1408.

148. RobertsonRG., Dyer Pey War-
ner RBA' e.a., Observation of the capture reaction
2H(x, 7)OL1 and its role in production of Li in the
big bang//Fhys.Rev.Lett. 1981. Vol. 47, N 26.
P.1867-1870.

149. Swit kowskiZ.F., Heggl e J.CcPls,
Kenned §7D.L. e.,a. Cross section of the reac-
tion 7£1(p,,~ Be// Nucl.thys.1979. Vol. A331, N 1.
P. 50-60.



86

150, 08 t o icReyy SuboticK.e St e~
panciec 2 tu or the direct radiative-captu~
re reaction Li(p, TBe from 0,4 to 1,1 MeV//Nuovo
Cim. 1983. Vol., AT N 1, P. 73-820

159 BairJ.Key JonesCMe,Willdiard
HeB. Neutrons from the proton bombardment// Nucl.
Phy5019649 Yol. 53, K 20 P, 209-218.

152, MerchezP,, chezRey Ho £
fowellR.Aey Yavi .I L’excitation du
niveau O+ de 3,56 MeV de 614 par diffusion (p,p?
de 14 a 16 MeV// J.Physigue. 1968, 29.

N 11 12. Po 969 972’

::u:

153. Wakefie % d B., E acefield
B.E+.F. A study of the ®Li(p,n)%Be reaction//Nucl.
Phys.1968. Vol. A114, N 3. P. 561-576.

154, Pi edl er O Kun z e P. Wirkungsquer-
shnitte der kernreactionen OLi( u)BHe und 3Li(p,«)4He
geisk%eingten energien//Ibid 19 7. Vol. A96, N 3.

¢ 513-520,

155 Sawyery Report LA R-1578, 1953.

156 temeinhardtW., Kamke D.,V 0 n=
RhoneckC. W rkenvert ilung und wirkungsquersch-
nitt der ReakXtion OLJ( p,u) He un Energiebereich von
50 bis 190 keV//Z.Phys.1966. Bd.197, N 1.5.58-T4.

157 ShinozukaT, TanakaVY., Sug-
é ya ? E. Absolute cross sections for the
Li(p, He)*He reaction at energies below 1 MeV//Nucl.
Phys.1979. Vol. A326, N 1. P.47-54.

158, E1lwynAeJe, Hol 1l andR.E., Da v i=
d 8 C.N. e.a. Cross-sections for the SLi(p,3He)%He
reaction at energies between 0,1 and 3,0 MeV//Phys.
Rev. 1379. Vol. C20, N 6. Po1984-19920

159. Spinka H., PTambrello T,
nkler H. enesgy cross sections for
7L%(pPu)1H$oand 6L1(p, =) He//Nucl.Phys.1971. Vol.A164,

160, B e r trandPF., Gre n ie
g orn i Etude des regctions ?i(p,d)jﬂe,
Li(d, «)*He, OLi(Q,po) L1, ©Li(d,pq)TLi de
300 keV a 1000 keV// Report CEA-R-3428 1968.

161.J eron jimolJd. y «Fey Mani G.S., S a-
deghdi A. The Li(p,a) He reactions// Nucl.Phys.
1963. Vol.43, N 3. P. 424-429.

162. VarnagyM, CsikaideSzabo
Je €08, Agp%ication of T-cellit detector foxr the
study of ©» (Li(p,«)34He reactions//Nucl.Instr.
Meth. 1974. Vol. 119, N 3. P.451-461.

163. Gould C.Rey, Ne 1l g on ReOs, Wil~
l]iansJ.Rey, BoyceJ.Re Crogss-section
requjrements for charged-particle fussion-reaction:
the 61Li(p,”’He)a reaction//Nucl.Sci.and Eng.1974.
Vol. 55, N 3. P. 267-272.

164. T emm e r G.M. Detailed (p,«) reaction
studies the light nuclel with the Florida State
University tandem accelerator: Proc.Conf. on direct
interactions and nucl.react.measurements. Padua,
New~York-London: Gordon and Breach Science Publi-
shers,1963. P. 1013-1024.

165. WerbyMPF., Greent ieldM.B.,
KemperK. g. e.a. Study of « +d and 3He++
clustering in with a tzo—mode, finite~-range
analysis of the Li(p 3he)%He reaction//Phys.Rev.
1973. Vol. C8, N 1. P. 106-113.

166. S z a b odey, BodyZ2.Te, Szegedi
Z. 5 y M. Low-energy cross section for
L1(d n) Be//Nucl Phys.1977. Vol. A289, N 2.
P, 526 532.

167.E1WynA.Jo,HollandR.E.,Da—
v 1id s CeN. esa. Absolute gross gections for deu-
teron-induced reactions on °Li at energies below
1 MeV// Phys.Rev. 1977. Vol. C16, N 5.P.1744-1756.

168. M c-C lenahanC C, S 1 R.Fe.
rogs aeq ng for th h7Li(d ?BLI, %i(gﬂe,n)EB
Li(d, a) 11(d,p) 14 and Li(d n)/Be reacti-

onﬂ//Phyﬂ Rev.1975. Vol. C11, N 2. Po 370—382.

169-I‘yxoscxnﬁ5ﬂ.,Adpauoa g
CH.,BBeanr o,u,cx?ﬁAI‘ 2 Ip. Ho:mue
Be

9eHEA DO Li( Be ,
1 ?t 2 Be /Maa. . Cap. gilamecr:aﬁ 1980.
44, )t 9, C, I983- I987.

v



66

1710 GangadharanS.,WolkeRl
Reooi% angular distributions of the 6Li(d,n)”Be
and 12¢(4,n) 'K reactions//Phys.Rev. 1970.Vol.C1,
E 4. P. 1333-1341.

