
International Atomic Energy Agency INDC(CCP)-326/L+F

I N DC INTERNATIONAL NUCLEAR DATA COMMITTEE

NUCLEAR PHYSICS CONSTANTS
FOR THERMONUCLEAR FUSION

A Reference Handbook

S.N. Abramovich, B.Ya. Guzhovskij, V.A. Zherebtsov,
A.G. Zvenigorodskij

CENTRAL SCIENTIFIC RESEARCH INSTITUTE ON
INFORMATION AND TECHNO-ECONOMIC RESEARCH

ON ATOMIC SCIENCE AND TECHNOLOGY

STATE COMMITTEE ON THE UTILIZATION OF
ATOMIC ENERGY OF THE USSR

Moscow - 1989

Translated by A. Lorenz
for the

International Atomic Energy Agency

March 1991

IAEA NUCLEAR DATA SECTION, WAG RAMERSTRASSE 5, A-1400 VIENNA





INDC«XP)-326/L+F

NUCLEAR PHYSICS CONSTANTS
FOR THERMONUCLEAR FUSION

A Reference Handbook

S.N. Abramovich, B.Ya. Guzhovskij, V.A. Zherebtsov,
A.G. Zvenigorodskij

CENTRAL SCIENTIFIC RESEARCH INSTITUTE ON
INFORMATION AND TECHNO-ECONOMIC RESEARCH

ON ATOMIC SCIENCE AND TECHNOLOGY

STATE COMMITTEE ON THE UTILIZATION OF
ATOMIC ENERGY OF THE USSR

Moscow - 1989

Translated by A. Lorenz
for the

International Atomic Energy Agency

March 1991



Reproduced by the IAEA in Austria
March 1991

91-01324



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.O. Box 971, Moscow, 127434.
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LIST OF SYMBOLS AND ABBREVIATIONS

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

Eyin - energy in the centre of mass system

s(Ep m) - S-factor in the Gamow extrapolation equation

E- - energy parameter in Gamow's equation

o(0,E) - differential cross-section for a given angle 0 and energy E

E x - excitation energy of the nucleus

t\/2 - radionuclide half-life

rm - mean lifetime of radionuclide

T - resonance width for a given level in keV

a,(3,Y - corresponding to alpha, beta and gamma decays

c - electron capture

Jff - total angular momentum J and parity (/)

T - isotopic spin

T e - absolute temperature in degree Kelvin

k - Boltzmann constant

Interactinft particles

a - alpha particle p - proton

T - the ^He nucleus n - neutron

t - triton x - any of the outgoing
particles in a

d - deuteron nuclear reaction

Nuclei: Reaction Products

The following convention is adopted in this handbook for the designa-
tion of nuclei: n n A , where A is the nucleus symbol, and nn the mass number
(e.g. 7Li is the lithium-7 nucleus).



Description of reactions

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

Data types

EXC - excitation function, the energy dependence of a nuclear
reaction

AND - angular distribution

DA - differential cross-section

SIG - integral cross-section

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

ACT - activation

TTY - thick target yield

10



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 11], 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 reaction 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 requires 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 2 £ 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. In 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

3 2 3 7

reactions such as H(p,n), H(d,n), H(d,n) and Li(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



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, gamma rays

and charged particles, or on induced activity. Of particular interest are

raicro-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.

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 S 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 IS 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

atomic nuclei at very high temperatures (of the order of 10 to 10 K),

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 kT ,

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:

where E is the ion energy, and kTe the temperature expressed in energy

units. The reaction rate (the number of nuclear reactions per cm per

second) is expressed as follows [3]:

(1.2)

where m and E are the mass and energy (in the laboratory system) of the

incoming particle, \i = — - — is the reduced mass, m the mass of



the target nucleus, and n 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 [31:

where

3/2 *Te

where P = m /(2kT ); V and HL 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 <<JV>
o

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

must calculate the integral

J <*">„/, fn;^*i,
(1.4)

where the function f_(v ) describes the velocity distribution of beam
o o

particles as they are slowed down, and where V 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 P.. of undergoing a nuclear reaction i + j "on the fly"

(fast fusion):

Pr = f-ext>(-pf.),
J . J (1.5a)

V
(1.5b)

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

dependent on the electron temperature T of the plasma:

\dt Jj ~ V. [mi 3& rne i^yA^ J j (1.6)

(on the assumption that Coulomb scattering prevails).

The probability P.. increases as T and the energy E of
IJ e o

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

He •(• Li reaction) has a probability for slowing down in a lithium plasma

equal to P. . = 0.05 for kTe = 100 keV, and to P. . = 0.21 for

kT = 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 E = 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



include only nuclei with Z < 2 and Z <. 4. This means considering more

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 H + d, H + d and the He + 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 ( Li +• p. Be + p and B + 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 <av>, 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 keV) for those cases where the kinetic energy of the two reacting nuclei

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

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

1.1. The H 4- d interaction

H + d -> a(3518) + n(14O71) + 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

7 4
where large quantities of tritium are produced by the Li(n,n + t) He and

Li(n,a) H reactions, thus guaranteeing the existence of a closed fuel

cycle:

17589.4 keV

6LiLi ¥ n -» a + t + 4782.1 keV

6Li + d -» 2a + 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 H + d interaction

H + d •» T(817) + n(2452) + 3269.0 keV, W = 0.55
n

2H + d -» t(1008) + p(3025) + 4032.7 keV, W = 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 +• d -» a(3518) + n(14O71)

3He + d -» a(3671) + p(14682).



The yield from a complete 6d fuel cycle is then

6d -» a(3518) + <x(3671) + p(3025) + p(14682) + n(2452) + n(14O71)

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 H + t interaction

3H + t •» 5He(174O) + n(8699) •(• 10438.5 keV

-» a(1252) + n(5037) + n(5037) -h 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 bum zone is low (1300 keV)

owing to the escape of two neutrons. The relationship between the neutron

yields from the H + d(En = 14071 keV),
 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 He + d interaction

He + d -» a(3671) + p(14682) + 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 zone and no neutrons

are produced. However, at temperatures below 18 keV the reaction rate of

the H H 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 H + d reaction gradually

decreases relative to the H + d reaction until it reaches a level of 13% at

kT = 100 keV. A reactor with a d- He 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

3He + 3He -» 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 He + d reaction (along with the

H + d and H + 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 He + t interaction

3He + t -» a(4773) + d(9546) + 14320.5 keV

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

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

3He -I- t -• a(1344) + p(5376) + n(5376) + 12095.9 keV

Because of their low concentrations and small reaction rates (in

comparison to the H + d and He +• d competing reactions), these reactions

contribute only a relatively small amount of energy to the combustion ot 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 He + 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 Li + p interaction

6Li + p -» 3He(2296) + a(1722) + 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

6Li + 3He -» 8Be(1845) + p(14756) + 16786.2 keV

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

6Li + 3He •» 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 -» 3a + 20896 keV.

There is a definite probability that the protons will react in flight in the

p + Li 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- Li plasma burn is only

possible in the third stage as a result of the Li f d reaction and the

production of neutrons in the second stage of the Li(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 Li + d reaction accompanied by the emission of a

neutron.

1.7. The Li +• d interaction

6Li + d -» a(11186) + a(11186) + 22371.6 keV

5Li + d •» ?Li(828) + p(4397) + 5025.6 keV

6Li + d -» 5Li(222) + t(37O) + 591.5 keV

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

6Li + d -» 5He(338) + 3He(562) + 900.1 keV

6Li + d -> o(284) + 3He(378) + (1102) + 1793.8 keV

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

Concurrent to the d- Li plasma burn, the H + d reaction produces

protons, tritons, helium and neutrons. At temperatures exceeding 100 keV the

Li -i- d reaction rate becomes greater than that of the H + 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 -» o + p + 18353 keV, and

5Li + p -> a + 3He + 4018 keV.

As a result, the burning of deuterium and lithium-6 can proceed not only

directly ( Li + 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 Li(p,a) He reaction,

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

In the total burning rate, the contribution of the direct Li(d,a) He

reaction decreases with rising temperature: it is 16.3% when kT =• 30 keV,

and 11.6% when kT = 100 keV; the contribution to the local energy yield

from the charged particles is 55.2% when kT = 100 keV.

1.8. The Li + d interaction

7Li + d -» 8Be(167O) + n(13359) + 15029.5 keV

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

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



The reaction rates of simultaneously proceeding reactions between

deuterons and between deuterons and lithium-7 nuclei become equal when

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

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

kT = 160 keV. In addition to catalytic reactions from the d-d cycle (see

Section 1.2), it is also possible to have secondary reactions involving

products of the d-d cycle, namely protons, tritons and heliura-3 with lithium-7

nuclei:

7Li -I- p -» a(8673) + a(8673) + 17346 keV

7Li -t- t •» Be(1044) + n(9394) +• 19437.6 keV

7Li + t •» 2a(886) + 2n(3546) + 8864.1 keV

7Li + t -» 6He(3936) + o(5904) + 9839.5 keV

7Li -I- 3He -» 9B(935) + n(8416) + 9351 keV

7Li + 3He •» 9Be(1120) + p<10081) + 11201.4 keV

7Li v 3He -» 8Be(2352) + d(9409) + 11760.6 keV

7Li + 3He -» 6Li(5331) + a(7997) + 13327.6 keV.

The reaction rates in the interactions of tritium and helium-3 with

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

of the H -I- d and He + d reactions (they become equal only when kT =

340 keV and 490 keV respectively). The presence of lithium-7, rather than

lithiura-6, in the initial fuel mixture, leads to a much more effective

utilization of protons because of the considerably larger reaction energy of

the Li(p.a) He reaction, although the reaction rate of the latter is

much smaller.

9
1.9. The Be -t- p interaction

9Be + p -» 8Be(112) + d(447) + 559.2 keV

9Be -I- p •» 2o(160) + d(321) + 641.1 keV

9Be + p -» 6Li(850) + a(1276) + 2126.2 keV

9
The reaction rates of proton- Be reactions and deuteron-deuteron

reactions are equal at a temperature of kT = 50 keV, and this reaction is

during the second stage of the cycle:

Q in
Be + d -• B(396) -K n(3965) + 4361.4 keV

9Be + d -» 10Be(417) + p(417O) + 4587.5 keV

9Be + d -» 8Be(1252) + t(3340) + 4591.9 keV

9Be + d -» 7Li(2601) + a(4551) + 7151.8 keV

6Li + p -» a(1722) + 3He(2296) + 4018.4 keV

9Be + a -» 12C(475) + n(5226) + 5701.3 keV

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

the cycle:

9 11Be + t -» B(796) + n(8762) + 9558.2 keV

9 10
Be + t -» Be(93) + d(462) + 554.8 keV

9Be + t -» *Li(975) + a(1952) + 2927.3 keV

7Li + p -» a(8673) + a(8673) + 17346 keV

10Be + p -» 7Li(932) +• a(1632) + 2564.3 keV

10B + p •• 7Be(417) + a(729) + 1146.2 keV.

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

reaction channels in the second stage of the cycle. The balanced equation of

the neutron-free cycle is

2 9Be +• 2p -» 5a +• 25139 keV.

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

times larger than the catalytic d-d cycle.

1.10. The U B 4- p interaction

1 1B + p -» a(2894) + o(2894) + a(2894) + 8682.3 keV

U B + p -» 8Be(2863) + a(5727) + 8590.4 keV
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Table 1.1

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

React ion

3lM—«

2H+d — r+n

2H+d — \*p

6Li4 F-r+.

7I.i*p — 2-

6 U * d - 2 .

Cll+d —V3t»n

C';.i+d— 7ll+p

0,

keV

keV

10 30 100 300 1000

I7S89

3269-

4033

10438

10353

14320

I286C

4018

17346

22371

3381

5026

•2558

1793

I5I2I

PI 26

8682

I.I3-I0" 2 2

5.99.KT2 5

5,76-ICr25

5.57-I0"25

I.97-I0"25

I.I6-ICT26

4.B6-I0-3 0

•7.I7-I0"27

6.65-ICT22

,-24

,-24

5,44-10'

4,76-10'

4,59-ICT24

1,32-IC"23

I.I3-ICT24

•28I.̂ B-IO"1

I.02-I0"27

I.44-I0"27

1,38-I0"27

I.02-I0"27

7,24-10'

1.53-10'

,-28

,-27

,-27I.34-10

I.34-I0"27

I.38-I0"28

4.92-I0"27

6.95-I0"25

i.ee-io"26

2.05-I0-25

3,06-IO"25

3,07-IG"25

2,76-KT25

I.63-I0"25

4,61-I0"25

9.75-I0'25

8,77-I0"25

4,06-10-23

8.24-I0-22 4.90-I0"22 2.55-I0-22

2.74-I0"23 7.33-I0"23 I.48-I0"22

2.2I-I0T23 6.0- IO"23 I.22-I0"22

1,95-IO"23 6.34-I0"23 7.94-I0"23

1,67-IO"22 2,eD-I0-22 2.07-I0"22

2,71-ItT23 1,61-IC"22 5.I6-I0"22

6.3I-I0"25 9.92-I0"24 I.2S-I0-22

:,33-I0-23 6.3C-IC-23 I.82-I0"22

5.55-I0"25 3.89-I0"24 4.0I-I0"23

4.84-I0-24 I.56-I0-23 2.8I-I0-23 ;'

8.89-I0"24 4.49-I0-23 I.O4-I0"22 |

9,40-IO"24 4.48-I0"23 I.64-I0"22 |

1,30-IO"23 8.62-IO"23 2.7I-I0"22

5.59-I0"24 3.74-I0"23 I.06-I0"22

2.54-I0"23 2.44-I0"22 I.03-I0-21

7.00-I0"23 2 .2M0- 2 2 2.02-I0-21

5.99-I0"23 I.90-I0"22 I.62-I0"21

4.06-I0"23 2.39-I0"22 3.5O-I0"22

Since a l l other channels are closed, the cycle is neutron-free. However, the

presence of boron-10 in the in i t ia l fuel mixture (natural boron) leads to

another reaction, namely

10 7
B + p -» a(729) + 'Be(417) + 1146.2 keV.

The reaction rate of the interaction of protons with boron-11 nuclei is 3.2

times lower at kT = 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. 14]; it consists of fitting the experimental data with approximating

functions using the spline polynomial [5] of a given degree p in a fixed

lattice:

h " X0 < Xl < • • ' < V l < Xn " Ek

A significant improvement of the evaluation quality was achieved by

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-1 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:

^; j = 1 n r ) , r = 1 N

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

usually the energy) x. is known exactly, and that yT is a function

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

distribution N(0,o.) with a root-mean-square deviation of = fly?. In

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

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

Y/ - 7,' + £/ + b1 (2.1)

j, yc.,

where y. is the actual value of the function which is to be determined;

r .
c. i

.r .

c. is a random quantity which has the distribution N(O,<JT), and

br is a random quantity which has the distribution N(O,fr).



It is assumed that each pair of c . is independent for given

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

values of r. Note that the yC. will not be independent random quantities

because they all contain the same random quantity b . 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 %. = Y. - y. and consider

case A with its associated condition ir. < 5T < &r. + iiv. and case B with

its condition Br < b r < Br + dBr. The probability P(AAB) can then be

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 %. will have a

distribution given by N(Br,aT).

It follows then that

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

P{AAB) = K-exp dojexp— (2.2)

where k is an arbitrary coefficient independent of both 4. and 3 .

Next, let us find the evaluated values of y., which depend on the

random quantities of I-• , but not on b . For this purpose we must find from

equation (2.2) the marginal distribution for the X. array, integrating

(2.2) over 3 from - » to + ». After performing the integration,

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

N
lnP--Y.

z-1

a J

(2.3)

where

We shall now look for yr. as the value at point xr. of a spline

function dependent on parameters a , .... a . 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 {x.}, i = 0 n + 1.

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

of x and x are fixed. In order to find the values of x., it is
0 n + 1 I

convenient to represent the spline function in the form

1
S(X) j, X, ", Xn>

(2.4)

where I + 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 x.

CO



(1 < k < (p + 1)) and is non-zero only in the interval (x^x.^ + p + 2-Y

we shall take the function

(2.5)

where

and where

~ /

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

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

left, beyond x_, and to the right, beyond x ,. As the results of this
o n + 1

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

implemented, for the sake of clarity we can choose

i~X,=

X1-Xo for i<0

for
(2.6)

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

properties, it is only necessary to check that

0

(2.7)

This can be shown by induction on p. Substituting in equation (2.3) an

expression for y. in the spline form from (2.4), we arrive at the

minimization of the function $(c,, .... c.; x., ..., x ) whose

1 X L n

parameters c. are entered bi-lineally; the x. parameters are, however,

more complex. As it is impossible to minimize on x. exactly, we need to use

an approximation method. The authors chose to use Newton's method where the

minimization is performed on the function

Vxl V Vxl xn )

rather than on the function <P, because 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:

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

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

x. -» x.. It can be seen that within these limits one would indeed have a

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 c.. The standard deviation of the spline in (2.4)

can then be found from the equation

(2.8)
D(S(x))= £ COV{ Ct, Cj) Bt{x)- Bj {x)

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

and cov(x.,x.) 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 or and £r are included in the input

data. In most cases they are not, so the values of a. and £ 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

optimum knots were regarded as fixed and used as such?" This shows that the

errors 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

lna(E) =

y(x) = t.Ak(x-x.) *
(2.9)

where A , A , A and A, 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

condition x. <. x < x.

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:

(2.10)

(2.11)

lno{EE) = £ > , ln(-£-)

(2.12)

(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(E(

"I *« exp (2.14)

where the expression for the kinetic energy is E « (m /(nu + mo))E.
c.m. 1 1 2

Here m and m 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 E is defined by the following equation:

(2.15)
Eg-(0. 98948 Z^JA)

1 MeV

where Z and Z are the charges of the charged particles in proton

charge units, and A = A "A /(A + A ) is the reduced mass in atomic

mass units.

Far from nuclear resonances, the astrophysical factor S(E ) is

c. m.
slowly varying as a function of the energy E , and it is convenient to

represent it in the form of the power series

5 S"CQ)-EU
2, (2.16)



where the prime represents differentiation with respect to the energy in the

centre of mass system. Both quantities, S(Ec ) and E 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.

3 4 2 3
In a number of cases, such as for the reactions H(d,n) He, H(d,n) He,

2H<d,p)3He. 3H(t.2n)4He. 3He(d,p)*He and 3He(T,2p)4He, 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:

(2.17)

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

spline function coefficients using the following expression:

(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(d,E) = ±£Lh+tBk-

o(6,E) = o(0°,E)-t Bk-Pk (cos8)

a(Q,E) = o(90°,E) -t Bk-Fk (cosB)

( 2 . 1 9 )

(2 .20)

( 2 . 2 1 )

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

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 (HO) and heavy water (DO) 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 0.000138H

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

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 H(P.Y) He 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 H(p,Y) He reaction was first investigated by Curran and

Strothers [9], The gamma-ray emission from this reaction is in the form of a

single lino with an energy of E = (5.49 + 2/3 E ) MeV. Its cross-section

grows uniformly with energy. Both the angular distribution (which has a

dominant sin 9 term) and the polarization [10] indicate that this reaction

is 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 ray.

At low energies, with E < 0.03 MeV, the integral reaction

cross-section can be described by equation (2.14) using the following

parameters: E = 0.657 MeV and S(E ) = (0.146 + 9.12 E )-10~3 HeV-b.
g c.m. c.m.