7., A6pamoBuuCH., TyxoBcrudt
BA.,Iporononos B.H. O panAruu caoﬁlc'r?l
napLMaibHEX KAHAN0B pacnana Ha CTPYXT K1
B_ogcs €HHA DeaKLMH pe —6,’7(H—I,2;,)§,.( yp¥/%a.AH
iéa:ag;z.29?.Cep.@uauxo—mreuarmecxu.I98~1, *» 4.

g?Z.I‘yxoscxan.H..Ao a8MOBBETY
g...Baaﬂzroponcx g # A.T. B np.
HSQI'STAYECKAS 38BACEMOCTH HX G898 odpasoBa-
Bmpgaﬁrponoa B 6‘39’5&-3’1 7?11 zgna.!maa
fAnepHEaA cnekrpockonEd. 1984. Bwp, 15, C, I35-I43.

173. Bagge t LMa, Bame S.Jo The disinteg-
ration of lithium by deuteron bombardment//Phys.Rev.
1952, Vol.52, N 3. P, 434-4364

174, Sl atteryJsdCe, Chapman A.A.,
Bonner TW. Bxoited states in 'Be and 8Be//
Ibid. 1957. Vol, 108, ¥ 3. P, 809-811.

175 onahanJ,Bey E1lwWyndeJe, Sordu-
k e P.J,Ds Extrapolation of low-energy reaction cross
sections// Nucl.Phys. 1976. Vol. A269, N 1.P,61-73.

176 PowellDLe, CTAW] ey GeMoy, R a ©
B.Va, R 8Bb 8 o n B.A, Deuteron-induced reactions
in 6Li, 7Be and 10B at bombarding energies of 4,5
to 6,0 HOV// Ibid. 1970. Vol. A147’ N .P065-80-

177« SchiftierJ.Pe, Morrison
GeCoy S1 emB8s enRHey Zoeidman B,

Study of the (d,p) reaction in the 1p shell//FPhys.
Reve 1967. Vol. 164, N 4. P. 1274-1284.

178 Bod y Z.T., Sz a b o Jé’ Varnagy
2. Low egergy cross gections for OLi(d,«)4He and

Li(d,p){1d reactions//Nucl.Phys. 1979. Vol. A330,
N 2-3. Po 495‘500.

179 ackl1linRshoey BentaHE. Tritium
production from lithium by deuteron bombardment//
Phys.ReV. 1955. Vol. 97’ N 3. P. 753—757'

180 Hol1andREey E1 W yn AdJe, Da -
vids Cu.N. e.a. Absolgte croig segtion for three-
gody breakxp reactions °Li(d,n+’He)%He and
Li(a,p+t)*He// Ibid. 1979. Vol. C19, N 3. P.592-600.

18l HamburgerEN.,, CamerondJ.Re
tudy of some reactions of 14,8 MeV deuterons with
lithium isotopes//Ibid. 1960. Vol.117, N 3.P.781-795.

182, Szabodey, Varnagydsy Body Z2.T.,
Cs9oikaide Charged particle reaction cross sec-
tions relevant for nuclear astrophysics//Nucl.Data
sciene and Technology, Antwerpen, 1982. P.956-957.

183.T'onoBxoBMC., Kyanxaycrac
B.C., bopon venB.T. anp. O coyeHusx sV TDOH-
HYX HASKOSHEDTOTHYOCKAX DeoKLI Ha Alpe bL1 //fxen-
Hag Swamka. 1961, T. 34, % 3, C.861-864.

184, Hirs t¥F, JohnstonelI., ? o o-
1 e M.J. The d-5Li reactions//Phil.Mag. 1954.
Vol. 45, N 366. P. 762-766,

165, ManiGeSsy FreemenRMey P 1=~
ard/PF. e.as An experinental study of the
oLi(¢,x)a reaction//Proc.Phys.Soc.1965. Vol. 85,
H 544. 2. 281-284.

186 R1{ 81l er R, GrueblerW,, De-
enh z m A.A, e.a. Investigation of the
L1(d4,«)%He reaction between 1,5 and 11,5 MeV//
Nuol;Phyﬂo 19770 Vol. A286’ N 1, P0115-130.

187T. DurrWe, ClausnitzerdG.,
g i1ck 2. e.a. Die analyslerstarke der reaction
Li(d,x)*He mit vektorpolarisierten der emergie
2,1-10,9 MeV/,/Ibid. 1968. Vol, A120, N 3,
P, 678-690.

188 Goul d CeRe, JOyocoeJM,, BOoyce
JeRe Cross section measuiamants for charged partic-
le induced reactions on °Li//Neutron Cross Sect. and
Technol., Vol. 2+ 1975+ P. 697-T00.

189 HeidenburglNeSey, Hundson
C.M., In g les DoRo' Whiteh g a d W.D.
Angular distribution of alphas from L1(d, «)4He
;nd Li(?’“) He//Phys.Rev. 1948, Vol. T4, N 4.

+ 405-410.



001

190. Jeronimo G,M., ni G i P i-
rdP., Sadeghi .T Li(d, )3He reacti-

OD.//NU.CI PhJ‘B 1962. Vol. 38 N 1. Pe 11=17,

191. Cl ar k ReGey, Ho r a Hs, R a y R.S.,
T1ttexrtonE VN, Bvaluation of cross sections
of the 6Li(d,«)x reaction//Phys.Rev. 1978,Vol.C18,
N 3. P. 1127-1132.

. 2. C B H MC"'
cneﬂgaau se xnng L}(t n¥ -7L1?t n§ z7ﬁ (3He,n),
? Bo He n) AromMraA

aﬂeprm. ige e.5-11.

193, Sel t zRey, Magnag=-Valette
D. Courbes d’ excitation et sections efficaces des
reagtions Li(t,n) de 100 a 300 keV// Compt.Rend.
1960. T.251, N 19, P. 2006-2008.

194. 3 a prTepAK..BanerlIU.,Konsc-

Buxon HefiTDOHOB @3 peaKiuIy
i?t ,n) # gLi?t n} AroMmEan ggeprnﬂ. f96
®6,C. 577—586

195« A6 pamoBrneCH., TyxRoBCKEZEH
b.A..Lys ae BaC.A., u np.Crpykrypa @YHKnHﬁ Boa—

ymneﬂnn X aanos 0o0pa30BaHAA KO
g 8L, 3 peaxuzﬂx §op23 xﬁ/ﬁ AHT. Cep
Hnepnue xoncrauru 985, k 2. C. I4-I8.

196. C i r j ¢ D., g tepancioB,.,,P o~
Pic R. e.a. i(t,p) Li reaction at low triton
enerw//?izika. 1972. To4 P. 193-194.

197. Fa rm e r B.J. The Li(BHe n)aB exci-
;at%o?//Bull «Aler.Phys.Soc.1961. Vol.6, N 4.
. 4 .

198 Marr s ReEey Bodansky D,
A d elber e r E.CG. Accelerator production
of 8B neutrons?/Phys.Rev. 1973. Vol. C8, N 2,
P. 427-430.

199 A Jzenherg-SeloveP. Energy
levels of light nuclei A & 11-12// Nucl.Phys.
1985. Vol. A433, N 1. P. 1-157.

200..alwynAJ.,HollandRE.,Da-
g 3 8 CsN. e.a. Cross-sections for the
Li(°He,p) reaction at energies below 2 MeV//Phys.Rev.
1980, Vol. C22, N 4. P.1406-1419,

201 SchitftterJsPe,Bonner T.W.,
DavisRHey Pros 3 e r P.We Study of the
geaction mechanism for (“He,p) reactions with

Li, 108, 13¢c// Ibid. 1956. Vol. 104, K 4.
P.1064—1068.

202. FletcherNRey Marshall
g Da vis R.H. Exchange effects in the
L1(3He,p)8Be reaction//Nucl.Phys.1965.Vol. 70,
N 2. Ps 471-479.

203, Goul d CeRse,B 0 y a JoRse Cross-section
meas ts for charged particle fusion reactors:
the ®Li(JHe,p)2« reaction// Nucl.Sci.Eng.1976.
Yol. 60, N 4. P. 4T77-481.

204, I s hadMMsy Rfioux©c., A saild,
e.a. Proton polar}zation and dirferegtial crqss
section for the (’He,p) reaction on ®Li and 7Be
at 14 MeVv//Nucl.Phys.1977. Vol. A286, N 3.
P.483-493.

205.PyleR.V.,Ruby3L.,bterbent/.
q.ﬂ. Measufements of the 6Li(’He,d)7Be and
Li(3He,t) 'Be cross sections//Trans.ANS 1978.
Vol.30, N 1. P. 623-625,

206 Hol 1l and REey EL wyn Aede, D 8-
vids C.H. e.a. Nuclear cross gections for light
iona on °Li// IEEE Trans.Nucl.Sci.1981. Vol.NS-28,
N 2. Po 1344-13490

I 507. Evy vhr Hxcr® C.,2iynpad b c R 2
l.,Pyec e Ke i. i MBpEPdP o

HAA [Pa: 611 { 3He“§ae)g . yYfﬁf d) Be//
V3B, AH CCuP. Cep.0u3nuacKasd, “r 435, i,

¢, 156-1I33,

208 LudeckeH,, Yan~T734nT,,
g 5 g r H Z é mme r6e r J. The reactions
Li( He, Heg Li(d,dg)®Li, TLi(d,dg)7Li and
6L1(3He,d 1) Be// Nucl.Phys. 1968. Vol. A109,
N3. Te 6&-6880

209. Adp

M
dp u
ceqenzh 0 paaos Hy
B38HEMONEHCTBLY OLi
Cep.finepHHe KOHCTAH

1'~jnu10
&

o]
\o§==s

210 JarmieN.,, Seagraved,D//
LA-2014, 1957.



Lot

211« Bonner T.Y,, Evans J.£e Resonan-
ces in the disintegration of fluorine and lithium
by grotons//Phys.Rev. 1948, Vol. 73, N 7.

Y. 666-674.

212, K r a u_s A.,A. Gemma radiation from proton
bombardment of TLi//Phys.Rev. 1954. Vol. 93, X 6.
P. 1308-1310,

213, F1{ s h e r GeAey Paul Po, R 1 s 8
F., Ha n n a S.5._Giant E] resonances in “Be
from the reaction 7Li(p,r)®Be//Ibid.1976. Vol.014,
N 1. P. 28-36,

24. SchlueterDJesy Kr on e R.W,,
Prosser F.W, Heasurements and analysis of
angular distribution interference effects in the
T1i(p,s)°Be reaction//Nucl.Phys.1964.Vol. 58,

N 2. P, 254-2T2.

2. SweeneyW.Ec, Marion J.B, Camna~
ray trngaitions involving isobaric-spin mixed sta-
tes in SBe//Phys.Rev.1969, Vol. 182, ¥ 4,P,1007-1021.

216e Li s kienH., Paul s, en A. Neutron
production 71i(p,n)TBe and 7Li(p,n)TBeé//At.Data
and Nucl.Data Tables.1375. Vol. 15, N 1.
P. 57-85.

217. SekharanKekK. Laumer H,
Ke rnBeDey GadbbardPF. A neutron detector
for measurement of total neutron production coross
sections//Nucl.Instr. Meth.1976. Vol. 133, N 2,
Pe 253-25T.

218 PoppeCHey, Anders sonJ.D,
? avigJ«sCs esa. Cross sections for the
Li(p,n)TBe reaction between 4,2 and 26 MeV//
Phys.Rev. 1976. Vol. C14, N 2.P. 438"4450

+ 219, PresserG., Bas s R. Reactions
‘i, TLi+p and excited states of the A=8 aystem//
lluclePhys. 1972. Vol. A182, N 2. P. 321-341.

2200 FreemanJ.M., Han E a ReCe, M 0 n~
t a gue J. The nuclear reaction Ho(u.p)7Li and
its inverse. The reaction 7TLi(p,«)%He// Ibid.1958.
Vol. 5, N 1, P. 148-149.

22'« MarionJd«Bey, Wil son M. The
TLi(p,p)BBe reaction and single-particle levels in
8Re//Ib1d.1966. Vol.77, N 1.P.129-148,

222, Pauhlt.,, nonierv., Snover
K.A. Magnetic dipole transitions and iscspin in
8Be//Phys.Rev.1977. Vol. 173, N 4.F.919-930.

223 Aol £ s C., KavanaghR.N, The
TLi(p,«)4He cross section at low energies//Nucl.
Phys. 1986. Vol. A455. P. 179-188.

224 KingC.Hey Aust inS.M., Ro s-

ctnerHHe ChienN.S. 'Li and 7Be pro-

duction in the alpha+alpha reaction//Phys.Rev.
1977. Vol. Ci16, N 5. P. 17i2-1722.