In the energy range E = 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 d •>- p interaction

The H(p.p + n) H reaction

The H(p,p + n) H 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

cross-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

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

H(p,p + n) H reaction. A comparison of the evaluated data with the

experimental data is shown in Fig. 3.2.

3.4. The 2H(d.T)*He reaction

Interest in the H(d,Y) He reaction is based on its usefulness

in high-temperature plasma diagnostics [26] for fusion research. This

4 2
reaction, and the reverse reaction He(y,d) H, have been studied at high

energies by various groups of investigators in order to obtain information on

the structure of the He 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.

2 4
Integral cross-section data for the H(d,Y) He 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

H(d,Y) 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:

a(9)= A sin29 • cos39

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: E = 0.98565 MeV and 5 (E ) = 3.865 x 10~3 MeV-b.
g o cm.
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3.5. The H(d.n) He 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 H + 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

parity: this means that their effect on the H + 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 = 1; and therefore, because of the isospin conservation law,

their excitation to the H + d channel is forbidden.

Indeed, there are no signs of any resonance characteristics in the

excitation functions of the H(d,Tf)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

scattering also shows the same results [54]. Accordingly, experimental

results on the H(d,n) He and H(d,p) H 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

anisotropy [32, 34] due to an appreciable contribution from partial waves with

8. > 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 2 3
extrapolation of the H(d,n) He and H(d,p) H 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 H(d,n) He

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 MeV, 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 H(d,n) He reaction. The data from all

references were first converted to s-factors. Then, a first-order spline fit

approximation 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.

The excitation function of the total H(d,n) He reaction cross-

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)3H reaction

This is a mirror reaction of the H(d,n) He reaction and all

properties of their excitation functions are therefore analogous. As in the

case of the H(d,n) He reaction, its total cross-section at low energies,

i.e. E < 120 keV, was approximated with the R-matrix formula whose
d

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 E, > 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 H(d,p) H 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 H(d.p + n) H 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(p.Y)4He reaction

The H(p,Y) He 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 9 = 90*. At this angle, the gamma-

ray energy can be expressed in the form E = Q + 0.75 E , and the

differential cross-section, according to Ref. [63], behaves according to the

expression da/Q(mb/sr) = 3.50 E for (0.1 < E < 2 MeV). Because of

P P

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

a(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 a(E) = 4ira(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

H(prY) He 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

3 4
H(p.Y) He 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 H(p.n) He and H(p.x)n reactions

The H(p,n) He 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] (E = 1.2 to 10 MeV) and Ref. [33] (E = 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 H(p,n) He 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

<{B,m =o(0°,E) • t Bk-Pk(cos6)

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 cross-section in the 2 < E < 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 5H-77..

For proton energies larger than 8.35 MeV there may be production of

3 2
neutrons due to the three-body break-up of the H(p,n +• p) H reaction

(Q = -6.258 MeV); then, beyond E = 11.32 MeV, there is an additional source

of continuous spectrum neutrons from the H(p,2n)2 H 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 H(d.y) He reaction

This reaction has been studied extensively during the last thirty

years. The most important references for it are listed in Table 3.19. In

early research 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 H(d,Y) He reaction and evaluated cross-

section values for the H(d,n) He reaction (see Section 3.11) were

obtained from Ref. [80] in order to arrive at the o(d,y/)/<j(d,n) cross-

section ratio.

3 5 3 4
The reaction cross-section ratio H(d,y) He/ H(d,n) He 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 H(d.n)4He reaction

2 3 2 3

This reaction, together with the H(d,n) He and the H(d,p) H

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 11 to 1.5%, which stimulated a

review of the existing evaluated data for these reactions.

3 4
The behaviour of the excitation function for the total H(d,n) He

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, Jff = 3/2+ and T = 1/2.x

The threshold of the H(d,pn) H reaction is at a deuteron energy of

E "= 3.709 MeV, which corresponds to an excitation energy of the compound

system of E =18.92 MeV. The next resonance, at E = 5.17 MeV, has an

excitation energy of E = 19.8 MeV, with J* = 3/2+ or 5/2+, and

T = 1/2. Because of the level structure of the helium-5 nucleus it is

3 4
possible to obtain a satisfactory description of the H(d,n) He 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 E =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 given in Table 3.21. The spline coefficients are

tabulated in Table 3.22.

Figure 3.9 shows the calculated excitation function of the

3 4
H(d,n) He total cross-section and the experimental data points used in

this evaluation.

3.12. The 3H(d.n + p) H and H(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 < E < 6.2 MeV and in

Refs [91, 92] for 4.8 < E < 11.9 MeV. Reference [92] gives neutron angular

distributions as well as energy distributions at 0°. Whereas according to

Ref. [33] the H(d,n) He 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 H + d interaction, normalized to the

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

3.13. The 3H(t.2n)4He reaction

This reaction occurs in all thermonuclear experiments based on the

3 4
H(d,n) He 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)*He 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

7 3 3

the H(d,n), H(t,2n) and H(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

E < 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

E = 2.8 MeV.

The evaluated curve and the experimental points used in this evaluation

are plotted in Fig. 3.10.

3.14. The H( T . Y ) 6 L J 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 H(T,Y ) Li and

H(T,Y\,) Li 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 H( T , Y ) Li 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.Y)5Li 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-temperature plasmas which contain a mixture of

deuterium and helium-3. For this purpose, the cross-section of the

He(d,Y) Li reaction was measured in the E = 0.048-0.095 MeV energy

range and the results published in Ref. [27],

3 5 3 4
The cross-section reaction ratio He(d,y) Li/ He(d,p) He measured in

Ref. [27] was used to evaluate the He(d,f) Li reaction cross-section with the

help of the evaluated He(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

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

r r
-*i = (4.5±1.2)-10-! and - ^ = (8 ±3)-10"5

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



values for the integral cross-sections were obtained from the following

recommended equation [107]:

.<« •
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where B and B are the corresponding coefficients for the Legendre

expansion of the angular distribution. The values for the B 2
/ B

o ratio are

given in Table 3.29.

The evaluated curve was calculated from relative measurements [104]

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]

(o(0.575) = 39yb). Spline coefficients for determining the total integral

cross-section of the He(d,Y) Li 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 ^-i'^r. = 2

f o r E = 1 0 . 0 MeV T / f f Y Q = 0

f o r E = 2 3 . 0 MeV «T./<»Y0 = 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):

E • 4.726 MeV, S(0) = 1.51 mb-MeV, and S'(0) = 0.01 mb.
5

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

Because this is a mirror reaction to the H(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

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

3 4
properties of the He(d.n) He reaction. These circumstances explain the

analogous behaviour of the excitation functions brought about by the

dominating level J* = 3/2+, T = 1/2, E = 16.66 MeV [108].

The evaluation of this reaction was performed in the same manner as for

3 4
the -H(d,n) He 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

3 4
calculated excitation function of the He(d,p) He 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 He(d.n + p) He reaction

The interactions of fast deuterons with light nuclei (in particular

heliura-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.,
E . =16.58 MeV
thr

He + d — > 3p -I- 2n

He + d — > 2p + n + d

3He +• d — > 3He + p + n E =3.71 MeV

E,. = 12.87 MeV
thr



The differential cross-sections for the He(d,n + p) He 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

The 3He(t.d)4He. 3He(t.n + p)*He. 3He(t.p)5He and 3He(t.n)5Li 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 — > *He + d + 14.31 MeV

t + He — > He + p + n + 12.09 MeV

t + 3He — > SHe + p + 11.2 MeV

t + He — > Li + n + 10.13 MeV

The reaction probabilities for all four channels are practically

constant over the energy range under consideration [1261; 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 He + 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

cross-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 He + t reaction is available only in the narrow energy

range of Efc = 0.1 to 1.0 MeV. At higher energies, measurements have been

made only for individual reaction channels [128]. In particular, results for

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 He(x.Y)6Be reaction

The He + T 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

E, . = 0.86-11.8 MeV; the second extends the measurement of the excitation
lab

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(6) =

1-a •? (cos6). The Legendre polynomial coefficient a, varies between 0.25 and

0.3 7 in the energy range of 12 < E < 24 MeV.

3.20. The He(-r.2p) He 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

H(t,2n) 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.

3T 2 1 . The He(o.Y) Be and H(q.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 [144] that in the He(a,r) Be 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 crI'1
/<rT'o =

0.41 + 0.02, and is essentially constant over the energy range E =0.16

to 1.2 MeV.

A reliable description of the energy dependence of the He(a,y) Be

integral reaction cross-section at "stellar" energies (i.e. E = 10 to
c .m.

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 [144-146] - were used

to determine the energy dependence of the s-factors. In this case the

analytical description of the integral cross-section for the reaction

He(a,Y) Be was obtained from equation (2.14) using the following input

parameters: E = 26.82 MeV, and S(E ) = (0.575-0.44 E +
g c.m. c.m.

0.19«E2 ) MeV»mb for 0 < E < 1.5 MeV.
cm. cm.

The s-factors for the H(a,y) Li reaction were taken directly

from Refs [140] and [147). Since both reactions had been measured in

Ref.—[140], it was possible to use the normalization obtained earlier for the

He(o,y) Li reaction. At the same time, it was found that the cross-section

value for the He(a,Y) Be reaction in Ref. [140] was a factor of 1.54 too

high. After the renormalization, the H(a,Y) Li 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 H(a,y) Li reaction. The parameters that can be used to

calculate the s-factors for the integral cross-section of the H(a,y) Li

reaction are: S(0) = 0.100 - 0.31-E + 0.44^E2mb-MeV; and Eq = 6.735 MeV.

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 E. = 1.07 MeV for
d

Ex(
6Li) = 2.185 MeV.

The approximate curve shown in Fig. 3.16 is based on the experimental

data given in Ref. [148] as well as on theoretical calculations. For

practical applications, the following analytical expression is recommended to
4 6

obtain an approximation of the excitation function for the He(d,Y) Li

reaction
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where

exp -

where E is the reaction energy in MeV and o(E ) is the integral
cm. cm.

cross-section in units of 10~ mb. The uncertainty in the cross-section

varies from 30* at E = 0 . 1 MeV to 15* at E = 0.992 MeV.
cm. cm.

For centre-of-mass energies larger than 0.992 MeV, the following

expression can be used to describe the integral Hetd.f) Li reaction

cross-section in the range 0.922 < E < 9 MeV:
cm.

- e x p [1 .498 • 1.67 4 .A + 0.408 A2 - 0 .3

where

Table 3.1

Energy characteristics of Interaction channels for

hydrogen and h« 11 urn J sotopes

Input
chflnrwl

^ P

^ p

2H+d

hi*i

**H+p

^B+d

^H+d

^H+t
3B+\
hi+t
3He+d
^ e + d
pHe+d
•hie+d
3He+t
3He+t
3H»+t
3He+t

^ a + t
*Ha+t
*Ha+t
^Ha+T
^Ha+T

*Ha+T
*Ha+d

Output
channel

2p+n
*B»+/
3Ha+n

t+p
d+p+a
2p+2n
*He+^

^ a + Z
*H»+n
t+iH-n

'He+a
*He+2n
5L1+?
*Ha+p
•'Ha+p+n
t+2p

^ e + d
TJe+p+a
5Ll+n

5H.+P
7LL+f
6Ll+n

^He+2p
5Ll+p
7Be+7
6 U + T

Eiwrgy,
M.V

5,494
-2,225
23,647
3.269
4.033

-2,225
-4.449
19,814
-0,764
16.700
17.589
-2,225
-2,968
12,308
10,44
11,332
16,39
18,353
-2,225
-1,461
15,796
14,321
12,096
10.13

II.21
2.468

-4,782
11,489
12,860
10,90
1.5876
1,4753

R««ctlon i
product
dtcay

-

-

-

-

- •

-

_

TU— He+n
-

-

Tie —*He+n
-

5L1—p+*He
_
-

-
-

5 U - p + 4 H e

'Ha —n+*H»
-

T«—*Ha+2p
_

iii— p+ an
7Se(/)7Ll

-

0*c«y
•"•rgy.

-

-

-

0,0186
-
-
-

0,89
-

0,0186
-

3,507
0,89
-

1,96
_
-

0,0186

-
-

1,96

0,89
-
_

1,371
_
-

0,862
-



Table 3.2 Table 3.5 Table 3.8

8riof data content of references used in -Hi* evaluation of the

reaction cross-section

Energy
ra r>9*«

Rang* of

e/tgtef,

cleg.

Uncertainty, J

0.024-0,048
0.275-1.750

2,5-3.7
5.0-8,0
9,9-22,6

- 16
6,5-16,0
9,9; 14,8

0; 90
0;45;90;I35

90
90

10-170
32-152
32-152

5-175

Table

ZIO.DJL

ETC,DA

EIC,DA

EIC.DA

AID,DA

AHD.DA

AHD.BA

AMD,DA

3.3

10
10

3
3

10
I
I
2

15
12
-
10
14
3

-
7

M
[12]

EM]
[15]
[16]
[17]

Splirve fit coefficients for the description of the

^H(p,y)^He integral reection cross-section

(The cross-section can be calculated using equation (2.13))

Knot

Ho.

Knot

energy,
KeV

Spline f i t c o f f i .

I
2
3

0.024
0,0502
22.6

-10.390
- 8.927
- 4.494

2
I

Table

,693
,582
0

3.4

-1.382 0,5683 23,34
-0,123 -0.0028 17,77

0 0 6.941

Spline f i t coefficients for the description of the ^H(p,p+fl)
integral reaction cross-section (The cross-section can be

calculated using equation (2.13))

Knot
Ho.

I
2
3
4

Knot
energy,
MeV

3,4
3,897
5,896
39.85

Spline f i t coef f ic ients

xo
-4.657
1,038
3,847
4,815

A 1

93,36
14,17
2,773

0

A2

-554,5
-26,02
-1,514

0

A3

I29I.4
19.72

0.I7I
0

Cross-
section

uncert.,1

10
4
4
5

Table 3.6

Brief data content of references used in the evaluation of the

^H(d,y)4He reaction cross-section

Energy

range,

MeV

Range of

angles.

Uncertainty, 1

random sylten.
Ref

0,05 -20
0.7-1,5

I,4;2;I0; 15
6-19

0,8;I,4; 2,2
4-12,5

6;9;I2

EXC.m
130 .EIC.DA

45 - 135'ACT,DA
135 EIC.DA

0; 45,90 HA
132 ECC.DA

15
5
5

10
30
25

30
15
15
25
80
36

[27]
[28]
[28]
[29]
[30]
[31]

0 - 1 3 2 AKD.DA . 25 36

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

Energy

range.

MeV

Range of

angles,

deg

0,02-0.12
6-17

0,006-0,325
0,012-0,16
0.25-0.825

3-6
0,119-0,294

0.1-1
0,02-0,22
0.5-3,5 •

2-6,2

13.2
0,156-0,466

0,0522; 0,0869
12,305
1-3,5

0,298-0,703
12-18

5,8-13,8
5-10

0.013-0,12
5-12.2

Type of data

Uncertainty, 1

random I syltem.

45-150
0-88

15-85.
90
0-82
0
0

15-60
0

0-90
25-155

6-90
0

20-80
10-10
16-91
20-160
20-160
20-170
20-90
90
0-90

EXC.DA
EIC.DA
EIC,DA
EIC.nA
EXC.M.
EZC.ilC
EIC.SIC
EXC.DA
EXC.SIG
£XC,BA
EXC.I1A

IXD.DA
SIC,SIC
ABB, DA
ASD.DA
ASD.QA
SZC.OA
IXD.DA
QC,HA
ZXC.DA
EIC.SI0
EIC.DA

I
2
I
3
3
2

3.5

I
1.4
2

6
20

2
3
3

0.4

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]

[43]
[44]

K]
T501
[5IJ
[52]
[53]

CO
CO

Brief data content of references used in the evaluation of the

^H(p,p+n)'H reaction cross-section

3
3

E-er,

.47-5

.40-5
8.6
6.5
9,0

,51
,55

lUnge of

0
4 *
0

47
20-152

*'.

EIC.DA
EXC.SIG

DA
SIC

ASD.DA

Uncertainty, I

random

2
4

10
15
6

• y.W

30
12
10
15
6

[201
[2IV
[221
[231
[24]

Table 3.7

Spline f i t coefficients for the description of the 2H(d,Y)4He
integral reaction cross-section (The cross-section can be

calculated using equation (2.13))

Knot

Ho.
rBV.

Splirt* f i t coefficients Crois-
sectlon
unc»rt.,i

1 0,026 -16.83 1.55O-0.157-O.O252 23
2 7.547 _ 9.261 0.520 -0.272 -0.682 23
3 18,92 -9,403 -0-520 o 0 10

Table 3.9

Spline f i t coefficients for the description of the S-fectors for
the Awd,n)'He reaction (The evaluated total cross-sec+ion

of the 2H(d,n)JHa reaction can be calculated using
equations (2.14) and (2.18))

Knot

Ho.

Knot
energy,
MeV

Spline f i t coefficient! S-f»ctor

coefficient

uncertainty,

1 0,005 3,9345 0,022224 0.016557-0,022414 4,6
2 0.008851 3,9484 0,019206 -0,021842 0,018866 4,7
3 0,42334 4.7875 0,69691 -0.12960 0,026336 3,3
4 4,0875 6,0084 0.51538 0.049548 -0.059482 3,4
5 20,0 6,7136 0 0 0 4,6



CO Tabla 3.12

Brief data content of references used in the •valuation of the
2H(d,p)5H reaction cross-section

Energy

range,

MeV

Range, of

angles.

Uncertainty.

randcn system

0.298-0.703
5.8-13,8

0,013-0.12
0.02-0,12

0,006-0,325
0.012-0.16
- 3-II ,5

0,08-1,07
0,2-1,77
0.2-0.5

1-3
12.305

1-3.5
0.052-0,087
0.156-0,466

13,2
10,3

20-160
20-170

4*
45-150
15-85

90
30-170

0-140
10-90
80-170
30-170
21-146
11-85
20-90

90
6-90

I4-I7S

EXC.DA

EXC.DA

EIC.SIC

EXC.DA

ETC,DA

E1C.DA

EXC.DA

EXC.DA,

EXC.W.

ETC,DA.

SXC.IU

AXD.IU

AHD.DA

ATO.DA
nc, sic
AM), DA

AID, DA

2
I
I
3

1.5
2.5
2

I
I

1.4
I

- [48]
- [50]
4 [52]
2 f32]
6 [34]
- [35]
3 [57]

3 [39]
5 [58]
- [59]
2 [60]

0,43 [61]
- [47]
3 [15]
3 M
2 t*3j
5 |B]

Tabla 3.11

Spline f i t coefficient* for the description of the S-fectors for
the ^Htd.pJ^H raaction (Tha evaluated total cross-section

of the ^H(d,p)^H reaction can be calculated using
equations (2.14) and (2.18))

Knot

No.

Knot

energy.
He*

Spline f i t co.f f lc l .nt . S-fector
co.fficl.nt
uncerra i my.

Dlffarantial eross-sactlon at 0° for the 2H(d,p+n)2H raaction
in the laboratory system

Energy,

HeV

Cro«t section,

«V»r
Cross section,
nfc/ir

50
80

120
160
230
290
300

Brief data content of references used In the evaluation of
the H(p,y) He integral reaction cross-section

5,0
5,25
5,50
6.0
6.5
7.0
7.5

0,8
1.6
3,4
8.5

16,0
27,0
40,0

8.0
9,0

10.0
II ,0
14,0
17,0
20,0

T a b l e 3 . 1 3

Energy

range,

HaV

Ring* of

angles. Typ. of data

Uncertainty,

random system.
Ref.

0,46-0,93

O.I -6.2
2; 3.4;4;5.6

3-18
4-II
4-II
5,8-9.2
8;3;I3.6

0-135

90

15-160
90

45; 90; 135
0-135
90
90

AMD,DA

ETC, DA

AKD.DA

EXC.DA

EXC.DA

AND,DA

EXC.DA

DA

0

5
5

10
3
3
5
3

10
10

10
10
15
7

[64]

[63]

[63]

[65]

[66]

[66]

N
[68]

Table 3.14

Spline f i t coeff ic ients for approximating the exci ta t ion function
of the ^HCp.if) He integral reaction cross-section

(Tha cross-section can be calculated using aquation (2.13))

1 0.005 3,9658 0,059150 -0,063862 0,01892 4,3
2 0,16002 4,1914 0,29829 0,13286 -0,031631 4,5
3 0.64162 4,7771 0,48429 0,22627 -0.I007I 3,7
4 1.3855 5,'238r 0,65362 -0,006308 -0.0r.I246 3,2
5 14.0 6,5770 0 0 0 5,5

Knot

Mo.

Knot

energy
HaV

Spline f i t coef f ic ients Cross
section
uncert. ,V

I
2
3
4
5

0,100
2,030
6,599
6.602
17,80

-5,686
-2,655
-2.367
-2.367
-2,988

0.9610 0,0316 -0,0054 6
1,003 -0,9736 0,2801 4

-0.1244 0.0123 -1017,0 3
-0,1249 -1,149 0.6480 3

0 0 0 4

Spline f i t coefficients for the description of the 3H(p,n)3He
integral reaction cross-section

(The cross-section can be calculated using equation (2.10)

Knot

No.

Knot
energy,

Spline f i t coef f ic ient? Cross
section
uncert. ,trt>

I
2
3
4
5
6
7
8

1.2000
2,2000
2,9665
4,0000
5,9817
8,9442
13,375
19,999

218,09
477,40
556,73
485,19
308,40
204,06
147.80
93,109

332,92
469,92
35.174

-532,48
-346,70
-176.87
-143,26

0

243,69
-598,58
-655.82
232.46
229,27
192,82

-109,31
0

-143,73
-286,86
-208.97
-2.6394
-30,195
-250,30
316,91

0

14
15
20
15
10

8
7

10

Table 3.16

Spline fit coefficients for the description of the excitation

function of the 'H(p,n)*He differential cross-section at

0° in the center-of-tnass system.

The energy is given in the laboratory system.

(The cross-section can be calculated using equation (2.11))

Knot
No.

Knot
energy,
MeV

Spline f i t coef f ic ients Cross
section
uncert.,n*>

I
2
3
4
5
6
7
8
9

10
II
12
13
14

1.2000
1,3802
1.5874
1.8258
2.1000
2,6086
3,2404
4,0253
5,0000
6,5976
8.7059
11,487
15,158
19.999

16,2
18.786
22.131
26,237
32.833
52.610
59,948
50.348
35.766
20.805
I4.3i7
16,996
23.265
27.593

16.832
21,137
25.801
35,456
61.859
81.246

-II.759
-65.489
-60,791
-41,577
-4.9026
20,285
20,655

0

4.5464
26,222
7.II3I
61.899
316.34

-226,94
-201,90
-.5,853
4,6181
64,604
67,301
23,832

-22,497
0

51,644
-45,529
130,53
154,69

-835.01
38,497
239,84
174,25
72,214
3.I47I

-52,261
-55,690
15,536

0

3.2
2.7
2.5
2.4
2.0
1.7
2,6
2,6
1,5
I.I
0,9
1,3
1,2
2.1



T.bl. 3.17 Table 3.17 (continued) Table i. 18

Spline fit coefficients for the description of the anergy

dependence of the leoendre polynomial coefficients for

determining the >H(p,n)3Ke differential cross-

section In the center-of-Aass system.

(The Legendre coefficients can be calculated using equation (2.I I))

Energy Is given In the laboratory system.

leoendre

Legendre

coeff . No.
Knot
Mo.

Knot
energy,

Splln. f i t coefficients Legendre

coeff.

uncert. , at>

I
2
3
4
5
6
?

a
9

10
II
12
13
14
15

I
2
3
4 .
5
6
7
8
9

10
II
12
13
14
15

1.2000
1,32^:
1,4720
1,6304
E.82I7
2,0000
2.5317
3.2046
4,0564
5,1351
6.4999
8,6089
11.402
15,100
19,999

1.2000
1,6613
2,3000
2,6664
3.1377
3,6649
4.2806
4,9998
5,8538
6,3538
8,0245
9,3952
n.ooo
14,832
19,999

1.0560
.1,12s*
I.1582
I.I70I
1,1798
1,1440
0.8394
0,7404
0,7536
0,8562
1,0429
I.I6I8
0,8071
0,4443
0,2696

1.1943
0.3935
0,2328
0,1259

-0,1008
-0,4875
-I.I5I8
-0.0421
0,2294

•0.5991
I,0551

-0.5026
-I.5619
-0.9099

0

-8,6483
0,8096

-2,3822
1,3357

-3,5554
-7.4251

4.6068
0.1008
1,0507
0.5178

-1.2023
-1.3414
0.5715
1,7488

0

30.858
-10,414

12,130
-15.958
10,854
17,014

-6,3717
1.3432

-0,7536
1,2708

-3,7240
5,8283
1.3967

-2,5736
0

-0,0761 -1,8985
-0,5569 -1,0369
-0,5829 1,3722
-0,4652 0.3III
-0,4522 -0,0918
-0,4857 -0.3397
-0.5515 -0.4682

-0,6403 -0,7840
-0,7479 -0,7693
-0,8775 -0,6414
-0,8918 0.5972
-0,6918
-0,3976
-0,0129
0.I5II

1,7858
1,6619
0,8726

0

1,2298
1.4188

-5,0372
-1,7956
-0,7987

.-0.7973
-0,0301

1.9028
-1,8096
2,6211
5,2330
2,3051

-I,1188
-1,5252

0

0,1937
4,6813
6,9575
2,1396
0,0030
1,6468

-4.2353

-7,6473
9,3658
5,5210

-6.1889
-11,406
-0,4532
1.4893

0

0,10
0,10
0,10
0,09
0,08
0.07
0,05
0,08
0.05
0.04
0,03
0,05
0.04
0,04
0,08

0,06
0,03
0,03
0,04
0,06
0,06
0,06

0,04
0,03
0,03
0.03
0,03
0,04
0,03
0,05

I 1,2000 0.0132 1,3331 -0,6814 0.1008 0.07

CO

2 2.1909 0,5908
3 4,0000 0,9105
4 4,5594 0,9986
5. 5,1971 1,1040
6 5,9239 1,2120

0,6223 -0,4993 0.5778 0.03
0,6493 -0,1973 2,8578 0.07
0,7446 0,9249 -3,4865 0,07
0,8075 -0.4442 4.4154 0,05
0.9182 1,2897 -12,595 0.05

energy,
MeV

Spline f i t coefficients legendre

coeff.

Differential cross-sections at 0* for the production of a
continuous neutron spectrum in the laboratory system In

p+t reactions

7
8
9

10
II
12

I
2
3
4
5
6
7
8
9

10

I
2
3
4
5
6
7
8

6.7524
7.6968
8,7732
10,000
14.143
19.999

2,1000
3,2404
4.9998
6.0527
7,3272
8,8702
10,738
12,999
16.124
19,999

4,0000
5,3666
7.2001
8,8322
10,834
13.291
16.304
19.999

1,3261 0,6084 -3,6564 -8,9995
1.3229 -O.8II5 -7,1905 11.752
I.II98 -2,0899 -2,5757 8,4497
0.82II -2.3298 3.2729-1.6673
0,3373-0,6620 1,5394-1,5011
0.2303 0 0 0

-0.0036
-0.0695
-0,3624
-0.6364
-0,3607
-0,9835
-0.6946
-0.3543
-0.1097
0.0240

-0,0687
-0,3127
-I.I62I
-1,7734
-1,1359
0.8692
1,8372
1.6583
0,7790

0

-0.5502
-1,0658
-2.1335

5.4696
5,0227
0,0424

-3.I96I
-0.8860

0

0,0439 0.2760 -0.4665
0,1382 0,5479 1,3916
0,3852 1,0173 0,6562
0,5730 0,5886 -2,7543
0,5900 -0,3659 -1,9173
0.4647 -0,7149 0.2095
0.3325 -0,5543 0,5763
0.2345 0 0

-0,4133
-0,6592
-1,8624
13,262

-0,7794
-8.6870
-1,7808
3,5751
0,7018

0

2,1075
-1,3451
-5.5636

1.3654
3,4695
0.5983

-1.0375
0

0.05
0,04
0.04
0,04
0,04
0.08

0.03
0,03
0,02
0,02
0,02
0,02
0.03
0.03
0.05
0,06

0,04
0,02
0.02
0,02
0,03
0.03
0,04
0.05

Continuous spectrum I Two-particle channel

o(E,0°), mb/sr

9,77
10,77
11,77
12.77
13,77
14,77

II .4+0,8

0,91+0.2

2,2+0.1

4,1+0.4

5,4+0.4

8.2+0.4

41.5

27,0

29,2

32,1

35,3

38.4

Table 3. 19

Brief data content of references used in the evaluation of

the 3H(d,Y>5He/5H(d,n)4He integral

reaction cross-sections ratio

Energy

range,

MeV

Type of dete
Uncertainty, i

system

0,04-0,15 mr(d,/)/m(d,iO 3 7 [27)
0.14-0,62 TT1t(4,^)/TTY(<l,ii) 4 12 [79]
0.16-1,4 irr(d , r ) 5 30 feo]

2.0-5.0 rrr(d,r)/TTY(d,n) t27]
0,025-0.1 f^fj. 30 [B$

Mote: TSe differential cross-sec+ion of the 'rl(p,n)3He reaction in the

centre-of-mess system can be calculated using equation (2.20).

Table 3.20

Spline fit coefficients for approximating the
3H(d,r)5rte/5H(d,n)4H« cross-section ratios

(The ratios can be calculated using equation (2.ID)

Knot
No.

I
2

Knot .
energy,
HeV

0,042

5,0

S p l i n e f i t

A 0

5,452

47.6

A 1

0,4267

0

coefficients <x I0"5)

A 2

-1,296

0

A3

0,6385

0

Ratio

uncert

0,85

1.2



CO

o>
Table 3.21

Brief data content of references used in the evaluation of the

^H(d,n)*He reaction cross-section

Table 3.23

Di f fe rent ia l crois-sect lon a t 0° for the production of

a continuous neutron spectrum In the laboratory system

In a JHtd reaction

Energy

range,

HeV

Range of

angles, Type of data

Uncertainty, %

random system.
Ref.

tnergy, Cross sactlo
nb/sr

Enargy,

HeV

Cross section,

*t/tr

0,08-0,116
0,08-0,078

7-16,5
0.014-0.114

5-15.7
&.0I9-0.I2
0.025-0.225

1,5-6
8-16

0,048-0.73
I

0.5-7
0,053-0,8

45-150
45-150
0-132

90
0-140

90
-

0-150
0-145

-
10-140
0-165

KXC.DA
SIC, DA
ETC, DA
ETC.DA
EIC, DA
2XC.HA
ETC.SIG
KXC.DA
EIC.SIO
KCC.SI0
AMD,DA
Etc,DA

EXC.SIC

I
I

1.5
5
3
2
-
3

6.5
5
_

3.5
-

1.3
1.4

2
-
4
4
-

10

5
3
5
8

[82]
rs3j
[33]
[35]
[84]
[52]
[40]
[85]
[86]
[87]
[88]
039]
[90]

3.75
4,03
4,30
4.58
4,82
5,08
5,37
5,64
6.32

0.7
7.2
24
45
72
90

108
120
130

6,84
7.38
7,83
8,33
8,83
9,81

10,89
11.89

Table 3.24

165

175
200
160
150
165
ISO
200

Brief data content of references used in the evaluation of the

^H(t,2n) He reaction cross-section

Spline fit coefficients for the description of the S-factors for the
5H(d,n)4H« reaction (The evaluated total cross-section of

this reaction can be calculated

using equations C2.I4) and 2.18))

Knot

Ho.

Knot

energy,

HeV

Spline fit coefficients S-factor

coeffic.

uncert.,%

0,076-0.116
0,04-0.2

0,031-0,155
0,95-2,1
0,06-1.14
0,2-1

0,04-2.2

20-160
0

0-150
30-120

it

90
0

Table

EXC.DA
EXC.SIC
ETC, DA
ECC, DA

EKJ, SIC

ECC.EI0
ZXC.SIC

3.25

6
-
8
7

10
_

15

5
15
10

7
5

20
10

[32]
[94]
[95]
[93]
f%]
[97]
[98]

Garmw ray angular distribution V(6) for th* (-•action

Chann*I Ref.

T.

r,

2,7
13.1
21,7

13,1
21,7

I - ( I t0 . I )P 2 [99]
I+(0,I6tO,03)P r(0.9+0,I)P2 [100]
I-(I.07±0,07)P2 [100]

I-(0.I4 iO,05)P1+(0.41+0.07) p . [100]
I ( 0 I I 0 0 2 ) P , - ( 0 , 2 8 ^ 0 . 0 4 ) p* p00]

Table 3.27

Spline f i t coefficients for the description of the 3H(T,YO>6l-i

end 'H(T,Y|)*Li integral partial cross-section

(The cross-sections can be calculated using equation (2.13))

Knot

Chann*I
Knot

No.
Energy,

Me<

Splln* fit coefficients
curve
uncrt..t

T.

1 0,005 2.5038 0,021225 0,036332 0.025539 1,98

2 0,069024 3,2719 0,73991 -2,6114 0,65548 1,37

3 0.18022 2,1561 -2,4613 0.597705 -0.046018 1,41
4 1,9177 -0,93401-0.40958 0.27059 0,45441 3,23
5 4.0943 -0.89073 0.78512 -1,1275 0,50776 4,36
6 10.104 -0,72726 0.008837 0.24856 -0 .II7I0 3.34
7 19,000 -0,66320 0 0 0 4.92

Spline f i t coefficients for the description of the S-fectors for the
JH(t,2n)4He reaction (The evaluated total cross-section

of this reaction can be calculated

using equations (2.14) and 2.18))

1 0.4444 -7,704 I.196 0.6031 -0,2108 12
2 11,051 -4,628 -1.458 -1.429 3,035 5
3 20,000 -5,362 0 0 0 12

1 0,510 -6,853 0,715 1.446 -0,494 20
2 4,798 -3,554-0,2555-1.879 157,48 7
3 5.139 -3.529 I.72I 3,450 -4,335 8
4 12.83 -2,386 0 0 0 7

Table 3.28

Brief data content of references used in the evaluation of the

integral reaction cross-section

Knot

No.
•"•ray.

SpliM f i t coefficients

Energy

HeV

Range of

angles. Typ. of data

Uncer+a

random

nty. t l

em. 1
i

S-f»ctor

ccfflc.
uncert.(%

0,05-0,100 135

0,01 182,15
0,068957 175,72
0,37559 161.67
1,6255 379.25
2,680 460,61
4.0 459,95

-5,6435
-10,899

12,255
387.76

-10,706
0

6,3212
-9,0427

22,703
425,84
50,478

0 '

-2,6523
6,2428
47,985

-175,19
-€9,506

0

6.5
5.86
5.75
5,6
5,3
9.3

0.12-4,6
0.17-2,4
0.2-1,2
2.5-8,0

1.13-16.8

90
90
90

30; 130
0-143

90

ZZC.DAi r^T,
E£C,DA; Tsr,
EtC.DA;- t

EtC, DA j ZV,
AMD, DA j T.'T,
ETC,DA j rsrt

0-140 AMD;

15
12
10

7
10
10
8
8

30
30

-
20
40
40
15
15

127J
TI03]
P041

nosi
[106]
[106]
[107]
£07]



Table 3.29

Values of the B2/B0 ratio for the description of the angular
distribution of gamma rays emitted from the

JHe(d,f)5Li reaction

Table 3.31 Icont.i Table 3.34

E(5Li) 18.1 19.5 20.7 23.2 25.7

Bj/Bg 0.03/0.1 0.14/0.08 -0.11/0.07 -O.37/IO.O6-O.53/O.I6

Table 3.30

Spline fit coefficients for the description of the
*He(d,f)*t.i total integral reaction cross-section

- (The cross-section can be calculated using equation (2.13))

HaV

5.9-13,7
10

2.8-11,5
0,2-2.15
0.1-0.8

0.387-1.46
17-44

Rang, of

12-170 AXD.DA
130-170 AID,DA

30-160 Etc,DA
SZC.SIQ

0-140 ECO, DA
90 ECC.SIQ

5-175 HC.De.

Table 3.32

IMc.rt.l

rmndcn

2,5
I

2
3
-

—

nty, I

5

0,33
3
5
6

5
3

Brief dat

K,l.

[120] t""-tr

•fel] '""•
[T?T] "••
[109] 0.15-0.97

[122] 1,0-1,5
[123] 0,5-1.1

[124] 0,1-0,8
0,3-0,8
0,7-3,8
2,7;3,6

1 content 01 references used in the eva luation

Ĥ+̂ He inTegrai reacnon cross-secTions

Rang* of
angtas,

d .g

90

0-160

0-170
90

I0;90

0;40
0-140

Typa of data

EIC.riA; d . n

AND,DA; d

AMD,DA; d . n

3CC,DA; d . n

E t c , D A ; i

EXC.DA; 5 U
AID, DA; 5Li

Uncartai

random

6

1.5
2
5

1.5
2
2

nfy, I

systam.

20

7
5

20
-
10
10

of the

Raf.

£27]

t28]
[126]

&29]
&30]
£31]

[I3IJ

f » t
kin
to .

I
2

3
4
5
6
7

8

Energy,
MeV

0,048
0,1700
0,4646
1,270

4,724
7,722

11.39

T6.80

-8
-4
-3

-3

-3
-2

-3

-3

Spline f i t coefficients

k0

,855
,533

.301
,596

,276

,960

.073

.195

A1

3.198
1.721

0,1114
0.6287

0,4864
0.6297

-0,6864

0

1

"2 11,214

0.II93
-1,720
-0,7712

0,6629

-3,714
0.3282

0

Table 3.31

-I.011
-0,6098

1.311
0,3639

-0.7017
3,467

1.619

0

Cross-
section
uncert.,J

14
6

4
3

3
3

3
7

Spline fit coefficients for the description of the S-fectors for
the *He(d,p)*He reaction (The evaluated total cross-section

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

Brief data content of references used in the evaluation of the
)*He reaction cross-section

Energy

rang*.

Rang* of

•nglef,

Uncertainty, X

fef.

0.012-0,3
14,6-39.9
0.38-0,58
0,1-1,5

0.25-3,56
10,215-160

2,23-13
0,2-1,5

0.029-0.044
0,036-0,093

10-18
3-10

30-160
10-165

16.3
90

18-150
15-160
20-170
0-90

48-128
90

15-45
30-150

ECC,DA

DC,DA,

ECC,310 '

EZC.SIG

ECC,DA

AJTD.DA

SIC,DA

SIC,DA

ECO, DA

ECC,DA

ECC,DA

ECC, DA

I
I
-

-
-
5
2
2
-

2
_

_

6
10

10

5
7
-

-

3,5
10

4
5
—

[34]

[112]

[113]
ffl4]

Ens]
[H6J

[HCO

tifl
[52]

[119]

&ll]

Knot
No.