225. S1 o bo 9 rianRJe, CoOnzett
H.E. The 4He(x,p)/Li, TLi"**7® reaction near
threshold //Z.Phys. 1982, Bd. A308, N 1.5.15-20.

226 C i ricDMey, PopicRWVey Z22akula
R.B. e.a. The interaction of 7Li isotope with low
energy proton and triton beams//Zbornik Radova pri-
rodno-mat faculteta - Univerzitet u novoy Sadu.
1976. T. 6. P. 115-126.

227. M ani G.Sey FreemannBB., Pi-
cardPF. e.a. Study of the reaction Li(p,«)%He
up to 12 MeV proton energy//Nucl.Phys. 1964.

Vol. 60, N 4. P. 588-592.

226,k il1lian¥, Clausnitzer®cG,.,
urr q.e.a7 Unters?chung d$r reaktjonen
Li(p,p) 'Li, 'Li(p,p)'Li und 7Li(p,«)*He mit
polarizierten protonen der energie 2,7 bis 10,8 MeV//

229. B nacoBH.A., Or a006 agH AL Fean-
upd 7Li(p,t)//ingpﬂue DOaxLMy NCA MaMHX II CT2AKIX
sHepruAx, 19tk, C, <4,

230, Frie2dland®, Venter I, Die
reaction 7Li(d,«)?He im energlegebiet von 0,6 bis
2,0 MeV//Z. Phys. 1971. Bd. 243, N 2. S.126-131.

231. Von~-Mollendorrt ¢
ne 3 t Ay, S eilerP., Strie
The Li(d,ng)BBe reaction with polariz
deuterons//Rucl.Rhys. 1973. Vol. A209,
P. 323-332.

U
b
e

=2



[A1]%

o

232. DecertudckufdT., Cxu 0 8
a,n )°Be:

KOD
B., > puumu g B. Vccaenopanne peaximu 7ni
NMpenpuut % 5I43. Lyoua: OWAN, 0.

233. MiloneCs,,PotenazaR. The 'Li+D
reactions//Nucl.Phys,1966. Vol. 84, N 1. P.25-36.

234. Ka vanagh R.W.,, Proton capture in
TBe//Ibide 1960. Vol. 15, N 3. P. 411-420.

1i11lingAE.,, Mangelson
NeFey N1 el s on Y.C. esa. Anaccurate measure-
ment of the TLi(d,
E.= 0,6 MeV to 2,0

P4 389-396.

pP)PLi excitation function from
MeVv//Ibid. 1976. Vol. A263, N 3.

236 ApamMoBry CH.,TyzoBckKHui
B.A., 3BeHunropogckui AT, u 4p Ho-
gnenoaaﬁne BHCOKOBO3 eauux cocroxm

Be B Li(t,
U3B. CCuP Cep. Dnauqecxaﬂ 1980 Tp 50 k
C. 55-67.

237. F i lipponeB.W.,, E1wynA.J,,
Ra W, e t k e DsDe Abaolute cross section
for Li(d,p) Ii and solar neutrino capture rates//
Phys.Rev. 1982. Vol. C25, N 5. P.2174-2179,

238, E1lwyn A.G., HollandR.E., Da-
vids C.N., R ay W. TLi(d,p)8Li reaction cross
section near 0,78 MeV//Ibld. 1982, Vol. C25, XN 5.
P. 2168-2173.

239, Zander AR, Kemper KW, Fle t-
¢ h e r NoR. Measurement and,direct seac ion ly—
sis of the reactions TLi(d,t)6L1 and 7Li(’He,a) 14
Nucl.Phys. 1971. Vol. A173, N 2. P. 273-285,

240 LevinesS.N,, Bender R.S., Mc
Gruer J,N. Angular distributions of deuteron-
induced reactions in lithium//Fhys.Rev. 1955.
Vol. 97, X 5. P. 1249-1254.

241, Adpai
Tyxo

a5, I‘“"kg 3

0 B 74 C.H., aapsi.l.,

? gxofyﬁggoroaan AHOMATHS B
H. Y. 6 e 3HRA.

C. 40 peas gu

n:-.

242. Al ; en er
crgll

4He ysLin ? "9ge. 10 g

1978.Vol. C17, N 4. p. j283- 1293.

b g-~SeloveP.,
a e ? 0. (% 5) reactions on

C//Phys Rev.

243. Y ung PaG-, S t ok ? 8 RuH- New
states in from the reaction /Li(t,p)9Li//1bid.
1971. VOl. 04’ N 50 Po 1597“1601;

244, Ce 0611 P.Be, FAh 1 8 R.FP.,
JarmieN, e.a. Low energy Li(t a§bﬂecross
seotion//Ibid.1983. Vol. C27, N 1, P. 6-10.

245, A 1lmgq v i s tE., Pepper T.P.,
Lorrai g . ar distribution of
the 714(%,e«)5He reactions at 240 keV triton ener—
gy// Can.3J. Phys .1954. Yol. 32, N 10. P.621-629.

2#6. HolmgrenHDsy Camer on LM,
The '1i($,«x)"He reaction: Proc. of the Rutherford
Jubilee Intern.Conf. 1961. P.537-538.

247. Stokes R.g., Youh g P.G. Search
for exoited states of ©He//Phys.Rev. 1971. Vol.C3,
N 3. P.984-991.

248.A;]aenberg-SeloveF.,'.'lat—
sondJ.sWe, M1 ddlet 9 n R, lpha ggrticles from
the triton bombardment of 'Li, 12 0//1vid.
1965. Vol., B139, N 3. P. 592-596.

249. CepoBBA.,CTpeas>iiniol ﬁ}'
A6pamosuuC.H. CocToAHne dipa '“Be o
3Hepgueﬁ BOBOgm%eﬂnn 17, 3n533 // A3B. AV FULP Cep
usuueckasn. I[987. T.5 . C. 330-393

250¢ C r e w 8 R.,W. Neutron yield for the
Li+t reactions//Phys.Rev.1951. Vol. 82, N 1.
P.100-101.