Knot

NeV A0

Spllix

A1

f i t 0oafficiantt

A2

S-fac+o

"«.rt.

Table 3.35

Spline fit coefficients for the description of the 3He*t integral
reaction cross-section (The cross-section can be calculated

using equation (2.I3>)

I
2

3
4
5

6
7
8

0,01
0.039385
0,19970
0,38695
0.99510
3,1628
9.2313
20,0

8,7403
8,7854

9.3447
9,7600
7,7739
6,5914
6,5550
6,4216

0,0035619
0,071135
0,83533

-0,65421
-1.6347
-0.32091
-0,19308

0

Table 3

0,014882
0.034413

1,3109
-3,5627.
0,45197
0,68420

-0.56486
0

.33

0,0047493
0,082523

-2.4558
2,1482
0,066942

-0,38870
0.76488

0

4,5
2.3
1.7
1,5
1.9
2,0

1.4
3.2

Differential cross-section at 0° for the 3He(d,n+p) 5He
reaction in the laboratory system

En«rgy,

3.89

4,14

4,40

4,66

4,81

4.95

0,11
0,27

1,07

2.II
2,71

3,49

5,08
5.22

5,35

5,51

6,91
7,82

4,23
4,67

5,56

6.01

33.1
41.0

8,85
9,88

10,85

II .9
18,6

57,0
69.2

89.2

109.1

190.0

Knot

No.

Spllrv. f i t co. f f lc l .nt i Cron
section

I

2

0

I

.1000

,521

- I

4

,760

.062

5,759

0

Table 3.

- I

36

,921

0

0 .2173

0

9

4

.6

,2

Differential cross-section at 9=90° for the
reaction

Enargy,

HaV ub/ir

Enargy,

HaV Vb/tr

0,86
1.40

1,72

2,20

3,01
3,83

4,62
5,66
7,72

9.77

10.78

0,032
0,061

0,077

0.143

0,200
0.278
0,326

0,374
0.526
0,624

0,700

11.74
13.74
14.69

15,73
16,83
17,38

18,94

19,99
20,82
21.88
22,77

23,83

0,770
0,800

0.84

0,91
0,90

0.92
0.97
1,03
1.09
1.14
1,07
1,01



CO
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Table 3 .37

Brief data content of references used in the evaluation of the

'He(T,2p)*He reaction cross-section

E«.rBy

Ha*

0.3-6
17.9-24
0,06-0.3
0,2-2,2

0,45-1,5
0.036-0.7

Ranoa of

Typ. of data

ac,u
KXC.Sl

90 HC.SI8

30-140 nc.nA.

0-135 iXD.DA

30-140 HO, 310

Table 3.38

Unoartai

randan

5

4

6

2

5

"ty. I

.y.t- .

10

4

20

6

7

3,5

Rat.

636]

B
[134]

[123]

[135]

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

the 5He(T,2p)4He reaction (The evaluated total cross-

section of -This reaction can be calculated

using equations (2.14) and 2.18))

Splln* f i t oo*ffIclantt

1 0,040 5264,56-48.2137-6,74799-16,8251 3.44

2 0,303255 4999,35-282,675-108.995-208,334 3,29

3 0,428087 4880,41 -432.Ill -308.414 143,609 3,34

4 1,6228 4082.15-472.513 278,771 619.432 5,23

5 5.20028 4808,65 2550,44 -6786,64 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

^HeCa.Tfl'&e and ̂HC<«,1f)̂ Li reaction cross-sections

Energy
rang*.
Ha»

0,5-1,3
0,42-5,8
0,37-0,56
0,25-2,95
0,25-2,95
0,37-2,73

2.09
1,22

0,5-1,9
1.6

Hanoa of
anglai.

90

4

90

90

39;90;II6

90

4

0

90

0;45;90;I3S

Typa of dat«.

Raaction nu*b«r

SIC,D1;1,2

EIC,SIG| 1

ECC,M; 1

EIO.IU, 1

um.OAi i

£XC,ni| 1

I

I

nc ,n i | 2

AJ£D,IU| 2

Uncanfa

ranon

6

3

5

15

15

3

-

-

5 .

5

»t». t

iy«tara.

30

1 0 •

10

20

20

7

4

8

15

15

C"o]
&4I]

542]

[143]

[143]

544;

[145;

£46]

[147]

[147]

a, «*, M*

O'

Energy dependenc* of the in tegra l proton r a d i a t i v e capture

c r o s s - s e c t i o n of d*u t« r lua . Spl ine f i t given by continuous

curve . C x p e r l m n t a ! data : "J - C I I J , • - ( I 2 J , « - [ I J J ,

O - [ I 5 J . O - t l 6 ] , • - [ 1 8 ] .

10' E, NaV

Energy dependence of the in tegra l 2 H(d ,T ) 4 He react ion

c r o s s - s e c t i o n . Spl ine f i t given by continuous curve.

Exper i /wnta l da ta : 4 - 1273, o - 129], O - [303 .

t/' £. He» 10 '0' £, M.«

Energy dependence of the in tegra l deuteron break-up cross-sect ion

In a d-p I n t e r a c t i o n . Spline f i t given by continuous curve.

Experimental da ta : o - [ 2 1 ] , x - [ 2 5 ] , 4 - [ 2 5 ] .

Energy dependence of the in tegra l 2 H(d,n) 3 He react ion

c r o s s - s e c t i o n . Spl ine f i t given by continuous curve. Experimental

da ta : • - [ 5 2 ] , • - [ 5 4 ] , <> - [ J 9 3 , a - [ « 2 ) , • - [ 5 1 ) .
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a, *

900.

WO

boo

200

100

AIX
/ \
f N. *

KJ"

i. 10 E. «.*

Energy dependence of the Integral ^HCd.p)^ reaction
crost-tection. Sol I n . ( i t given by caniimiout curv*.
Exp.rim.nt.I 4 . t«: • - [32), • - [54], • - [48], 1 - [57],
Q - [60].

Energy ctop.nd.nca of the integral ^H(p,n)^He reaction
cross-section. Spline f i t given by continuous curve.
Exp.rim.ntaI data: 7 - [211, t - [ » ] , o - [ 7 1 ] , - - [72],
x - [73], • - [74], D - [75], • - [76].

Energy depandenc. of the int.gral 5H(d,n)4H« r.action
cross-s.ctton. Splin. f i t giv.n by continuous curve.
Experimental data: • - [33], 4 - [ 35 ] , I - [40], o - [52],
x - [B2], • - [83], 1 - [87], O - [89].

o, «*>

I E, H.I

Id1

O>

a' E,

f ' n . 3.6. Energy dependence of the Integral 5H(p,T)*He reaction
cross-section. Spline f i t given by continuous curve.
Experimental data: • - [63], 4> - [65], D - [66], • - [68].

Energy dependence of the JH(d,r)5H«/3H(d,n)4Ke reaction
cross-section ratio. Spline f i t given by continuous curve.
Experimental data: • - [27], x - [ 7 9 ] , • - [80], • - [27).

Energy dependence of ttie integral 'H(t,2n)*He reaction
cross-s.ction. Spline f i t giv.n by continuous curve.
Experimental data: • - [32], 4 - [95], o - [96).

03
CO



a, • *

a1-

» E, MaV 10*

Energy dependence of the exitat ion functions of the par t ia l
5 H ( t , Y o ) ' l . l reaction c ron- iec t lon (left-hand scala) ,

and of the 3 H ( T , Y 0 » Y | ) * I - I reaction cross-sacfIon

(rtght-hand scale) . Spllna f i t givan by the continuous curv

Experimental data: x - [99} , o - [100] , + - [1021.

Flo. } • ! ? . Enargy dcpanoanca of tha intagril 'Hatd.pJ^H* raactlon

cross-saction. Spllna f i t givan by continuous curva.

Exparimantil data: • - C34J. X - [110], 1 - [ I I I ] ,

• - [ 1 1 2 ] , • - [114] .

Enargy dapandanca of tha integral 'Ha(T,2p)*Ha reaction

cross-section. Spllna f i t givan by continuous curva.

Experimental <tttti * - [123], x - [ I M ] , o - t J35J, O - [ 1 ) 6 ] ,

• - [137] , O - [158].

o~,ub

V E, H.» I. H.» . K.V

En*rgy d«p«nd«nc* of ttt« Int«gr«l ^H*(d.'Y)^Li r*action
cross-s*ctlon. Spltn« fit givan by continuous curv*.
Exp«rlmant..l data: + - [27],+ - ClOJJ, 0 - 1104], o - [105],
x - [106], A - [107].

Energy tfependonc* of th« total integral ^H«(t,x) cross-section
for tti* Interaction of helium-3 and tritium. Spline fit given by
continuous curve. Experimental data: x - [126], Q - [127].
4 - [128], + - [129].

Fig. V I 6 . Energy dependence of the integral 4He(d,>f)Hl reaction
cross-section. Spline fit given by continuous curve.
Experimental data: x - [146].



4. CROSS-SECTIONS FOR THE INTERACTION OF LITHIUM NUCLEI
WITH ISOTOPES OF HYDROGEN AND HELIUM

4.1. Basic data

Lithium: atomic number - 3

atomic mass - 6.939

Isotopic composition: lithium-6 7.52%

lithium-7 92.48%

Density: 0.534 g/cra at 20"C

Melting temperature: 180.5"C

Fields of application: nuclear technology, production of tritium

through the Li + n — > H + He reaction in the shielding of nuclear reactors

(the thermal neutron absorption cross-section in Uthium-6 is 945 ba m s ) .

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)7Be 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 + 507. mb at E = 8 MeV.

P

An evaluated contribution of 30 mb by the ground state channel

( Li(p,n ) Be) 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

Li + 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

L.i(p,n) reaction reported in Ref. [151] and normalized them to the

recommended value of the total cross-section at E = 8 MeV, a value of 70 mb
P

at a proton energy of 11 MeV could be inferred. Taking into account the

systematic variation of the detector efficiency for the measurements reported

in Ref. [151], which decreases from its initial value at E = 2 MeV to 75%
P

of that value at E = 9 MeV, an evaluated value of 100 mb at E =11.6 MeV
P P

for the 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.



4.4. The Li(p.a) He reaction

The total cross-section of this reaction, measured in the E energy
P

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 ) = S(0) • (1 + aE + bE 2 ) where S(0) = 3.145 MeV-b;
c .m. c .m. c .ra.

a = -0.70 MeV"1; b = 0.06 MeV~ ; and E = 6.521 MeV.

In the energy range 0.02 < E < 14 MeV, values for the integral

Li(p,a) He 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

6 3
spline curve for the Li(p,a) He reaction and the experimental points used in

the evaluation are plotted in Fig. 4.2.

4.5. The Li(d.n) Be reaction and the total neutron production

cross-section in the Li + d interaction

In view of the fact that the 6Li(d,n)7Be and the 6Li(d,p) Li 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-sections 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

Li(d,n) Be reaction in the energy range E. < 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 sharply 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

Li + d interactions given in Table 4.9 are based exclusively on the data

given in Ref. [172].

6 7
4.6. The Li(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 Be + 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



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 o(E)dp /o(E)dp and <j(E)dn /o(E)dn

6 7 6 7
for the partial Li(d.p) Li and Li(d,n) Be 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: E = 13.23 HeV; dp :

S(Ec ) = 28.3(1-6.

o(E) =^S

GO

20Ec ^ ) MeV'b; and dp^ S(0) = 3.2 MeV-b.

A more exact extrapolation can be obtained by using an equation

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

gOg ^ -1
• c c • c c J (4.1)

0 2 2
where Sc(E) =

 S
C<

E) - B c:
 P

C
( E ) = P C

/ ( F
C
 + G

c
) l w h i c h is the penetrability

of a hard Coulomb sphere of radius r; S (E) = P (E) • [F •T ' + G -G ' ]
c c c c c c

is the displacement function; and F , G , F ' and G ' are the regular and

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

function curve for the integral Li(d,p ) Li and Li(d,p ) Li reaction

cross-sections are given in Fig. 4.4 and Fig. 4.5 respectively.

4.7. The Li(d.t) Li and Li(d.-r) He 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 x-particles are observed in the form of continuous spectra.

The integral tritium production cross-section of the Li(d,t) Li

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): E = 13.2 MeV and S(0) =

23.0 MeV-b. 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-
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sections for the mirror reaction Li(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 (E =

d

15 MeV) in Ref. [181]. 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(d.q)4He reaction

Of all possible alpha producing reactions, this reaction has the

highest energy yield and is therefore of great interest for thermonuclear



fusion. It is not surprising therefore that it has been studied by numerous

authors and over a 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 TSble 4.17,

was constructed over the energy range for which experimental data are

available, namely E = 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): E = 13.32 MeV and S(0) = 7.222 MeV-b.
g

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, E < 100 keV, can be described very well by
d

the parameters E = 13.32 MeV and S(0) = 25.1 MeV-b, which are accordingly

recommended.

4.9. The cross-section for the formation of neutrons and beryllium-7 nuclei

6 6 7

in the Li(t.x)n and Li(t,2n) Be 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)8Be + 10.44 MeV and 6Li(t,2n)?Be + 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 Li + 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): E » 17.56 MeV and S(0) = (1.78 +

0.27) • 10~* rob-MeV.

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

Li + t interaction. Because of the endothermic character of the

Li(t,2n) Be reaction, it is not essential to describe the behaviour of

the excitation function at low energies. Therefore, the total cross-section

of the Li(t,2n) Be 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.



4.10. The 6Li(t.p)8Li reaction

Measurements of the total lithium-8 production cross-section of the

Li(t,p) Li 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

ft 8

cross-section of the Li(t,p) Li reaction (Fig. 4.9) reveals a distinct

resonance at E = 4.4 MeV which corresponds to the compound nucleus

9
excitation energy of E( Be) = 20.6 HeV. Another excited state, with an

9
excitation energy of ( Be) = 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

,1/2

O1

following expression:

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

(t ft

dependence behaves as 1/E. An excitation function for the Li(t,p) Li

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

A ft

Li(t,p ) Li 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(6) = B P + B P (cosO))

o o 2 2

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

production cross-section can be expressed by

a(E) = 4iro(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.

4.11. The 6Li(t.d) Li 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 L K t . d ^ Li total

cross-section was extended to the region below 2.7 MeV by means of the

following expression:

a(E) = 9000/E.exp(-(26.4/E)1/2)

This curve is shown in Fig. 4.10. The evaluated curve for the

6 7
cross-section of the Li(t,d ) Li reaction, leading to the ground state



of lithium-7, was arrived at by using data for the inverse reaction

Li(d,t) Li published in Ref. [179]. The conversion of the data was done

with the following relationship based on the principle of detailed balance:

o(E)dto(E)td • ° - s < W

where k is the wave number of the relative motion in the Li + t system

and k the corresponding wave number for the Li + d system.

Since the cross-sections of the Li(d,t) Li reaction were derived

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

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

deuterons. In this case, 0.5(k./k.) = 0.64286 - O.82O7/E. and

t d d
E. = 1.666 7E. - 1.4985, where E is the deuteron energy in the
t a d

laboratory system.

Using this conversion, it has been possible to evaluate the

cross-section for the Li(t,d ) Li 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

function for the t,d reaction channel.
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4.12. The Li(r.n) B reaction

The total cross-section for this reaction, which has been measured

[168, 197] from threshold to an energy of E( T ) = 3.5 MeV, exhibits a

tnonotonic increase up to a value of 4.3 mb, which it reaches at 3.5 MeV. The

total 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 6Li(T.p) Be 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:

ft ft
- the production of beryllium-8 in the Li(T,p) Be reaction;

- the production of lithium-5 in the Li(x,a) Li reaction;

6 4 4

- the three-particle break-up in the Li(r,p) He + He 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
ft ft
Li(t,p) Be 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.

6 8
At low energies, the integral cross-sections for the Li(i,p) Be

6 8
reaction leading to the ground state, and for the Li(x,p ) Be reaction

leading to the first excited state can be described by Eq. (2.14) using the

following parameters (centre of mass): E = 71.25 MeV;

P :S(0) = 14.0 MeV-b; and P.:S(0) = 35 MeV-b.
o 1
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The cross-sections for the (x,p) Be 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 Li(T.d) Be reaction

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



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. [200].

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(T ) = 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 Li(r,d) Be 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 berylliura-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 berylliura-7

nucleus [200]. Table 4.30 gives spline coefficients for a curve approximating

6 7
the summed integral cross-section of the Li(t,d) Be 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): E = 71.25 MeV

and S(0) = 2144 MeV-b.
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4.15. The Li(p.r) Be 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+, E =

3.04 MeV) states accompanied by the emission of gamma rays with energies of

17.2 + (7/8)E and 14.3 *• (7/8)E MeV respectively, where E is the energy of
P P P

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:

E = 441.4 keV, 1 = 1, r. . = 12.2 keV, J* = 1 + and u-r = 9.4 eV.
res p lab Y
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For convenience, the cross-section of the LiCp.y) Be 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.

4.16. The Li(p.n) Be reaction

Because of its high neutron yield, !-he 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 narrow

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 Li(p,n +• a) He. The contribution of

these spectral neutrons increases gradually and reaches 401 to 501 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

E < 4 MeV energy region. These data, supplemented by information from
P

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 L.i(p,n ) Be

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 pn /pp , 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 Sef. 1213]. The evaluated integral

cross-section curve for the Li(p,n ) Be 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 Li(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 Li(p.n) Be reaction. The resulting neutron yield data are listed in

Table 4.36, and the excitation function for the summed integral yield of

neutrons from the Li(p,n) Be reaction is plotted in Fig. 4.18.
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4.17. The Li(p.q) 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

7 4
development of controlled fusion, the Li(p,a) He reaction, as well as its

4 7
inverse, the He(a.p) Li 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

7 4
performed to study the Li(p,a) He reaction can be divided into two groups.

The first 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



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: E = 7.765 MeV,
O

S(E ) = 65.0(1 + 1.82 E - 2.51 E 2 ) HeV-mb.
cm. cm. cm.

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

protons with lithiiim-7 nucLei

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

by the following three reactions:

1. 7Li(p,t)5Li

2. 7Li(p,t)4He + p

Q = -4.434 MeV

Q = -2.468 MeV

3. 7Li(p,p)7Li — > *He + t Q = -4.6 MeV

Inasmuch as the only information available for the evaluation of the

•T

Li(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 Li(p,t) Li 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

7 4

Li(p,t + p) He 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 Li(p.x) H reaction can be

described analytically by the expression

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

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

The production of neutrons in the Li + 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

Li + 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 Li(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 E. = 2.8 to 11 MeV (see Table 4.39).
a

The absolute value of the cross-section data from Ref. [172] was found

by using the ratio method with the Li(p,n) Be reaction; this procedure

introduces an uncertainty of i 15%.

An analysis of neutron angular distributions [231, 232] from the

various Li + d reaction channels for incident deuteron energies smaller

than 2 MeV indicates that values for the total Li(d,x)n cross-section can

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

90° by 4*.
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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 4ir factor. The

excitation function of the Li(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 production

cross-sections and the partial integral cross-sections for the production of

the first excited state of beryllium-7, based on the data published in

Refs [169] and [171], are tabulated in Table 4.41.
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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 241, 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 Li(d,p) Be 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

Q O

excitation function of the Li(d,p) Be 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 extremely scarce.