251« C e p o B B H C Tpeux b HuKOB 0.,

AdpamoB CocrTo Oge ¢
aHepgneﬂ BOSOYKHQHKH 17,3 IL]PA:aB// Hsa AHHABCP
Cep. Pwauyeckad. 1987. T. ¥ 5. C.930-932.

252. % e % 1l Je) e The reactions
18 (3He, n) N Li( He,n)”B from 1,5 to 5,5
bombording energy//Nucl Phys. 1966, Vol. 86, N 3,
P' 509 527.

Ge u.,‘



X013

253. D u g g anJ.L., Miller *y ?1
? 5 ud{ of_the re ctions e( He n) c,
Li(’He n) 3C(3He,n) 150 //Tvid.1963.
Yol. 46 N 3. P. 336-352.

4. Dixon R.L. ? e R.D. The
7L1( He,d)8Be and 7Lil3 He,p 9B. reacttons//Ibid.
1970. Vol. A156 N 1. P. 33-42-

255« BondoukI.J., A8four P.,S a-
lehZs, Machalli g Ag experégental investi-
§ati n of the reactions Li (°He, pp) and

Li( He,ps) e in the - energy range of 1,0
to 2,5 Me //Rev.Roum.Phys. 1975« Vol. 20, N 10.
P- 1095"1098.

256. W o 1 4 o ki1 E.Aey Knud sgn ARe
711 (OHe,p) » TL1( He,-)5L1 and Ti({“He,t t)TBe
reactions//Bull. Amer.Phys.Soc. 1961. Vol. 6, N 5.
P. 415.

257. Bond o u 5 I. I. a ad S. Investigation
of the reaction TLi(’He sBe in the 3He energy
rage of 1,0 to 2 HeV// tomkernenergie. 1977.

Bd. 29, N 4., S. 270-271.

258, L i u Y.C.// Chin.J.Phys. 1972. Vol. 10,
N 2. P. 76.

259. og f } Ee, LevoneS, Tat-
¢ h er M.the JHe-’H reaction with mirror nuclei/,
Proc.Conf.Direct Interact. and Ruocl.Rea- t.Xecha-
nisms, Padua, 1963, P, 960-963.

260 Or i har 33 Makagaw &7T.,
g e no He e.a. The (“He t) reactions on ‘Li and
Be from 2,0 to 4,2 MeV//Nucl Phys.1969. Vol. A139,
N 1. P, 226-240.

7 FeprseythPDey PerryR.R. The
Id ( He ,)°Li reaction between 1,3 and 5,5 MeV//
Ibid. 1965. Vol. 67, N 3. P. 517~ 528-

262. 0 }'iharaﬁ;,B baM.,AkiyamaM.
e.e. The (‘He,x) reaction on /Lifrom 5,0 to 8,0 MeV//
J.Phys. Soc.Jap. 1970. Vol. 29, N 3. P, 533 539.

263. LinckI.,,BilweaR, Kr au s L.
e.a. Etude des premiers niveaux excites de °Li //
J.Physique. 1969, P. 30, ¥ 1. P. 17-28.

264 PaulP,, BlattS.L, K ? } g
Search for resonances in the reaction Li (YHe,x)°Li //
Phys.Rev. 1965. Vol. B137, N 3. P. 499-501.

265, Seal oo k R. M., Hsimo~-Yuan
WeUe, OverleydJd.Ce TLi(x,n)’¥B differential
cross-spotion measurements from threshold to
E-g;ggvéégucl +Phys. 1981. Vol. A357, N 2.

2 6. V a n-D er2wanl.,®eiger KW,
Li(«x,n)10B differential cross section for
alpha-energias of up to B8 MeV//Ibid. 1972.
Vol. A180, N 2. P.615-624.

267« BiochoselH, onner T.W, Neutrons
from the nuclear reaction (Li(e,n)10B // Bull,Amer.
Phys.Soc. 1956. Vol. 1, N 2. P, 93.

268.HehtaHK.,Huntv7.E., gBl
H.S., Da v i s R.Ho A study of the 6Li;,n)
and'fLig.n)1°B reections//Nucl.Phys. 1963.Vol.48,
N 1, 0-96.

263, Heyerhof W,E.,Taenne > NeWo,
Huds on C.M. Radiative capture of rrotons by
9Be //Phys.Rev.1953. Vol.115, N 5. P.1227-1237.

270, Sz e ged isS. _nveatiga.ions on nucleaxr
reactions induced by protone and deuterons in Be//
Acte.,Phys. Acad. Sci.Hung. 1973. Vol. 34, N 2-3.
P, 215-223.

271+ P o uba y ashiB, Teraeni-
shiT.,K=a o ¥y a M. The 1330 keV resonance
level of the 9 Be(p, reaction and excited
stete of 108 //J, s.Soc.Jap. 1963. Vol. 18, X 9.
P. 1235-1246.

272, HornyakW.Fey Coorxr T, Sgpture gam-
ma rays fram the roton bomberdment of Be //Phys.
Reve 1953. Vol. 92, N 3. P. 675-58C.

273. RohrerU.,, Brown L. The 9Be(g )5
reaction with polarizedkgrotons from 2,4 tc 2,9 MeV//
Nucl. Phys. 197€. Vol. 61, N 1., P, 141-148.

2T4e M a r i o n J.B. Excited states in '°8//
Phys.Rev. 1956. Vol. 103, N 3. P. T13-T17.



01

tion of the 9Be(p,n) (p, «7)°L4 reacti-

275 M ar i onJdyB.sy, L ng in J.g. Investiga-~
9B and e
ons// Ibid. 1959. Vol. 115, N 1. P. 144~149.

276 Kel s ey CoAs, L1 e t 2 GePey T I &~
vinoS.Fe, DardenS.E. Polarization and
angular distribution measurements on the neutrons
from the IBe(p,n) reaction//Ibid. 1963,

Vol. 129, N 2. P. 759-764.

277. Wal kerBDsyy WongCsy Ande r-
sond.Dey Me=Clure Jo¥ Angular distribu-
jon and Bglarizaf*on ol n?¥trons from the
Be(p,ng) and ''B(pyny)lic reactions//Ibid.
1965. Vol. B137, N 6. P. 1504-1507.