Measurements of the total integral tritium production cross-section in the

Li + d interaction, measured from threshold to E. = 4.71 MeV, were

d
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

7 6
Li(d,t ) Li (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 E. = 12 MeV is 66.5 mb. If
d

we assume that the contribution of the partial cross-section corresponding to

the ground state of the lithium-6 nucleus is approximately 30H 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 E. = 12 MeV is 200 mb.
a

7 9

4.22. Evaluation of the intesral Li(t.p) Li 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].



CJl

7 9
The references used in evaluating the integral Li(t,p) Li 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.

7 3
4.23. Evaluation of the integral Li(t.d) Li reaction cross-section

The spline curve which describes the excitation function of the total

7 8
lithium-8 production cross-section for the Li(t,d) Li 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: Li(t,d ) and Li(t,d ).

7 6
4.24. Evaluation of the partial intesral Li(t.q) He reaction

cross-sections

7 6
The helium-6 nucleus which results from the Li(t,a) He 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 Li(t,o) He reaction is given in Table 4.48.

The angular distribution of the alpha particles is isotropic for the

Li(t,a.) He reaction channel at low reaction energies, and is subject to the

W(6) = A + Bcos (6) dependence for the Li(t,a ) 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. E = 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 distribution is

isotropic, data from Refs [244, 249] were used to determine the integral

partial cross^section for the Li(t,a ) He 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]. In the

7 6
3.0 to 10.0 MeV energy range, the excitation function of the Li(t,a ) He

reaction channel cross-section (leading to the first excited state) was

derived from the energy dependence of the integral partial Li(t,a) He

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 Li(t,aQ) He reaction channel

in the energy range E = 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 Efc = 0.055 MeV [244], and



Ul E = 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 Li(t,a) He

reaction can be extrapolated to lower energies - E S 0.055 MeV - by means of

.1/2,

the following expression:

o(E) = (19827/E) exp[ - (26.5/E)"'"] rab

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

in the interaction of tritium with lithium-7 nuclei

The Li(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: 9Be + n + 10.455 MeV

2. Multi-particle channel: 2*He + 2n +• 8.865 MeV

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

energies can be approximated by the following expression [251]:

28.09

A spline fit in the energy range E i 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.

7 9
4.26. The Li(x.n) B reaction

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

E =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 listed in Table 4.53. Neutron angular distributions corresponding to the

ground state of boron-9 in the energy range E = 1.5 to 5.5 MeV are

reported in Ref. [252]; Legendre coefficients for these distributions, and

7 9
the integral cross-sections for the Li(-r,n ) B reaction, are

tabulated in Table 4.54.

4.27. The 7Li(t.p)9Be 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 E = 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. In the range from E = 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 ?Li(T.d)8Be 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



the energy range E = 1.0 to 2.6 MeV, were reported in Ref. [257]. In

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 d and d deuterons for energies of E =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 d deuteron yield obeys the (2J + 1) rule.

This substantiates the assumption that compound nucleus processes contribute

7 8
considerably to the LiCr.d) Be reaction. Reference [254] shows that

for a T energy of 10 MeV:

a(3He,d ) = 5.0 + 0.6 mb, and o(3He,d ) = 25 ± 3 mb.

4.29. The LKr.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 7Li(T/q)6Li 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 E = I 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 a groups exhibit substantial forward

peaking at angles Larger than 160° which indicates the presence of a cluster

structure ( He + 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 Li(r,o) Li

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

Li(q.n) B reaction

This reaction, which leads to the ground state of the boron-10 nucleus,

is the inverse of the B(n,a) Li 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 Li(a,n) B 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



Table 4.1 (continued)

CJ1 results published in Ref. [265] which had been lowered by the authors by 10T.;

this corresponds to the discrepancy in the cross-section values of the

Li(p,n) Be 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.

7 10
Values of the evaluated total integral cross-section of the Li(a,n) B

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.

Table 4.1

Energy characteristics of individual channels for the interaction

of hydrogen and helium isotopes with lithium nuclei

Input

Chsnnm1

Sll+p"
6 U + p
6Li+p
6Li+<l

"Li-Hi
6Li+d
^li+d
6Li-Ki

Output

Cnenne1

7 B « + r

TJe+n

7Be+a
7Li+p
*He+t+p
t+ 5 Li
3He+5He

Energy

In K.V

5,6064
-5,070
4,020
22,282
3,3818
5,026
2,559
0,59
€.90

Reaction
product

7Be(f)7Lt

-
8B«—24He
7Be(O7Li

-
-

^Li — *B«+p
'Ht — THe+a

Decay

Energy
In MeV '

0,8618
1,372

-
0,092
0,862

-
-

1.97
0.89

6Li-Hl 22,374

Input

Charm* |

6Li-rd
6Li+t
6Li+t
6Li+t
6Li+t
6Li+t
6Li+t
6Li+t
6Li+C
6UL+r

^li+c
6Li+r
6Li+*
^Li + rf.
7Li+p
7M+p
7Li+p
7Li+p
7Li+d
7Ll+d
7Li+d
7Li+d

7Li+d
7Li+t

7Ll+t
7L1+*
7U+t
7Ll+t
7Li+*
7 L i + l
^Ll+T
7L1+T
^Li + T
7 L i + f
7T.

Output

Channel

a+TJe
*+5He
p+8Li
2a+7Be

d+7Ll
9 B + _

^ • f a

TBe+p
5Li+<*
7Be+d

1 0 B + r

a+^B

7Be+a
^Li+t

9Bc+j"
8 B e + n

7Be+2n
8L1+ p
^Li+t
10B«+r
'Be+n
6 a i + r f

9Li+p

I 0 B + r d

*B+a

7Be+t

Energy

In HeV

1,795
16,024
15,22
0,801

-2,876
-3,488
0,993

16,601
-1,975
16,786
14,91
0,112

-4,307
4,460

-3,977
17,254
-1,644
-4,43
17,346
16,695
15,030
14,23
-3,869
-0,192
-0,993
17,250
10,438
9.839
8,772

-2,386
-4,225
17.788
'9.351
II .201
11,761
-0,881
13,321
-2,790

Reectlon
product
decay

-

8Be-2«
^ • - f a e + a
8Li(/')^Be
7Be(O7Li

—
9 B—^e+p

8 Be-2oc
'Li — p+o<
7 Be(£) 7 Li
Se—*He+2p

-
9B^83e+p
8 B e - 2 «
7B.(£)7Li
Li—p+ot

-

-
8Be^2rf
5He—*He+a
7Be(O7Li

•

10B«(fl")10B
-

8 Be-2«
9Li(/-)9B«

_
9B _83,+p

-

Ta-»2ot
7Be(£)7Ll

-

Decay

Energy

In MeV

-

0,092
0.89

16.006
0,862
3,507

-
0.185

17,979
0,092
1.97
0,862
1,371
-

0,185
0,092
0,862
0,89

-
-

0,092
0,89
0,862

16,006
-

0,557
-

3,507
0,092

13,606
16,006

-
0,185

-
0,092
0,862

-
-



Table 4.2

Spline f i t coeff ic ients for the description of the 6 L i (p ,^ ) 7 Be
integral reaction cross-section (The cross-section can be

calculated using Eq. (2.13))

Table 4.4 (continued)

Knot
no.

I
2
3

0
0
I

Knot

anargy

In HaV

.157
,345
.174

-8
-6
-5

.471
.314
,663

Spllna ( I t

A1

5,622
1,055

0

T a b l e 4 . }

colliclanti

h.
-5,182
-0,623

0

A3

1,931
0,160

0

Croft
lactlon
uncart..1

15
7

14

Ratios of partial cross-section values for the ° l i (p.Yo)'B«

and 6Li(p,Y|>7B« reactions

Energy

in MeV

0.4
0,5

•0,6
0.7

2
1.6
1.6
1.8

Table 4 .4

Energy
in MeV

0,8
0.9
i.o
I.I

1.7
1.6
1.7
1.7

Integral neutron production cross-sections of the
Li(p,x)n reaction

Energy
in MeV

Crois
S«ct.

Uncertainty Enarjy
in «e»

Crotl
S.ct. Uncertainty

5,700
5,800
5,900
6,000
6,100
6,200
6.30C
6,400
6,500

0
2
5
8
9

I I
14
16
18,

.00

.10
,30
.40
.40
.80
.00
.10
,20

0,00
0,00
0,50
0,80
0,90
1,20
1,40
1,60
2,00

6
6
6
7
7
7
7
7
7,

,700
,800
,900
,000
,100
,200
,300
,400
,500

22,30
24,40
26,40
29,50
30,50
32,60
34,70
36,80
39,00

2,50
2,70
3,00
3,40
3,70
4,00
4,30
4,60
4,90

Energy

in M«V

6,600
7,700
7,800
7,900
8,000
8,100
8,200
8,303
8,400
8,500
8,600
8,700
8,800
8,900
9,000
9,100
9;200
9,300
9,400
9,500
9,600
9,700
9,800
9,900

10,000
10,100
10,200
10,300
10,400
10,500

13,500
13,600
13.700

—i Crot!
S.C+.

20,20
42,90
44,80
46,70
48.60
50,50
52,40
54,30
56,20
58,10
60.00
62,00
64,00
66", 00
68,00
69,90
71,80
73,70
75,60.
77.50
79,20
80,90
82,60
84,30
86,00
87,50
89,00
90,30
91,80
93,20

117,00
117,60
118,20

Uncertain

n «>

2,20
5,50
5,80
6,00
6,30
6,60
6,90
7.20
7,50
7.80
8,00
8,30
8;60
8,90
9,20
9,50
9;80

10,10
10,40
10,70
11,00
11,30
11,60
11,90
12,20
12,40
12,70
12,90
13,20
13,50

18,00
18.00
18,00

ty I! rII Enarjy

~ | | in KaV

7,600
10,600
10,700
10.800
I0.90U
11,000
n.ioo
11,200
H.300
11,400
11,500
11,600
11,700
11,800
11,900
12,000
12.100
12,200
12.300
12,400
12,500
12,600
12,700
12,800
12,900
13,000
13,100
13,200
13,300
13,400

13,800
13,900
14,000

Cross
S»ct.

41,00
94,70
95;90
97,00
98,00
98,90
99,80

100,60
101,50
102,20
104,00
104,70
105,40
106,10
106.80
107,50
108,20
108,90
109,80
110,40
ni.oo
in, 60
112,20
112,80
113,40
114,00
114,60
115,20
115,80
116,40
118,20
119,40
120 ,00

Uneer-t* in

In «

5,20
13,70
14,00
14,20
14,40
14,60
14,80
15,00
15,20
15,40
15,60
15,80
16,00
16,20
16,40
16,60
16,80
17,00
17,10
17,20
17.30
17,40
17,50

17,60
17,70
17,80
17,90
18,00
18.00
18,00

18.00
18,00
18 .00



Table 4.5

Brief data content of references used in the evaluation of

the 6Ll(p,a)3He reaction cross-section

Energv
range
in Hev

Range of
•ngIei
in deg

Type of data;
Uncertainty in t

0,025-0.05
0,04
0.05
O.I
0.14
0.15;
0.3
1.9
0,1
3,0
9.0
12

-0,24
-0,19
-0.7
-3.0

; 0,317
-1.0
-5,0
-0,18
-12,0
-12.0
-18,5

45:
90

60-120
37-160
35-155
35-150
10-160
20-160
42

25-155
10-170
10-170

EXC.SIO

SIC,DA

AHD.DA

AID, DA

AJTO.DA

AXD.DA

AKD.DA

ASD.DA

£10.310
AND, DA

AJtD.DA

Ajn>,DA

15
30
10
10
7
8

10
15
10
10
10
4

20
50
10
14
10
12
20
20
15
15
20
10

P54]

[155]

[156]

&57]

[158]

[159]

[160]

[161]
[162]

[163]

[164]

[1651

Table 4.7

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

Rang* o
angles
in d*g

Typ« of data

Uncertainty in 1

random system.

0,1-0.18
0.2-1,0
0.5-3,0
1.3-12,0
12-19,0

2,9-11,0
3,0-11
0,1-2,2
0.6-4.9

4*
30-150

100
4*
57
55

20-160
90
0

USD/ETC, SIC
Aro.DA.n,..!!
KIC.DA.n,*/-

KlC.SIO.n^+n,

RIO.DA.no+n

BIC,DA,n1

USD/SIC,DA

DSD/SIC, DA

USD/KIC DA

10
8

10
10
20
10
10
20
20

30
15
20
20
40
15
15
30
50

[166]
[167]
[168]
[169]
[170]
[171]
[172]
[173]
[174]

Table 4.9

Total integral neutron production cross-sections

for the 6Ui«i interaction

[nergy
In H.V

Cross sectit
in eft

3.0
3,2
3,4
3,6
3,8
4,0
4.2
4,4
4,6
4,8
5.0
5,2
5.4

319
320
321
322

'321
322
325
324
323
322
322
321
320

Energy
in H*V

Cross section
in mb

5,6
5,8
6.0
6,5
7,0
7,5
8.0
8.5
9.0
9,5

10
10.5
II

321
322
328
338
344
349
350
358
352
344
340
331
322

Table 4.6

Spline fit coefficients to describe the 6Li(p,a)3He

integral reaction cross-section

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

Table 4.8

Spline f i t coeff ic ients for the description of -The 6 Li (d ,n) 7 Be
integral reaction cross-section

(The cross-section can be calculated using Eq. (2 .13) )

Table 4.10

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

Knot
no.

Spline fit coefficients Cross
section
uncert.,%

0,010
0,050
0,140
0.955
1,543

-16,89
-2.069
2,149
4,592
5,084

13,84
5,285
2,914
0,210
2,773

-3,318
-1,148
-1,157
-0,251
5,589

0,2728
-0.0030
0.157
4.0539

-94,33
1,780 5.319 -1,386 0,791 -0,2949
18,5 2,629 -2,529 -1,280 -0,2949

20
15
10
10
10
10
20

Knot
energy
in HeV

SplIne fit coefficients

I
2
3
4

0,016
0,163
1,666
17.0

Cross
section
uncert.,%

-18,01 14,20 -2,931 0,1954 10
I,611 3.749 -1,569 0,2134 6
4.526 -0,088 -0,083 -0,059 4
3,138 0 0 0 8

Energy
renge

Range of
engles
In deg

Type of date

0.1-1,0
0.3-1,0
0.5-3,4

0.03-0.2
4.5-5,5

12
0.I-0.I8
2.9-11,0

20-160
20-160
25-160

90
15-165
10-160
45-165

55

ATO,nA,po,p1

ATO.DA.PQ.P,

•"n>.nA,po,Pi
E I C . M . P Q . P ,

ATO.DA.pg.p,
'JB,nA,po,p1

Z10,3IG,p0 + p .
nC.BA.p,

3
5
5

20
10

-
10
10

8
20
10
20
20
15
20
15

[167]
[160]
[I68J

rissj
[176]
[I77J
[178]

[171]
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Spline f i t coeff icients for the description of the reccmnended
6 l i ( d , p ) 7 L I par t ia l reaction cross-section

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

Spline f i t coeff ic ients to describe the integral cross-section for to ta l
t r i t i u m yie ld in the 6 l i ( d , t ) 5 L i reaction

(The cross-section can be calculated using Eq. (2 .13))

fraction
channal

Knot anargy
in H.V

Splina f i t c o . l f i c l . n t t Crotl-sactii
uncart.,J

d p ,

I
2
3
4

I
2
3
4

0,028 -10,84
0,211 1,854
1,592 4,055
12,00 3,187

9,804 -1,924 0,090 21
3,133 -1,379 0,182 6

-0,214 -0,278 0,085 3,3
0,000 0,000 0,000 14

0,027 -13,97 12,06 -3,263 0,378 7
0,206 0,241 3,488 -0,955 0.038 7
1,572 3.699 0,070 -0,726 0.215 . 4
12,00 2,643 0,000 0,000 0,000 10

Enargy in KaV

0.030
0,100
0.200
0,600
1,000
1,500
5,000
12,00

Table 4.

12.95
5 II
4,70
2,48
I 75
1.45
1,54
1.72

13

Values of the t and y parameters of Eq. (4.1) for

different reaction channels of the *li+d interaction

(Note: these parameters were calculated using the

values Bc=0 and r=4.3 fm)

Channal t (in MaV.b)

Ll(d
^ ( d
6Li(d
6LiCd
6 U ( 4
6Ll(d

,p 0 ) 'LI
,p,)7Li

•Vl3*
,an)7Be

82+9
42+8
63i7
37t7

, 63iI6
43+4

-0,43+0,04
-0,02+0,12
-0,52+0,05
-0,17+O.U
-0,35+0,12
-0,58+0,03

Knot
anargy
in HaV

Spllna fit cwafficianti Cro<I
saction
uncart., J

1 0,1135 0,0454 4,006 -0.1797 -0,2987 4.7
2 0,4176 4,298 2,018 -1.347 0,321 1,5
3 3.909 5,663 0 0 0 1.5

Table 4.15

Legendre polynomial coefficients to calculate the angular distribution

of neutrons from tfce 6Li(d,n+i)4He reaction

Table 4.12

Ratio of partial integral cross-sections for the 6 l i (d ,p) 7 l i reaction
corresponding to the ground and first excited states

of the lithium-7 nucleus

Crota-
saotion

0.204
0,238
0,375
0,578
0.779

0
0
2
3
5

.586
,779
.217
,984
.883

0.062
-0,028
0,516
1,485
2,628

0
0
0
0

-
.119
,020
,439
,455 0,500 0.669

7,36+1,1
9,79+1,6
27,9+4,2
50,1+7.5

73,9+10,4

Table 4.16

Brief data content of references used in the evaluation of
the 6Li(d,a)*He reaction cross-section

Cnargy Rang* oi
anglas
in dag

Typa of data

Uncartainty- in 1

tystan.

0,1-0,180
0.05-0.300
0.3-1,2
0.07-0,45
0.03-0,25
0,5-10
0.3-1,0
1,0-11,5
0,96-5,0

14,8
2,1-10,9
2,16-5,87

ZX
23L

20-160
90
90

80-165
10-160
3,5-90
10-90
15-100
20-80
20-160

EXC.SIG

KIC.SIG

AMD, DA

EZC.DA

EIC.DA

ABB, DA

AM), DA

AM), DA

AKD.DA

AID, DA

A5I), DA

AID, DA

8

5
3

7
15
20
5
5
3

20
10
5

10
30
8

20
25
25
20
20
10
30
25
15

Be?]
[183]
[167]
[184]
[155]
[185]
[160]
[186]
[168]

ttai]
[187]
[188]

Spline fit coefficients for the description of the recommended
6li(d,o.)*He integral reaction cross-section (The cross

section can be calculated using Eq. (2.I3>)

anargy
in HaV

f i t coafflclants Crocs-
ttction
uncort.,1

0,029
0,285
0,623
3,604
4.220
14,80

-10.35
2
3
3
3
I

514
*43I
|52I
.402
,234

9.U4
I.P3I
0.384
2.755

-2,576
0

-1,116
0.840

-l"920
-32,966
-0.837

0

-0,178
-I.173
0,986
67,91
I.iO6

0

23,0
4,9
3,0
3.1
2.6

H .0

Table 4.18

Brief data content of references used in the evaluation of the
6Li(t,x)n and 6Li(t,2n)7Be reaction cross-sections

Enarjy Ranga of
anglas
in dag

Typa of d«ta

Uncartainty in

0,14-1,4
0.1 -0,3
3.8 -11,4
0,18-2,4
5,4-10
4,4-12

0
90

30-150
30-150

55
43T

SIC,DA
SIC, DA

uTfU/EK.SIG
inn>/Ajn>,DA
SX0.DA

U¥D/SIC,SI0

5
10
5

10
10
10

10
30
15
20
15
15

[192]

[193]
[172]
[194]

[HI]
[1691

T a b l e 4 . 1 9

Spline f i t coef f ic ients for the description of the evaluated
tota l neutron production °L i+ t interaction cross-section

(The cross-sec+ion can be calculated using Eq. (2 .13))

Knot
no.

•rwrgy
in MaV

Sptin* f i t co*ff Ic i«ntt Cross-
stxrHon

unc«rt.

M

2
3
4

0,100
0.708
5,675
11,42

-3,753
4.191
6,153
6,047

7,124
1,77
0.895

-0,827

- I
-0
-2

.963
,772
,031
0

0,203
0,180
0.762

0

0
- 20

II
19



enoo
Spline fit coefficients for the description of the recommended

*Li(t,2n)'Be total cross-section for the production of

beryllium-? in the ground and first excited states

(The cross-section can be calculated using Eq. (2.10))

Table 4.23

Values of the partial differential cross-sections for

the ^ K t . p i A i reaction at an angle of 55°

Enargy
In HaV

Cross faction Enarjy
in H.V

Cross sactlon
In t*/ir

>tata
>f
'B.

Ground
•first
aiccitad

First
amltad

Kno
no.

I
2

I
2

Knot

Enargy
In HaV

4,810
12.00

5,43
9,95

Spllna

"|

*0 |
10,20
64,77

2,19
13,25

21
- 5 .

3.
I ,

f i t c

LV

.33
72

80
07

oafflclants

-1,97
0

-0,297
0

T

0.008
0

-0,0008
0

Cross

sactlon
uncart.,!

0.7
1.2

0,6
0,7

2,89
3,40
3,91
4,42
4.92
5.43
5.93

0,832
1,018
0,884
0,767
0,928
0,974
1.097

6.44
6.94
7.44
7,95
8,45
9,45

0.886
0,855
0,937
0,663
0,641

• 0,673

Table 4.25

Spline fit coefficients for the description of the recommended

fy.i(T,n)"B integral reaction cross-section (The cross

section can be calculated using Eq. (2.13))

Knot
anargy
In HaV

I
2 ,
3
4

2,998
3,710

12,686
21,680

Splina fit coafflclann Cross
sactlon
uncart.,!

0.387 2^66 -129,9 278,9 9.2
1,997 5,225 -7,897 2,814 7,1
1.714-1,432 2.482-4,341 1,3
0.992 0 0 0 2,0

Table 4.26

Table 4.21

Brief data content of references used in the evaluation of the
6Li(t,p)\i reaction cross-section

Enargy
ranga
in Hs<

Ranga of
anglas
in dag

Typa of data
Uncartalnty

2,0-10 4* D¥D/HC,SI0 5 5 [195]
0,3-1,0 4* BI0.SI0 10 - [196]
3,0-9,5 55 KIC.UA 10 15 [171)

Table 4.22

Spline fit coefficients for the description of the 6Li(t,p)8Li

excitation function for the production of lithium-8 (The cross

section can be calculated using Eq. (2.13))

Knot
anargy
in HaV

Splina fit coafflciants Cross
sactlon
uncart.,%

I
2
3
4
5
6
7

0.100
0,273
2,180
2,433
4,071
5,682
20,00

-5,427
-0,0856
3,599
3,463
3,842

• 3,583
2,318

7,124
4,054

-1,350
-0,808
0,294

-1,347
0

-2,360
-0,691
-1,912
6.855

-4.714
-0.2O3

0

0.553
-0,196
26,68

-7,492
4,504
0,381

0

30
34
20
18
18
18
29

Table 4.24

Spline fit coefficients for the description of the recommended
6Li(t,d)7Li reaction cross-section (The cross-section can

be calculated using Eq. (2.10))

Knot
no.

Knot
Enargy
in HaV

Splina f i t c c . f f i c i . n t i Cross
sactlon
uncart.,)

I
2
3
4

Ground c

6
7
8
9

10
II

I
First 2
axel tad 3

stata

5
6
7

0,
I,
I .
2.
2,
3 ,
4.
5,
7,
8,
9,

0,
2,

4
5
7
8
9,

,088
,200
726
252
779
305
150
600
050
500
950

100
700

,150
,600
.050
,500
,960

3.333
292
317
334
369
358
341
307
258
260
241

,9
.9
.1
,4
.0
.2
,8
.7
.5
,1

0,0079
140,

132.
119.
100.
I d ,

,2

5
6
5
2

93,62

-20,40
23,15
38,34
58,40
23,03

-14.52
-20,79
-33,62
-15,26
-3,308

0

0,563
2.605

-8,076
-13,06
-5,925
-1,285

0

718.5
109,6

-80,78
118,9

-186,1
-11.77
4.348

-13,20
25,86

-17,62
0

60,79
-9,055
1.689

-5,125
10,04

-6,845
0

-119,0
-120,6
126,5

-193.2
190.6
6,359

-4,033
8.979

-9.998
7.347

0

-15,49
2.470

-1,566
3,487

-3.883
2,853
" 0

0.3
15
16
17
18
18
17
16
15
16
18

0,05
1.8

1.7
1.6
1.6
1.6
2.0

Brief data content of references used In the evaluation of

the T.i(r,p) interaction cross-sectfon

Enargy
ranoa
In HaV

Ranga of
anglas
In dag

Uncartainty in 1

0
0

.5-1,85
,5-1,85
3-6
3-6
5-17
14
1-5

0-155
0-155

20-150
20-150
10-170
20-100
10-150

AID,DA

A M , DA

AHD.DA

AHD.DA

AHD.DA

AHD.DA

AND.DA

Kp)

3
10
10
15
20
10
20

5
15
15
25

_
25

(200]

fad
(203]
(203]
(202]
(204]
feOl]

Table 4.27

Spline fit coefficients for the description of the recommended

* % partial reaction cross-section (The cross-section

can be calculated using Eq. (2.13))

Knot
anargy
in HaV

Splina fit coafflciants Cross
sactlon
uncart.,J

I 0,461 -3,928 11.68 -7.682 1,729 18
p0 2 1.900 2.112 0,320 -0,339 -0.0549 5

3 10,00 1,458 0 0 0 5

I 0,657 -0,0117 9,314 -9,205 3,204 9
p, 2 1,744 3,289 0,501 0,181 -0.3568 5

3 10.00 2,817 0 0 0 7



Table 4.28

Integral proton production cross-sections of the 6Li(
reaction corresponding to the 16.63 and 16.92 MeV excited levels

and to the mul t i -par t ic le "Li+T interaction channels

Enerjy
in HeV

Cross section in mo

Continuous
Jpectrim

16.63
level

16.92
level

0,660
0,755
0.849
0,949
1.063
1,163
1,271
1,370
1,470
1,568
1,648
1,745
1,847

5,98
18,1
34,2
46.2
63.8
70,0
80,4
82,2
80,4
90.9
82,8
80,2
88,0

Table 4.

-
_

8,05
7,92
8,67
9.30

11,8
13.5
15,0
15.1
15.8
15,8
18,7

29

-
-
-

1.01
3.02
4,78
6.41
7,54
8.42
12,2
9.05
8.80
10,7

8rief data content of references used in the evaluation of the
6Li(T,d)78e interaction crois-section

Energy
range
in HeV

Range of
angles
in deg

Type of data

Uncertainty in I

1,3-1,6
1.3-1,6

1.0-2.0
1.7-5.9
8,0-20
1,8-6,8

10-170
10-170

90
4«

10-160
4 1

PAB/AOT.IU.
PAS/ASD.QA

PAH/EIC.DA
UITD/EIO.SIO
PAR/AOT.DA
UHD/EIC.SIG

10
10

5
5
5
5

25
25

20
7

12
15

[203]
[206]

[207]
[206]
[203]
[209]

Spline fit coefficients for the description of the recamwnded
6Li(T,d)7Be integral reaction cross-sect ion (The cross

section can be calculated using Eq. (2.13))

energy
in HeV

Sol in* fit coefficients Cross
section
uncart. ,i

CJ1
CD

I
2
3
4
5

0.4090
0.8687
1,122
1,868
6,890

-0.28702
3.93092
5,026
5,717
5.732

5,5994 0 0 10
5,5944 -3,9408 -4.7839 6
2.637 -3,648 2,220 4,4
0,649 -0,256 -0,177 3,7

0 0 0 8,9

Table 4.31

Brief data content of references used in the evaluation of the

integral gamma ray yield 7Li(p,Y>®Be cross-section

Energy

range
Range of
angles
in deg

Type of data,
channel

Uncertainty in I

system.

0,08-0.226
0,3 -0,64
0,9 -1,24
1.7 -16.I
1,7 -16.I
0,8 -1,7
0,43-1,95

4 2
4*
42

90
0-140
0-135
9O-.I2O

uHD/EIC.SIO

UBD/EXC,SIG
uTTO/EXC.SIG
FAS/EZC,Dk,r.,r,

PAJt/AJfD.DA,^,/,
PAfi/AHD.DA,/.,/;
PAB/EIC.DA,;../;

Table 4.32

20
20

7
5
5
5
7

30
30
15
10
10
-

13

[210]
fan]
[212]
[213]
[213]
[2X4]
[215]

Spline fit coefficients for the description of the 7Li(p,Y)8B«

gamma-ray production integral reection cross-section

(The cross-section can be calculated

using Eq. (2.13))

energy
In HeV

SplIne f it coefficients Cross
section
uncert.,%

I
2
3
4
5
6
7

8
9
10

0,0900
0,3790
0.4182
0,4313
0,4830
0,4832
1,0090

2.0590
4,680

18,000

-9,675 11.765 -9,743 3,321 10
-0.029 4,346 4,583 1944,2 7
-0,708 -23,14 4981,9 -77947, 10
1,033 61,59-2237.5 14276,2 4
0.054 -15906 .4,S9-I07 -5,02- ICr10 38

-1.669 -3.608 4.798 -0.2244 9
-2,205 3,021 0,407 3-1,814

-1.702 -2,747 6,275
-1,500 1.082 -1.560
-2,570 0 0

T a b l e 4 . 3 3

-3.201
0,1237

- 0

Brief data content of references (supplementing information

given in [216]) used in the evaluation of the
7Li(p,n)7Be reaction

Energy

range
In HeV

1.8-4,2
4,2-26

3-8
1,8-6,0

4-14

Range of

angles
in deg

401
3-159
55
90

4 *

Type sf data

EXC.SIO

AND, DA

EXC.DA

EXC.DA

EXC.SIG

Uncertainty in 1

randoa

4
4

10
10
20

'rsten.

7
15
10
10
-

Ref.

[217]
[218]
[171]
[219]
[151]

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

Energy
in HeV

V B 0 VB0 V 3 0 V B 0

1,8876
1,890
1.895
1,905
1.925
1,950
2.000
2.050
2,100
2.ISO
2,200
2,250
i\30C
^,350
2,400
2.450
2,500
2,600
2,700
2,800
2.900
3,000
3,200
3,400
3,600
3.800
4,000
4,200
4.400
4,600
4,800
5,000
5,200
5,400
5,600
5,800
6,000
6,200
6,400
6,600
6.800
7,000
7.500
8,000

50
220
270
285
275
270
269
275
300
390
490
590
508
420
380
315
300
285
280
270
260
251
245
242
242
244
250
268
300
330
355
376
352
326
285
264
233
207
185
162
140
121

92

74

-
-
-
-
-

-0,100
-O.2I0
-0,457
-0.467
-0.315
0,136
0,664
0,9Ob
0,956
1,000
0,903
0.816
0,642
0,547
0,559
0,603
0,635
0.607
0,550
0,461
0,401
0,308
0,270
0,260
0,235
0,215
0,152
0,057

-0,038
-0,122
-0,186
-0,237
-0,282
-0,315
-0,331
-0,341
-0,356

-

-
-
-
-
-

0,000
0.001
0,010
0,020
0,039
0.092
0.145
0.200
0,217
0.250
0,243
0,224
0,193
0,162
0,136
0.120
0,103
0,103
0,110
0,125
0,153
0,198
0,28
0,418
0,515
0,595
0,610
0,593
0.542
0,489
0,455
0,421
0,391
0,316
0,355
0.335
0,327

-

-0
-0
-0
-0

-o
-0
-0

-o
-0,
0,
0,

o,
o,
0,
0,
0.
o.
0.

-
-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

,0023
,100
,136 -OJ00
,20 0.000
,26
.235
,157
,076 0.200
,024
,023
,072
,110
,132 0,200
,159
,173
181
188
199

-
_

-0,200

-0,19

-0.18



Tab I* 4.J4 (continued) Table 4. 35 (continued) Table 4 .37

Ernroy
lit «•»

VB0 B2/Bo VBo

8.500
9,000
9,500
10,00
11,00
12,00
13,00
14,00
15.00
16.00
17.00
18,00
19.00
20.00

63
55
49
45
38
34
30
28
26
24
23
22
21
20

Table 4.3?

Values of integral cross-sections and Legendre coefficients for

the 7Li(p,n|)7Be reaction (first excited state)

Energy
in H»<

2.4
2.5
2.6
2.7
2,8
2,9
3,0
3,1
.;,2
3.3
J.4
3.5
4,0
•1.5
s.c
5,5
6.0
6,5
7.0
8,0
9,0

10,0

4 1 BQ ,
in ab

3.41
7,62
14.1
22.3
32.4
41.9
50,0
55,9
59.0
61,2
61,0
59.7
49.4
43,2
39,8

37,8
36,7
36.0
35,3
32,2
29.7
23,8

VB0

0
0

-0,023
0

-0,143
-0.177
-0.188
-0,210
-0.223
-0,247
-0,276
-0,309
-0.457
-0.481
-0.447

-0.060
0,252
0,312
0.296

-
-
-

VB0

-
-0,005
-0,018

0
-0,075
-0.125
-0.167
-0.186
-0,185
-0.154
-0.124
-O.OTJ
0,326
C.477
C.5.17

0.738
0.777
0,411
0.II9

• -

-

-

VB0

_
-O.005
-0,046
-0,114
-0.133
-0,128
-0,114
-0,079
-0,056
-0,037
-0,012
+0,013
-O.CSO
-0.221
-0.276

-0,336
-0,087
0.062
0,067

-

-

Eiurgy
in Na»

4SB. VB0 VBo VB0

II,0
12,0
13,0
14.0
15.0
16.0
17,0
18,0
19,0
20.0

18,5
14,3
n,4

9.6
8,6
8,2
8.2
8,4
8,6
8.8

Total integral neutron production cross-sections of
the 7Li*p interaction

tnmrgy
in H.V

Cross section
In *

Energy
In MtV

Cross section

4,0
4,2
4,4
4.6
4,8
6,0
6,2
6,4
6,6
6,8
7,0
7.5
8.0
8,5
9,0

300
325
350
425
450
325
320
290
270
265
255
255
240
220
210

5,0
5.2
5.4
5,6
5.8
9,5

10,0
10.5
12,0
12,5
13,0
13,5
14,0

500
460
420
380
360
200
180
200
185
195
180
190
200

Brief data content of references used in the evaluation of
the 7Li(p.a)4He reaction cross-section

Energy
angles
In deg

Type of data
Uncertainty in 1

0,05-0,9
0,023-0,05
0,13-0,56
0,025-0,236
1,01-1,47
1.3-11,8
2,7-10,3
0,4-2,4
0,075-0,6

4-12

30-90
2 1

20-90
2X

90;120
80-165
90-170

I25;90
90

80-165

AJTD.DA

EIC.SIQ

AHD.DA

KXC,SID

EIC.DA

ASD.JIA.

AOT.Di.

KtO,DA

EIC.DA

AOT.DA

Table 4 .36

8
12

7
15
10
10
10
5

10
10

10
20
15
25
15
15
15
8

20

[223]
[154]
[159]
[155]
[220]
[221]
[228]
[215]
(226]
[227]

Spline f i t coeff ic ients for the description of the reconmended
Li (p ,a ) 4 He integral reaction cross-section (The cross

section can be calculated using Eq. (2.13))

Knot

no.

I
2
3
4
5
6
7
8

9
10
I I

Knot

In «•»

0.020
0,035
0,0675
0.2664
2.548
3.416
4,429
5,175

6,061
8,406
11,84

Spll

*0

-13.208
-7,7505
-4,2368
-0,1032
3,7495
3,6805
1,7246
2,4667

3,2249
2,1638
1.9458

ftt f i t c o e f f i c i e n t s

14,140
6,8267
4,1264
2,8267
3.3653

-8,0709
-6,3422
25.906

-5,4209
-0,2846

0

-10,453
-2,6140
-1,5014
-1,7242
2,1621

-0,3650
7,0168

-202,45

4,2600
11,445

0

b

Cross

section
uncert.,1

4,669 20
0,5652 13
0,4991 14
0.5442 14

-49,34 14
9,4684 14
414,20 14
435,93 14

7,3228 M
-36,403 I*

0 20



Table 4.39

Brief data content of references used in the evaluation of th«

total integral neutron and beryl Iium-7 production

cross-sections in Li+d interactions

Table 4.41

Berylliuro-7 production cross-sections in li-K) interactions

(The uncertainties given in parentheses are expressed in

last significant figures of the cross-section values)

Table 4.43

Spline fit coefficients for the description of the evaluated

Li Cd,p) Li integral reaction cross-section

Enargy
rang*
in Hav

0,64
0.2-2,0
1,62-2,97
I,1-4.I
" 1,0
2,8-11
2,9-11
1,3-12

«•!>,• Of

anglas
in dag

0-160
90

4-160
120
0-140
0-160
55
4«

Typa of d«ta

PAR/ASD.DAjUg
0HD/EIC,DA;
PAH/AITO.DAjiio.n,
PAVSIC.DA^.n ,
PAB/AJCD.DAiiijj.n,
UHD/EIC.SIG
uTO/KIC,DA;2n
UHD/EIC.SIS

Uncertainty In I

random

10
10
10

-
20

5
10
10

iyit«a.

-

50
15
-
-
15
15
10

Raf.

[231]
[173]
[232]
[232]
[233]
[172]
[171]
[169]

Table 4.40

Spline fit coefficients for the description of the evaluated

total neutron production cross-sectIons in Li+d

interaction channels (The cross-section can

be calculated using Eq. (2.11))

anargy

in Ha»

Spline f i t coafflclants Cross
faction

uncart..mt

I
2
3
4
5
6
7

e
9

10
II
12
13
14
15
16

0,134
0.283
0.599
0,664
0,734
0.812
0.898
0.994
I . I
1.473
2,0
2,809
3.951
5,561
7.799

10.967

6,722
51,65
368,2
500,2
464,1
423.9
413,6
478,6
297,7
252,7
463,9
579,9
528,7
525.2
575,7
612,3

-14,60
103.3

1045,4
604,9

-616,9
-403,7
730,3

-89,40
-595,6
417,3

-594,3
36,83

-169,6
158,6

-52,06
0

140.26
16,75
I2III

-I647I
4376.9

-226,7
13492

-29570
10.79

2308,6
-592,7
-1045,9
439,1
526,3

-II46.I
0

-54.82
541,9

-94308
68790

-2I92I
51996
142090

204890
1370,3

-4488,2
-444,0
1454.9
85,45

-1638,6
4754,4

o •

0,669
2,266
0.238
0.318
0,292
0,277
0.264
0,281
0,118
0,170
0,478
0.204
8,979
9,507
10.71
22,99

tnergv Total croti-tectlon

7U(d,2n)7B* (EK-0.4

Energy P*r+»«1 cross-section

In mb

5,38
5.89
6,40
6,90
7.41
7,91
8.42
9.18
9,43
9,93

10,43
10,93
11,44
11,94

12,90(37)
22.30(60)

22,10(77)
34,40(90)
39,6(14)
42,6(14)
47,9(16)
53,9(18)
55,5(23)
58,4(22)
60,9(24)
63,2(24)
61.8(25)
62.1(25)

6,20
6.70

6.96
7,21
7,46
7.96
8.46
8,96
9,22
9,72
9,97

10,22
10.72
10.97

2.0(11)
2.76(28)

3,39(28)
4,14(62)

- 3,01(28)
4,27(75)
6,66(38)
8,66(176)
9,67(75)
8,79(151)
10,2(10)
9.29(163)

10.17(62)
10,80(75)

Table 4.42

Brief data content of references used in ttie evaluation of
the \ i (d ,p)^Li reaction cross-section

Enargy
ranga
In KaV

Ranga of
anglas
In dag

I Uncartainty in 1

Typa of data Raf.