218. AndersondJe.De, WongC., Kc -
CluredJsWoe, Walker BsDe Quasielastic
(p,n) ar distributions//Phys.Rev. 1964.
Vol. B138, § 1. P, 118-125.,

279 By rd R.Ce, Pl oy d CeBsy Cuss
P.P. 8.a8. Cross section measuregent and Lane
model analysis for the 2Be(p,n)”B reaction//
Nucl.Phys. 1983, Vol. A399, N 1. R, 94-118,

280, Verbfnstiv.v.,lzurzr'usd.l‘}éuv
i t and ¢o -1 eus_peutr T0om - e
Briggns on 2?0?2§, gﬁAl, 58?0, ??559, 13182 and

08rb from agBueV bremsstrahlung on <(Al, 20Opb

U/PhyBoReVo 1969. Vol. 177' N 4.
P. 1671-1686,

2861, DardengB., MyrilloG,, Sen
S. The JBe(d,d)IBe, §Be(a,p)¥bﬁa,938(d,t)eie and
Be(p,d)8Be reactions at 15 MeV//Nucl.Phys. 1976.
Vol. A266, N 1. P. 29"59.

282, Becochet tdiPFDey Plee daa CeA.,
Raymgnd R.S. e.aec Glost anomaly in °Be studi-

. es with 7Be(p,d) at Ep=14,3 and 26,2 MeV//Phys.

Rev. 1981. Vol. 024, N 60 P. 2401—2408.

ZSB. SierkAJde, TombrelloT.A.
The IBe(p,«) and (p,d) cross section at low ener-
gQS//Nuc]..Phys.“g"JO Vol. A2109 N 2.P. 341-354‘

28?. WeberGs, DavisaLde, Marion
J.Be (d,p) and {p,«) reaciions \in 7Be//Phys.Rev.
1956. Vol. 104, N 5. P, 1307-13130

285.M o0 z e r F.S5. Elastic scattering of pro-
tons by beryllium//Ibid.1956. Vol. 104, N S.
P. 1386-1398,

286.“02'1 aS.,ZOhe&BT.,Ngkaga-
w a Te e.as The “Be(p,=x)OLi and 7Be(p,d)®Be reacti=~
ons from 1 to 4,6 MeV//Nucl.Thys. 1965. Vol. 66.

N 1. P. 17-24.

287 Hud s on Ge¥ey Cr inean G.B,,
Ene 11 geg-T.. S picer B.M. The
e(p,dy) “Be reaction and the BHMM theory of
stripping reactions//Nucl.Phys.1972. Vol. A184,
N 1. P. 175-192.

288, Bl i edenH.Rey Temme g G.M.,
WarshZK.L. A study 'of the “Be(p,«)0Li reacti-
on from 3,5 to 12,5 MeV//1bid.1963. Vol., 49, N 2,
Po 209"238.

289. YanabyT., YamashitaS.,
gBa k 3 g i S1 e.a. Alpha emitting reactions on
e, 1B and !B induced by protons, deutercns
and alpha-particles//J.Phys.Soc.Jap. 1964.¥0l.19,

N 10, P. 1818-1823.

290 Ra s muassen S.%. Interaction of
10 MeV protons with beryllium//Phys.Rev. 1956.
Vol. 103, N 1. P. 186-189.

291 Summe r s - Gil 1l R.G. Scattering of
12 MeV protons, 24 MeV deuterons and 48 MeV alpha
particles by beryllium//Ibid.1958. Vol. 109, N 5.
P. 1591-1603.,

292, B ec ker JeAey, F 0 x J.De Capture of prc
tons by 118 in the giant resonance region// Nucl.

P}wa. 19630 Vol. 42 ’ N 4. Pa 669"675'

293, Su f rft er t S?Ydy of the inverse
photodeuteron reaction in B and 160 in the giant
resonance energy region//Ibid.13966. Yol. 75.

N 1. P.226-240.

294, Bat t 1l esonkey McDaniels
D.X. Resonance structure in reaction 2Be(d, y)!1B/
Fhya.Revs 1971. Vol. C4. N 5. }'s 1601-1610.

295, Del -Biancoiv,, Kundud.,
R ouben #t. the 9Bc(d,7;)1{ﬂ reaction in the
reglon of the giramt dipole rcworunee//liuel.hys.
1974. Vol. A237, N 2, 1. 331-354,



SOt

296. 1 m e.T H H # A.H. JOHepreTHdeckoe ® yTJi0-

BO8 pacOopeleneHne HefTpoHos M3 peakumx IBe d,a) 108//
BTG, 1957, o 30, B 3 G 433831, 2 B/

297. Ko 1l t a y E« Investigation on the exci-
ggtion fupction of the nuclear reaction

e(d,n)10B by artificially accelerated partic—
les in the 0,5-1,6 MeV energy range//Acta Phys.
Acad. Sci. Hung. 1963- Vol. 16, N 2.?.93—1000

298. Bardes R. w e n G. Angular distri-
butions of the 9Be(d,n)1 neutrons//Phys.Rev.
1960. Vol.120, N 4. P. 1369-1374.

2990 C e cil F-Ec, Faeahlsin 24 R.Fc.
Nels on RsAe Total cross-section measurement
for the production of nuclear gamma rays from
light nuclel by low energy deuterons//Nucl.Phys.
1982. Vol. A376. N 2. P. 379-388°

3J0O. S1iemssenRHsy COBRC kK M
FelstR. Reaction mechanism study of L =
stripping processes on nyclei of the 1p
?Bgll. 1y,The rea?tions e(d,n) 0B,

(a,n)1'c ana 11B(d,n)12c// Ibid. 1965.
Vol. 69, N 1. P. 209-226.

301. P ark Yo, N'i i } e r Ao’ Lind-
§Br e n Ry Spectroscopy of OB levels from the
e(d,n) 8g reaction//Phys.Rev. 1973. Vol. 8,

N 5. P. 1557-1573,

302. De-Jo ng Do. End¢ P.M-, Si-
330 n s LeJ.Gs ar dependence and yleld of the
e(d,p)'Reand 7Be(d,t)PBe reactions//Physica.
1352, Vol. 18, N 10, P. 676-682.

303, J ur i c M.K., Angular diatxibut*qn of
s%sinte§ration pggducte érom the 160(d,p)'70,

e(d,p)10Beand ZBe(d, t)BBe reactions//Phys.
Reve 1955, Vol. 98, X 1., P. 85-88.

304, Fried
Van-Stade
ons on IBe at low
N 2. S. 97-101.

landE., Albert s HW.,
n Je.Co, Deuteron induced reacti-
energies//2.Phys.1974. Bd. 267,

305% BondouklIlI. Asa8fourP., Mach a-
1 i F. An exper%ment investigption of the
reaction589Be(d,po) Oge, e(d,p,) 'VBe and
9Be(d, tg) Be in the deuleron energy range
0,9-2,5 MeV//Rev.Roum.Phys. 1974. Vol. 19, N 5.
P. 551-553.

306 BiggerstatffJ.A.,, Ho od R.F.,
ScottHey McE1141is8tremMNTse Differen-
tial cross sections for (d,x) and (d,t) reactions
in 9Be//Nucl.Pnys. 1962. Vol, 36, N 4.P.631-641.

307T. Z2ZwieglinskiB, Saganek
A., Sledzinskals,7, Wil g elmi Z'JO
Dire¢t and regonance procesges in JBe(d,p,,¢ ), Be
and gBe(d,to) Be at low energies//Ibid.1375.

Vol. A250, N 1, P. 93-105.

308, IshimatsuT., TakanolN,,
HachiyaYe, NakashdimaT. Angular dist-
ributiong and ation functions of the

]

cit
9Be(d,p??oBe ground-state reaction//J.Phys.Soc.
Jap. 1961. Vol., 16, N 3. P. 367«371.

309. AHNTY®bpe K., Le#dnenxodl.,
SanrnpdoBc KM i AH. v gp, Yraomde pacopeie-—
NeHyd m@eggﬂmaﬁaux ceqamgléB A BBK'I;O u)ésaﬂinza)%;

ch HOCT AXI AR d ) t e
H¥Bﬂtd.u) Li npa I*)1:26 = 3-2,8%1337)31181)}!’8& %mé’nx&.
1984, T. 40, ¥ 1.°C. b3-6l.

310 C 0 x SeAs, W11l iamswn aﬁl. Asgular
distribution and correlation studies of “Be, 1

and 24Mg(d,p) reactions//Phys.Rev. 1957. Vol. 105,

N 6. P. 1799‘18%0

311"« Ful bright HW.y, BrunerJ.A.,
BromleyDeAey Goldman L.M. Angular dist~-
ributions of protons ggd tritons from deuteron
induced reactions on “Be// Ibid.1952. Vol. 88,

N 4., P. TOO-T02.

312. Read F.H., CAlvertJd,, Schork
G. Some IBe(d,pr)10Be angular correlation measure-
ments off the stripping peak// Nucl.Phys.1961.
Vol. 23, N 3. P. 386-398.

31 3. Schmidt~-RohrU., Sto ctk R.,
T urek P. Die winkelvertejlungen der protonen
ays den r aktioneg 9Be(d R )*6Be, 1gC(d,p)Bc,
160(d,p)170 and 40ca(d,p}diCa bei 11,8 MeV//Nucl.
Phyﬂo 1964. Vol. 53. N 1. P. 77—86.



901

314. He £ t RE., L1 b b y W.F. Absolute
cross sectiona for deuterons on beryllium//Phys.
Rev. 1955. Vol. 100, N 3. P. T799-813.

315. Wol £ gangR.L,,L1ibby W.E. Absolu-
te excitation function of the 9Be(d,t) reaction//
Ibid. 1952. Vol. 85, N 3. P. 437-440.

316. Ha f £ n e r J.M. Angular distribution
of inelastically scattered deuterons//Ibid. 1956.
Vol. 103, N 5. P. 1398-1407.

31 7. BondoukI.le, ASsfourPF, Ma c~-
haliP. Investigation of the reaction éBe(d,t())BHe
in the deuteron energy range 0,9-2,5 MeV// Ann.
der Phys. 1975. Bd. 32, N 4. S. 255-260.

318, T anakas, The 9Be(d,t)%Be and
9Be(d,x) (Li reaction in the energy range from
12,17 ¥eV to 14,43 MeV//J.Phys.Soc.Jap. 1978,
Vol. 44. N 5- P. 1405—1412-

319 AnnegarnHJ., ¥ingay DWW,
Se % l1schopJ.P,Fe Evidence for a nuclear level
in 1'B at 16,43 MeV//Phys.Rev. 1974. Vol., C9, N 1.

P. 419"421 °

J20.UBarsnaubKRZH I.P.'Yrﬁgnoe pacnpeieJsie—
H{e anppa-9acTvil M3 peaxumd IBe(d,«) (Li //¥xp.iu3.K.
I962. T.7, i# Il. C. 1160-I163.

2t BertrandFf., Creni r G., PoOor -
natJ. Etude des reactions IBe(d, «,}'Li,
9Be(d, «,)7Li, 9Be(d,t)BRe et IBe{d,pg)10Be de
300 keV a 1000 keV//CEA-R-3504, 1968.

322. Sl1edzinsgkal.,, SaganekA\.,
WilhelmiZs, Zwie 1inskiB. ‘naly-
sis of the JBe(d, =o)7Li and gBe(d,u,)7Li (470 keV)
reaction in terms of the +two nucleon digtorted

s . ~
ST L N Y. 227-235.

323, BaabsTtephid., Baue L}, {0
Ie g HZ7 K O3B J.A. n Ip. Buxon HeliTpOHOB B peak—
guu4s%g4éa,n) //¥xp.dus.x. 1961. T.6, % 4.

324, 2 iyuirHbBCKkaK.,, He X Be -
nwKK.,,Camauxudt B'd{f Aadxdspexlii
lccnenopaunue peaxuu IBe(t ,n)I1'B p muanazoHe

oHepra# uoHoe Tputia 1,1-1,7 isi: [IpenpuHT
B BPI5 0086, nybma :0WTI, 1876, Pe

325« AndersB,, Herges?Ps, Sco -
belW, Exqitation functions of nuclear reactions
producing tlc// Z.Phys. 1981. Bd. A301, N 4.