0,3-4,0
0,6-1,6
0,6-1,9
2,0-10
0,6-1,2

0,76-0,79
0,68-0,90
2,9-11

ill

it
431
4*.
VSi

75-135
50
55

KIC.SIG
Etc,310
EIC.SIG

EXC.SIC

EIC.SIQ

AND, DA

EXC.DA

EIC.DA

10
10

5
10
5
5
5

10

20
15
50
20
10

9
9

15

[168]
[234]
[235]
[236]
[237]
[238]
[238]
[171]

energy
In MeV

Splin* fit coefficients Cross
section
uncert.,mb

I
2
3
4
5
6
7
8
9

10
II
12
13
14
15

0,406
0,675
0,768
0,849
0,938
1,037
1,146
1,266
1.400
1,962
2,750
3,317
4.000
4,966
7.059

1,839
113,39
147,33
128,26
116,02
131,13
III.12
130.04
147,47
167,66
189.10
219,13
170,19
129.09
99,125

no.6i
728,56

-6,289
-257.54
97.314

-45,657
-61,583
259.U
115.22
60,977
10,833

-70,895
-29,953
-159,43

0

-609,97
-4328,9
-3016,3
504,91
3042,0

-44 71.1
4311,9

-1106,4
-331,83
171,14
2829,5

-3265.7
-756,69
300.81

0

1464,3
4373.2
11732
8453,3

-25032
29263

-18053
2580,8
496,67

-484.68
-10845

I20I0
1241,2

-390.66
0

14,84
6.0
5.5
5,9
6,0
5,9
6.0
7.5
6,7
6,5
6,4
6,8
6,9-
6,9

10.7

Table 4.44

Total integral neutron production cross-sections of the
7 l i (d , t ) 6Li reaction

Energy
(n MeV

Cross section Energy [Cross section Energy Cross section
in rt.

1,36
1.45
1.49
1,54
1.63
1,65
1,69
1.76
1,83
1,87

0.1
1.0
1.8
2,5
7.7
9.5

14,0
19,7
26.6
35,6

1,98
2,07
2.20
2,18
2,27
2,47
2,35
2,49
2.64
2,84

48,1
57,2
67,5
74,3
83,4
91.4
95,9

105,0
103,9
110,8

2,98
3,15
3,31
3,47
3,60
3,78
3,84
4,11
_

12.0

117,6
137,0
133,6
141,6
157,5
K>8,7
154,2
158,8

-
200

O)



CD

no
Table 4.45

Brief data content of references used in the evaluation of

th« \l(t,p)'li reaction cross-section

Energy
ranoa
in HaV

3,5-10,0
23,0
15,0

Rang* of

anglas
in dag

41

35

9-115

Typa of data

Uncartai

randc*

EIC.SIG 3

AHD.DA 3

AHD.DA 3

Table 4.46

ty in I

systan.

7

7

Raf.

[195]

[242]

[243]

Spline fit coefficients for the description of the 7li(t,p)9Li

excitation function of the total cross-section for the

production of lithiun>-9 (The cross-section can be

calculated using Eq. (2.10))

Knot
no.

i

2

3

4
L.

6
7

8

9

10

I I

Knot

anargy

in HaV

0,50
5,487
5.70
6.851
8,00
9,061
9.67

10.57
n.ai
II.93
14.89

*0

-0,485
26.31
19,09
26.73
32,44
24,56
16,74
14,77
22,65
23,13
27,20

Splina f i t co.fflcl .ntj

15,41

-5.304

18,06

0.584

19,10

-17,06

-8,551

3,353

5,825

3,063

0

A2

7,517

-17,94

-13,56

-2,645

-J0.9I

6,826

7,979

5,237

-22,14

-0,736

0

. A3

-4,271

-546,8

3.163

6.502

15,00

0.178

-I.015

- i , 278

59.12

0,056

0

Crosa

saction
uncart.,nb

0,6

0.6

0,6

0.6

. 0,6
0.6
0,6

0,6

0,6

0.6

0,6

SpIin* fit coefficients for the description of the 7Li(t,d)8Li

excitation function of the total cross-section for the

production of lithium-8 (The cross-section can be

calculated using Eq. (2.10))

energy
In rtaV

Spline f i t coefficients Crosi
section
uncrt.,t

I

2

3

4

5

6

6.1

7,267
7,984
9,013
9,414

10,200

0.

42

53

68

71

74

139

,32

.00

.74

,55

.65

-II.14
33,20
10,93
9,092
9,393

0

83,56
-45,56
14,50

-16,29
17.04

0

-36,68
27,91

-9,972
27,71
30,51

0

2,426
1,732
1,709
1,679
1,888
2.553

Table 4.48

Brief data content of references used in the evaluation of the

total integral neutron and hel iuro-7 production cross-section

in 7Li+t interactions (The information given in parentheses

indicates which level (ground (0) or first excited (I) state)

is considered in the reference.)

Enargy
rang.
In HaV

Ranga of
anglal
in dag

Typa ot data

Uncertainty in »

systaia.

Raf.

0.06-0
0,24

3,0-10
I.15-1

22

13

0,08-0

.11

,0

,95

.49

150

41-139
-

15-170
15-80
5-175

90

EIC,DA(0,1)

AND,DA,REL(0,l)

EXC.SIGCO)

AJTO,DA(0,1)

AND,DA(0,1)

AJTO.DA.REUO.I)

EIC,DA(0,1)

Table 4.49

5

5

20

5

5

20

3

15

-

30

JO

10

-

7

[244]

[245]

[195]

[2451

1247]

[248]

[249]

Spline fit coefficients for the description of 'Li(t,o)6He

partial reaction cross-sections (The cross-section can be

calculated using Eq. (2.13))

Knot
Enargy
in HaV

Sol In. fit coafficiants Crosi
section
uncart. ,J

Ground
state

First
exc i ted
st.)te

I

2

3

4

0.055
0,272

1,350

22.00

0,055

0,150

0,520

1,800

22,00

-10,48 8,047 -17,39 0,156 35

-1,426 3,682 -0,989 0,051 25

2,144 0,911 -0,743 0,149 14

2,112 0 0 0 10

-8,753 9.295 0,029 -1,096 8

-0,505 6,043 -3,706 0.795 3

2,806 0,513 -0,745 0,254 4

2.781 -0,161 0,203 -0,068 5

2,587 0 0 0 10

Table 4.50

Brief data content of references used in the evaluation of

the excitation function for the total integral neutron

production cross-section in 7Li+t interactions

Energy Range of
angles
In deg

Type of date

Uncertainty in %

system.

0.25-2,0
0.1 -0,3
3,0 -12,1
0,13-0,33
0,36-5,12
0,14-1.38

0

90

0-160
0

0

0

S I C , DA
E C , DA

AJfD.DA

S I C , DA

AID, DA

ETC, DA

5
20

5

5

10

5

20
50

10

10

20

10

|250|

[193]

&721
[251]

[194]

[1921

Table 4.51

Spline fit coefficients for the description of the total neutron

production cross-sections in \i+t interaction channels (The

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

Knot
•nargy

Splina fit coafficiants Crots
•action

uncart.,1

10

10

10

10

10

10

10

Table 4 . 5 2

Brief data content of references used in the evaluation of the
\ i ( T , n ) ' B reaction cross-section

I
2

3

4

5

6

7

0.133
0,350

0,702

0.740

0,934

1,932

12,120

1,569
4,883

6,482

6,563

6,305

7,005

6,474

6,331

2,017

1,895

0,901

-1,123

-1,031

0

^.,560
1.359

-1,535

-17,17

8,493

1,790

0

1,606
-1,387

-98,18

36,70

-7,736

-0,755

0

Enargy
rang.
In HaV

Ranga of
angles
In dag

Typa of data

Uncertainty in 1

randan syste*.

1,5-5,5
1,2-2,7

2,1

0,5-1,4

10-160
0

20-150
0

PAR/AOT, DA

PAR/ZXC,DA

AHD.DA

UlTD/nc.DA

5
7

-

10

30

50

-

25

[252]

[253]

-

[192]

Table 4.53

Values of the differential total neutron yield cross-section
in the Li(l,n)^3 reaction at an angle of 0*

Enargy
in HaV

jCross saction
in mb/sr

Enargy
in HaV

.rost
In <*>/:

sactlonj Enai
i/ir 1 in I

rBV Cross saction1

*•» In p*/«r

0,46
0,49
0.52
0.55
0,58
0,62
0,65
0,68

0.17
0,23
0,33
0.52
0.80
1.4

2.2

3,0

0,72
0,75
0,78
0.81
0.8S
0,87
0,90
0,93

4.4
6,2

8,0

10.0
12.2
14.0
16,0
18,0

0.95
0,98
1.03
i.os
1.10

1.20

1,30

1.40

20.0

21,0

21,5

22,5

23.0

23,8

24,0

24.3



Table 4.60

T»bl« 4.54

Normalized values of legendre coefficients for the

description of the angular differential cross-section

of the 7Li(T,nQ)9B reaction (20% uncertainty)

Energy
In He*

42 B,'0' VB0 VB0 VB0 J5/B0 VBO

1,559
1,966

2,232

2,589

2,966

3,306

3,650
4^008

4.396

4,903

5,312

8,2
7 ,9

10,7

12,0

9 , 8

10.0
9 ,2

7 ,0

7,5

6 .5

6 , 7

-0,106
0,123

0,239

0,259

0,358

0,247

0,163

0,036'

-0,014

-0,038

-0.126

0,242
0,632

0,639

0,333

0,449

0,552

0,537

0.575

0,390

0,301

0,243

0,068
0.123

0.048

-0,045

-0,003

0,139

0.133

0,162

0,064

0,106

0,047

-O.045
0,088

0,061
-0,067
-0,103

-0,078

-0,045

-O.077

-0,040

0,014

-0,148

0 , 0

0 .0

0 . 0

0 ,0

0.032
0.056

0,020

0,070

0,099

0,092

0,104

0.0
0,0

0,0

0,0

0,0

0,08

0.05

0,057

0,129

0,036
0,052

Table 4.5?

Brief data content of references used In the evaluation of the

li(T,p)'Be reaction cross-section

Energy
range
In HeV

angles
In dag

Type of date
Uncart*!nty In 1

system.

1,0-2.5 70:130 Pia/KtO,DA,po,p2 5 25 [255]

1,7-4,8 20;I65 PAH/HC, pQ 15 30 [256]

10 5-160 PAS/AOT 3 12 [254]

Table 4.57

Brief data content of references used in the evaluation of the
7Li(T,t)7Be reaction cross-section

Energy

rang*

In He«

Kanga of

angles

In teg
Type of data

uncertainty in 1

tyltaau

1.8-7,9 4»
1,7-5,9 4 *
3.0:4,0 20-90

3.6:3,5:4,0 30-150
2.6-4,2 30;40

UID/KXC.SIO

uHs/szc,sia
AJTD.IH
PAS/ASS. DA.
EXC.OA

3
5

5
5

10
10
12
13
13

(209,
[205,
1259
(260
1260

Tab I. 4.56

Partial differential cross-sections of the \i(T,p)9Be

reaction for a few angles and reaction channels

20°
Energy
in *••

2,02

2,26
2,52
2,71

3,01

3.22
3.33
3.44
3,54
3,75
4,03

4,33
4,61
4,80

10

"0
Cross
. • C H O A ,

wt\/*r

0,48

0,55
0,67
0.76
0,88

0,94
0.96
0,98
0,95
0,69
0,62

0,65
0.68
0.73

0.33

70°.

Energy
in He»

1,0

I,II
1,20
1,31

1.41
1,50
1,60
1.70
1,81
1,91

2,02

2,10
2,31
2,50

10

Iron
(•ctlon,
rrt/ir
0.20

0,26
0,31
0,42
0,39

0,46
0,48
0.52
0.62
0,68
0.69

0,86
0.97
0,91

0,65

Table 4.58

70°

Energy
in He»

1,0

I.II
1.20
1.32

1,41

1,50

1.61
1.72
1,82

1.91
2,01

2,10
2.31
2.48

10

. P 2

(.rott
(action.

0,42

0,44
0,52

0,64
0.86
0.85
0,95

0.90
0,87
0,95
0,84

1,08
1.31
1,19

0,8

Spline fit coefficients for the description of the evaluated
7U(T,t)7Be integral reaction cross-sect ion. The cross

section can be calculated using Eq. (2.10)).

no.

I
2
3

4
5

Knot

in HeV

1,700

2,950
4,200
6,065
7,930

*0

3,772

106,18

163.58
229.25
265,98

S p l i n e t i t

* »

20.15

107,79
-67,77

53,84
0

coefficient*

*2

78,15
-8.044

100,45
-35,25

0

h
-22,99
-33,16

-34,25
9,064

0

Crosi

uncert.,•

1.9
2,8

2,0

3,0
4.0

Table 4.59

Brief data content of references used in the evaluation of

the 7Li(T,a)6Li reaction cross-section

rpe of data,

channel

1,3-5,5
1,8-5,1

1.3-5,0
2.0-4,2

6,0-7,5
5.0-8,0

5.1-9,0
0,8-3.0

8;9O;I25 PAii/£IC,DA,«0,.c1

10-165 PAH/AITD,DA,«0,«1

90 PAS/HC0,DA,c<2

30 FAJtyEXC,DA,«0,«2

10-170 PAJi/Ain^DA.Xg-ilg
20;I60 PAR/EIC.DA.ag-Hj
20-170 PAH/ECC, DA, < 0 - <j

40-150 PAH/ABB,«_-«,

10
10

10
5
8
8

15

20

15
15
15
13

15
15
20

25

- -£261]

[261]

[261]

[26CJ

[262]
[262]

[263]

[264]

Spline fit coefficients for the description of the 'li (i.a)6!.

Integral reaction cross-section. (The cross-section can be

calculated using Eq. (2.10)).

Knot
•nergy

Spline ' I t coefficient! Croti
•ectlon
uncert ,

I
2

3

4

0,8562
3.675
4,903
9,00

0,
40
32

16

8542
,27

,39
.93

12,48
0,8762

-9,003
0

Table 4.

5,713
-9,830
1.768

0

61

-I
3

-0

.838
,155
.1199

0

0.4
1.0

1.0
1.3

Ratio of partial cross-sections to the total \i (T.a

reaction cross-section

Energy

In KeV

Katiot

0 I | 2

0,86
1.36

1.36

2,36
2,86
3,36
3,86
4,36

4,86
5,36

5,86
6,36
6,86
7,36
7,86
8,36

8,86

0,85
8,29

17,2
26,2

34.0
39,1
40,1
37,3

32,8
28,6
25,3
22,7
20,6
19,2

18,1
17,4

17.0

0,13
0,33
0,44

0.51
0.47
0,47
0,49
0,51

0,54
0,56
0,57
0.55
0,45
0,44
0,50
0.49

0,49

0.60
0,25

0.29

0,35
0,33
0,34
0.35
0,37

0,38
0,39
0.37
0.34
0.42
0,44
0,40
0.41

0.41

0,26
0.41

0,26

0,13
0,21
0,19
•0,15
0,11

0,09
0.08
0.07
0,09
0,11
0,12

0,10

0.10
0,08

Evaluated total integral cross-section values for

the 7Li(a,n)'°B reaction

Energy

in He«

4,38
4,41

4,45

4,50
4,55
4,60

4,70
4,80

4.90
4.95

5,00
5.05

Crosi-iectlon
fn oft

0,95

2,91

3,54

4,84
5,42

8,13

12.1
14,8

17,8
21,0

25,9
30,0

Energy

in MeV

5,10
5,22

5,38

5,56

5,64
5,73
5.87

6,07 "
6,22

6,40
6,58
6.76

>o«i-sectl
in • *

38,0
34.2

31,6
40.0

46,0
52.0
60,4

' 80,9
99,1

119,6

141,4

190,0

1Energy

in NeV

6,95
7,13
7,32

7,49
7,65

7,83

8,02
6,22

Crott-sectlon
In rt>

243,5

255,5

257,8
240,5
183,0

143,8
143,6

148.3
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5. CROSS-SECTIONS FOR THE INTERACTION OF BERYLLIUM NUCLEI
WITH ISOTOPES OF HYDROGEN AND HELIUM

5.1. Basic data

Beryllium: atomic number - 4

atomic mass - 9.0122

Isotopic composition: beryllium-9 100H

Density: 1.848 g/cm

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,o) 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.

9 10
5.2. The Be(p.r) B reaction

— 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 ) = (2.9 + 0 . 3 ) - 10~ b'MeV and
c m . —

E = 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

9 10
Be(p,f) B reaction at 90°. The coefficients for a spline curve

9 10
describing the total integral gamma-ray yield from the Be(p,Y) B

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. 1269] 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 E =0.33 MeV, and its absence in the Ref. [270] data casts
P

doubt on their reliability at 0.33 MeV.

9 9
5.3. The Be(p.n) B reaction

Measurements of this reaction, which were first performed in the 1950s,

were devoted initially to the development of nuclear spectroscopy and are well

documented 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 18 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



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 S.S. The evaluated curve is compared with the experimental data in

Fig. 5.2.

9 9
The partial integral cross-section for the Be(p,n ) B 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:

The energies in Table 5.6 are given in the laboratory system, and the

differential cross-sections in the centre of mass.

9 8
5.4. The Be(p.d) Be 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

particles. From a practical point of view, the interest in this reaction lies

iff the integral cross-section for the production of deuterons as well as in

the partial cross-sections of the separate reaction channels. The most

extensively studied reaction channel is the one leading to the ground state of

beryllium-8. This channel predominates up to an energy of E =3.3 MeV. At

P
9

higher energies, the charged particle spectrum resulting from Be + 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,

9 8
the integral partial cross-sections of the Be(p,d) Be 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 Be(p,d ) Be cross-

section can be approximated by Eq. (2.14) with the following parameters:

S(0) = 35 MeV-b and E =14.1 MeV (in the centre-of-mass system),
s

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

9 8
partial cross-section for the Be(p,d ) Be 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 Be(p,d) Be 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 67H, are listed in Table 5.8.

9 6
5.5. The Be(p.a) Li 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

cross-section. This strong interest in the exothermic Be(p,o) Li

reaction is due to a large cross-section at low proton energies which makes it



usable in a fusion fuel cycle. In addition, this reaction could be used

advantageously in the production of lithium-6 which is a potential fuel in

thermonuclear fusion.