S. 353-361.

326. Ha hn R.ly, R §,c c i b« Interactions of
3He particles with “Be, 12¢, 180, 19p// Phys.Rev.
1966. Vol. 146, N 3. P. 650=659.

27, A6pawvornruCll,,TyRoBCcKTi
Gi.,lienpennrK u1¥ .4 . [iOJBHe cegeHwsl 00—
pasopalitd DaTrOHYKRALIa 11§ I Dealdaax
%8 e ,35?1c , 108" (a,n)1'¢_u 11B{a %n ¢ //
BAHT .Cep./ldepuHe KOHCTAHTH. itHiM4. brun.2(56).

C. 55-Gil.

328. D } n GeUe, v e 11 Jel,e The_ reaction
9Be(Btte,n)1'C from 1,3 to 5,4 leV// Nucl.Fhys.
1956. Vol. T1, N 3. 7. 641-661.

329. 0 s man A., Din 3.U. ‘Be(®He,n)''c
and 118(31le,n) 13N reaction of energies below coulomb
barrier// Ann. der Phys. 1979. Ed. 36, N 1.
S. 956=63.

030 T o w 1, e JeHe, in ? cef ieldB.EPF.
A study of thz “Re(Jfie,n) !¢ renction//Kucl.Phys.
1965%. Tol. 66, X 1. I 65-79.

331. Hinds ?.. Midd1le_ tonR. A study
of the 9Be(3He,p)''B and the 9Be(3He,d)10B reacti-
ons in the energy range 5,7 to 10,2 MeV//Proc.Phys.
Soc. 1960. Vol. 75, N 485. Pt.5. P. 754-T61.

332. WolickdiE.A

y Ho 1l g r en HeD.,
JonstonRdLe, T1 1s31ley
JUBr
5

m
E.G. Differential
action//Phys.Rev.

cross sections for JBe(3He,p)''Bre

1959.Vol.116, N 6. P. 1585-1591.

333 . Weinmand.Ae, Smither R.K.
The observation of SBe in the ground state//Nucl.
Phys. 1963. Vol. 45, N 2. P. 260-272.



401

334. PouliotdJe, RoOyR., Brica-=
ult P. e.a. Polarization 5 mes*res de section ef-
ficace dans la reaction “Be(-ZHe,p)'!B//Can.J.Phys.
1963. Vol. 61, N 12. P, 1609-1612.

335, HolmgrenH.Dey Bul 1o c k MoLe,

unzW E‘ Differential cross sections for the
9Be(3He p) !B reaction//Phys.Rev. 1956. Vol. 104,
N 5. P. 1446-1450.

336 Coker ¥Ry DuncanMM,, Duggan
Lo, M 1 } 1l er P.D. An investigation of the
e(BHe,;) 1B reaction at low energies//Nucl.Phys.
1967. Vol. A91, N 1. P.97-111,

337. G1i bbonsJ.He, Mac klin R.Ls
Total cross section for IBe(«,n)//Phys.Rev. 1965.
Vol. B137, N 6. P.1508-1509.

338, Van-der-Zwanlk., Geiger
K.W. The 9Be(w,n)12C cross section between 1,5 and
7,8 MeV//Nucl. Phys. 1970. Vol. A152, N 3.

P. 481-494.

339. Gel gerK.We, Van-der-Zwan L.
Radioactive neutron source - spectra from JBe(«,n)
cross section data//Nucl.Instr.Meth. 1975. Vol. 131
N 2- Po 315-3210

340. O b s 33: W, G randy TeBey We il
J.L. Reaction (x,n)12C from 1,7 to 6,4 MeV//
Phys.Rev. 1972. Vol. Cs5, N 3. . 738-754.

341. VerbinskiV.Ve, Perey F.Ge,
ickensJd.Key Bur rus W.R, Neutrons from
9Be(a n) reaction for E(«) between 6 and 1Q MeV//

Phys. Rev. 1968. Vol. 176, N 4. P. 916-923.

342. RisserJ.Rey, Priced.E, Class
C.M. Resolved neutrons from the Be(a n) reaction//
Ibid. 1957. Vol. 105, N 4. P. 1288-1293.

343. J ame s D.Bse, JONn es W l -
k inson D.H. The reactions 9Be(u n5120//Phy1.
Mag. 1956. Vol, 1, N 10. P. 949-963.

344. Da v ids CoNe A study of («,n) reactions
on 9Be and 13C at low energies//Nucl. Phys. 1968
Vol« n110 N 3. P. 619 6360

345. Seatrornd.Bey, Mi tchellG.E.,
Fletch ? r N.R., Da v i3 RsHe Camma rays from
the 9Be(w,m)12C reaction//Phys.Rev. 1963. Vol. 129,
N 5. P.2217-2219.

346, BonnerToWey, KT ausAeAs, ¥ a r i~
ondJd«Bsy, SchifferJ.ls Neutrons and fO 1
rsys from the al ha—particle bOmbardment of 5; B, B

C and 16 0//Ib1d. 1956. Vol. 102, N 5.
Pa 1348-1354.

347. Kl age s HOu,, Scholermanmn
He. Polarisation und differentieller wigkungsque ch-
nitt der neutronen aus der resktion JBe(x,n)leC//

Z.Phys. 1969. Bd. 227, N 4. S. 344-351.

348. NilssonA,, Kjellmand. 12
Neutron angular distributions from the 7Be{«,n)’2C
reaction at 14,1; 13,9 and 13,5 MeV// Nucl. Phys.
1962. Vol. 32, N 2. P. 177~ 189.

349. KondoM., YamazakxiTe Yama-
b e S, ! ar distributions of («,n) reactions on
Be and C// J.Phys.Soc.Jap. 1963, -Vol. 18, i 1.
Pa 22"‘28.

e-Vroey!.,
t Je. («,n) Teacti-
1963, Vol. 49, I 3.

350. De c o
ieulderxrs
ons in light nuc:
Te 424-432.