At low incident proton energies (E < 0.2 MeV), the integral

9 6
cross-section for the Be(p,cx ) Li reaction channel behaves practically

9
identically to the Be(p,d ) cross-section and can be described by

Eq. (2.14) with the same parameters that were used in the case of the

q
Be(p,d ) 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 E = 0.33 MeV, determined to an accuracy of 3%, is in good
P

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 E = 1 to 4 MeV. The data from these two references
p

show fairly good agreement (within the limits of their uncertainties) only

between 1.5 and 4.5 MeV. In the range 1 < E < 1.5 MeV the data from [286]
P

are higher than those from [284] by a factor of 1.25. The integral

9 6
cross-section of the Be(p,a ) Li reaction was derived from the data of

Ref. [286] after they had been normalized at E =1.0 MeV and E =1.25 MeV.
P P

"" 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 E = 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 Be(p,a) Li 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,a ) channel corresponding to the

excited state of the resultant nucleus with E =2.18 MeV are given only in

Ref. [288], for the energy range E = 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 E = 5 to 12 MeV. Analysis of these

P

angular distributions suggests that, within the limits of the errors in the

measured data, the cross-section can be approximated by o(E) = <j(90*,E)4ir

(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.r) nB 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,YQ) reaction channel with the objective of obtaining
11 9

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

9 11
The evaluation of the integral cross-section for the Be(d,Y.) B

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



cross-section can be represented with an accuracy of ^ 51 by the expression:

o(E) = o(E,90*)4ir/(l-0.5-A /A ),

where A and A are the corresponding Legendre coefficients.

9 11
The experimental data for the Be(d,Y ) B reaction channel are plotted

in Fig. 5.7.

9 11

The excitation function for the integral Be(d,YQ) B reaction cross-

section can be described by the expression

a (£) = exp 10"

where A = -6.499, A = 2.465, A = -0.987, A = 0.0609, and E ranges from

0.399 MeV to 12 MeV.

For energies E < 0.4 MeV, this excitation function can be
d

represented by Eq. (2.14) with the following parameters: SCO) = 3.46 mb-MeV

and E =25.63 MeV in the centre-of-mass system.
g
Without talcing the weak resonance structure into account, the energy

9 11
dependence of the integral partial cross-sections for the Be(d,y.) B

9 11
and Be(d,y +• y ) B reaction channels, which are qualitatively and

quantitatively similar to the dependence of the (d,YQ) channel, can be

represented by

a(E) = A«E + B'E + C mb

if one takes A = -1.33, B = 5.94 and C = -1.32 for the Y, channel, and

A = -5.531, B = 17.12 and C = -4.29 for the y + y channels.

9 io
5.7. The Be(d.n) B 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 E. = 15 MeV and above does one detect
d

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 = 25.63 MeV and the following S(0) values for the

states of boron-10: 12320 HeV«mb for n , 33610 MeV«mb for n , 3360 MeV-mb

for n , 8960 MeV-mb for n and 5600 MeV'mb 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 E = 4.774

comes into play. However, as shown by the relative dependence of the

excitation function of the total neutron yield [297], the influence of this

and above-lying levels is small (< 10%) up to an energy of E. = 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

9 9
Be(d, n + p) Be reaction.



9 10
5.8. The Be(d.p) Be reaction

The total as well as the partial proton yield from this reaction has

been measured over a broad energy range, viz. E. =0.03 to 21 MeV. The
d

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 [281]. 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
E < 1.6 MeV (which take into account only the contributions of the ground
d

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

given 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

9 io
Be(d,p) Be 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

contribution of protons from three-particle reactions of the

9 9

Be(d,n + p) Be type.

As mentioned above, at E < 2.7 MeV, the total proton yield

cross-section can be derived from the excitation functions of the partial

cross-sections for the (d.PQ) and (d,p ) 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): E = 25.634 MeV; and
g

for p,, S(E ) = 23.8 - (115.6»E ) +• (119-E2 ) HeV-mb, and
0 cm. cm. cm.

for p, S(E ) = 15.4 - (20-E ) - (172-E2 ) MeVmb
1 cm. cm. cm.

(for E. < 0.1 MeV).
d

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
9 10 9 10

partial cross-sections for the Be(d,p ) Be and Be(d,p ) Be reactions and

the experimental data used in their evaluations are shown in Fig. 5.8 and

Fig v5.9 respectively. The spline curve coefficients for the recommended

partial cross-sections are listed in Tables 5.17 and 5.18.

5.9. The Be(d.tQ) Be and Be(d.t) Be reactions

Two different types of data are investigated in this section: the

first deals with the integral partial cross-section for the generation of

raonoenergetic 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.

production cross-section up to EJ = 2.7 MeV, and is then enhanced by the
d



The references used in this evaluation are described in Table 5.19. In

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. In

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 30H).

Spline curve coefficients describing the excitation function of the reaction

cross-section of interest in the energy range E > 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): E = 25.634 MeV and S(0) = 13.86 MeV-b.

o

In view of the large number of studies that have been made of the

9- 8

sBe(d,tQ) Be 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 deuteron energies below 0.5 MeV, with the following

parameters in the centre-of-mass system: E = 25.634 MeV and
5

S(0) = 2590 MeV»mb.

9 7
5.10. The Be(d.q) Li 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 (o + t) states, and this allows two two-particle channels

leading to the ground and first excited states of the resultant lithium-7

nucleus.

9 7
At low energies, the partial cross-section for the Be(d,a) Li

reaction can be described by Eq. (2.14) with the following parameters (in the

centre-of-mass system): E = 25.634 MeV and S(0) = 16.606 MeV-b for aQ,

and S(0) = 20.058 MeV-b for a . 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.

5.If. The 9Be(t.n)11B 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. (323J. 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 HeV.
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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

9 11
Be(t,n) B cross-sections corresponding to the ground state as well as to

the first, second, sixth, eighth and ninth excited states of the boron-11

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

9 11
cross-section values for the total neutron yield in the Be(t,n) B

reaction are listed in Table 5.25.

9 11
5.12. The Be(-r.n) C 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

&f the (r,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-11 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-11 production

cross-section are listed in Table 5.27. Expression C2.ll) 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): E = 140.98 MeV and S(0) = 5.78 MeV-b.
S

9 11
The partial differential cross-sections of the Be(T,n) C

reaction leading to the ground and first excited states of cacbon-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

9 11
Be(T,n) C 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

9 xi
of the Be(t,n ) C 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-11 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:

a(Q,E) =a{O',S) 'VB^E) Pk

where B 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

9 11
of the Be(T,n) C reaction taken from that paper is reproduced in Fig. 5.15.

9 11
5.13. The Be(-r.p) B 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

9 11
partial Be(t,p) B 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.

9 12
5.14. The Be(o.n) C reaction

The interaction of a-particles with beryllium-9 nuclei has been

9 12
thoroughly studied because of the extensive use of the Be(a,n) C

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.



Both partial as well as total neutron production cross-sections,

measured over a broad energy range (0.4 to 20 HeV), 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.

T a b l e 5 . 1

Energy characteristics of interactions between hydrogen and
helium isotopes and beryllium nuclei

input

9Be+p
93e+p
9Be+p
93e+p

93e+p

^Be+d
93etd
93e+d
93e+d
9Be+d

'Be+t
93e+t
9B«-rT
9Be + T
93e+T
9 3 . + r
93e + T

9 3e+«
9 3e+«

Output
chann*1

ProduCT

103+^ 6,586
9B+n -1,851 h — ^e+p
^e-Kl 0,559 8 B e - 2 .
6Li+- 2.126
7B«+t -12,082 73e(«)7U

1 1 3 + 7 15,816
i a3«i 4,362
1 O 3 . + P 4,588 ^ . C ^ ) 1 ^
^e+t 4,592 ^ t —2«
7U-»« 7,152
a+

113 9.559
8Ll+« 2,926 SLl(/»)aBe

10Be«l 0,555 1O3e(,5)1OB
1 2

c + r 26.279
n+11C 7,558 " C U V ' B

p +
1 1 3 - 10,323

d +
1 03 1.092

t+9a -1.087 'B-^e+p
. ^ e 18,912 aBa-2«
^c+j, 10,648
12C+a 5,702

Table 5."

_

0,158
0,092

-

0,862
_
_

0,557
0,092

_
_

I6.0C6
0.557

1,982

—

0,158
0,092

-

Brief data content of references used in The evaluation of th«
'Be(p,Y)'"B integral ganma ray production cross-section

En.r9y

in H«V

R*nq» of

0,1-0,22 90 mnVEIC.DA
0,27-1,2 90 PAB/SIC.DA
0,33;0,50 90 UXD/EZC,DA

1,2-1,9 0-120 ?AK/iTO,DA

5
15
10
25

20
20
20
30

[210]
[269]

' [270]

[271]



Table 5.3 Table 5.4 Table 5.5

Spline fit coefficients for the description of the 9Be(p,Y)l0B

gamna ray production cross-section

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

Brief data content of references used In the evaluation of the

*Be(p,n)9B neutron production cross-section

Splint f i t co*ff;c iMTi Crots-
j*ctlon

Energy
rang*
In MeV

Range of
angles
in dag

Type of data Uncertainty in t

I
2
3
4
5
6
7
8
9

10
I I

0.102
0.335
0.403
0.420
0,424
0.686
0.808
0.952
1,037
1.130
1,194

-7,858
-3,354
-3,735
-3,688
-3,703
-3,434
-3,101
-1.077

. -1.502
-2.200
-2,256

4,644
0,570
1,248

-0.928
-1,914
2,399
3,837
25.48

-16,00
-82.36
0,000

Table 5 .6

-0.992
-45,34
48.96

-ice. 2
-0.846
-15,73
24.26

-582.4
97.87
79,44
0,000

0,231
167,8

-1262,8
3593,5 '
8.907
80,97
170,8

2648,4
-71,74

-I50I.5
0,000

12.86
4,932
4.156
6.210
5.576
4,632
4,530
3,370
4.574
2.580
4.678

2.1-5,1
2,1-2,8
2,3-5,6
2,1-5.4
2.5-4,1
3,5-10.9
18,5

4-14,3
8,2-15,7

0-150
4 £

0; 90
4 S

0-150
0-150
0-150

4 7
0-150

UND/AND, DA
UND/EXC.SIG

EXC.DA

U1JD/EIC,SIG

AND, DA

AMD, DA

AND,DA

UHD/ZXC.SIG

AND,DA

7-10
7-10
10
3

30
10
10

5-20"
5

[274]
[274]
[275]
[21]

[276]
[277]
[278]
[151]
[279]

Lagendre polynomial coefficients to calculate the 93e(p,riQ)9B
differential cross-section

Energy

in Hey

2
2
2
2
2
2
2
2

• 2

2
2
2
3
3
3
4
4
5
5
6
7
8,
9,

10.
12.
14.

,06
.12
,30
.40
,50
.56
.58
.60
.70
,76
.80
.90
00
10
5
0
5
0
5
0
0
0
0
0
0
0

1,09
3.71
18,1
44.9
S3.6

130,2
137,8
102,1
88.1
85,6
86.2
91.2
95.4
95,8
87,2

121.3
160,0
119,5
114,0
94.8
79,5
53,2
46.2
44.1
37,9
33.2

-0
-0
-0
-0
-0
0
0
0
0

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0.
0.
0.
0,
0,
0.
0.

.04

.08

.33
,37
,22
,02
,04
,08
,063
,013
016
083
141
191
328
396
392
344
266
172
045
275
469
381
435
597

0
0
0
0
0
0
0
0

-0
-0
-0
-0
-0

-o
0
0
0
0
0
0
0,
0,
0,
0,
0,
0,

,095
,220
,506
,506
,310
.140
.092
,045
,123
186
217
254
249
215
023
561
942
691
43
334
356
465
529
511
416
421

0
0
0
0
0
0
0
0

-0
0
0
0
0
0
0
0
0
0

-0
-0
-0

-o.
-0.
-0,
-0,
-0,

,048
.085
,202
.209
,138
,056
,028
.002
,048
,03
,143
283
265
243
187
329
314
401
075
201
365
374
251
308
423
412

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-o
-0
0
0

-o
-0
-0
-0
-0 .
0.
0,
0,

-0,
-0 .

,038
,058
,084
.113
.172
.218
,230
.240
.247
,228
,210
156
108
082
062
159
024
420
512
440
182
012
088
060
016
210

-0.01
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

-0
-0
-0
0,

-0 ,
-0,
-0,
-0.
-0 .

,318
,073
.086
,122
.151
.160
,170
,182
,160
122
065
048
035
0C8
047
028
014
019
039
009
OOIS
079
150
243
068

JO

-0
-0
-0
0
0
0
0
0

_
_
_

_
_
_
_

_
_
_
_
_

.035
,035
.031
.014
.011
.041

.080

.204
392

T a b l e 5 . 7

Brief data content of references used in the evaluation of the
9Be(p,d)88e reaction cross-section (angular distribution

data, ground itate)

Energy

rang*

in HeV

Rang* of

angles

in dag

Uncertainty in t

random | systenC

Ref.

0.03-0,7
0,8-3,0

0,3
2.1-3,3

5-11
6,0

7.0
10
12
15

14; 26

60-160
30-150
40-150
20-160
15-165
24-164

40-160
20-165
20-166
10-150
10-100

3
5
3
5
3
5

7
12
10
20
10

6
10
6

.10
5

10

15
30
20
20
20

[283]
[284]
[285]
[286]
[287]
[288]

[289]
[290]
[291]
[281]
[282]

Spline fit coefficients for the description of the 'Betp.nj'B neutron

production cross-section. (The cross-section can be calculated using

Eq. (2.13))

Knot

anargy

in KaV

Spllna fit coefficient! Cross

section

uncart..X

I
2
3
4
5
6
7
8
9

10
II
12
13
14
15
16
17
18

2,053
2,101
2.187
2,430
2,537
2,562
2,573
2,933
4,049
4,466
4,904
5,315
6.749
6,761'
7,489
8,988
11,38
14,22

0,827
2,242
3,001
4.075
4,834
5,063
5,069
5,003
5.639
5,981
6.179
6.064
6,180
6,179
6,182
6,238
6,263
6,186

98,35
3b,83 •
9,873 -
13,08
24.43
17,18 -

-12.58
2,720
I,47r
5,856

-1,471
1.587
2,364

-1,743
0,656
0,528

-0,107
0

Table 5.8

-2092
•622,5
•21.04
51,56
211,3
•929.7
145,6
-3,082
17,06

-41,74
-36,51
-17,07
-2295
28,57

-5,113
-2,664

1.618
0

21262
4970,5
230,04
1235

-37703
-399164
-415.8

2.369
36,23
18,65
459,8
52,21
427407

-109.8
17.39
3,729

-12.01
0

6,8
4,2
4,5
3,0
4,0
4,2
4,5
5.0
5.0
6.0
7,0
8,0
9.0
10.0
12,0
15.0
20,0
20,0

Spline fit coefficients for the description of the

'Be(p,dQ)%e partial reaction cross-section.

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

Knot

no.

i
2
:i

A
5
6
7
8
9

10
11
12
13

Knot

Energy
in HeV

0,0280
0,115
0,210
11.311
0.405
0,409
0.629
0,953
1,272
1,512
2,489
7,696
26,20

Spli

Ao

-9,040
0.878
3.824
6, VZ2
5,800
5,792
5,561
5,774
5,269
5.195
4,881
4,268
2,273

n* fit coefficients

A1

5.700
5.699
5,019
2,284

-2,313
-0,0665
-0.742
-10.86
-1,370
-0,020
-1,481
-0.966

0

A2

2,781
-2.761!
11,24

-18.1'J
207.72

-1,719
0,144
61,86
8,540

-0,742
2,035

-1,579
0

A3

-1,300
2,444

-24,91
£3.95

-6402,9
1,448
6,885

-104,91
-17,87
-0,970
-1,067
-0,848

0

Cross
section
uncert.,1

10
6
6
fi
6
5
5
6

10
10
10
10
15



Table 5 . 9 Tapis •>. 12 Table 5. 1

Brief data content of references used in the evaluation of
the *Be(p,a)6Li cross-section

Enargy
range
In H>«

Rang* of
anglas
in deg

Type of data

Uncertainty In 1

ranoon systam.

0,03-0.7

0,3

0,8-3,0

1-4.5

2,2-4.5

"2.2-3.2

6,0-11,5

9,0-11.5

3,7-12.1

5,1-12.0

5.9-.7.0

60-160

40-150

90

20-160

35;80

35

24-164

24-164

90

90

40-160

AlfI),DA,«0

EIC.

DA.*0

DA,.,

AOT.DA.a

3

5

5

12

12

12

10

10

10

10

7

6

10

10

20

20

20

20

20

20

20

15

(283]

[285J

[264]

[286]

[286]

[286]

[288]

[288]

[288]

[288]

[269]

Table 5.10

Spline f i t coefficients for the description of Hie 9Be(p,osQ)6Li
partial reaction cross-section. (The cross-section can be

calculated using Eq. (2.13))

Knot

No.

Knot

Energy
In HoV

Spline f i t coafflciants Croti
section
uncart.,%

0.0280

0.2640

0.3826

1.5942

1,5942

8,3002

11.586

-9.853

5,031

5,832

4.816

4,816

3,275

2,704

9,28

4,492

-2.240

-4,211

2,697

-1,524

0

-1,403 0,099 II

-0,731 -14,96 4

4,593 -2,468 4.5

3.29-I05 -5,23-J.O9 7

-4.044 1.117 5,5

1,485 -6,209 3,5

0 0 6

Table 5.11

Spline f i t coefficients for the description of the 'B«(p,O|)*
partial reaction cross-section. (The cross-section can be

calculated using Eq. (2.10))

Knot

No.

Knot
Enargy
in May

Spll

Ao

n« f i t

A

coefficients

i
A2 A3

Cross

Section
uncart.,1

1 4,940 85,29 -29,36 19,36 -6,402 1,5
2 5,823 70,05 -10,15 2,40 -0,416 1,0
3 9,652 42,94 -10,IT -2,38 1,525 2,0
4 11,93 25,56 0 0 0 2,5

Brief data content of references used in the evaluation of the
9Be(d,^;' 'B cross-sscfion

Enargy
rang,
in HaV

Ranga of
anglas
in dag

Typ* of data
Syltamat ic

unc»rtainty in 1

0,5-5,5 90; 0-130 ANB.DA,;; 30

0,56-3,56 0-130 AND, r.,r, 35

2,9-11.9 90; 0-160 AM), DA,/. 30

Table 5.13

[293J

[294]

[295]

Brief data content of references used in the evaluation of the
Be(d.n) ^J reaction cross-section

Enargy
rang*
in H.V

Uncartalnty !n %

rut.

0,06-0,16 4SC PAK/ECC.SIC.ng-n^ 10

0,3-0,7 4X PAS/nC.SIG.n, 10

0,8-2,4 30 PAB/EtC.DA.i^.n, 3

I.4;I,9;2,4 10-150 FAS/AltD.nA.nQ.n, 3

0,5-1,6 5-150 PAS/ABB,DA,ng-i^ 15

0,5-1,5 4X EI0,SIC 10

1,1-3,2 0-150 PAB/AJTD.DA.nQ-n- 5

7;I2;I5;I6 10-150 PAK/AJTD,DA,I -̂IIB 10

20

30

10

10

15

[299]

[270]

[298]

[296]

[296]

[297]

[300]

[301]

Table 5.14

Evaluated partial differential cross-section values
for the ^Betd.n)11^ reaction

Enargy
In MaV

Partial eroii-.*ction In mb (uncertai nty giv»n In '

0t±20) | 0.72t^0)|l,74(i30)|2.15(t25)|3,59(t30)

0 . 5
0 , 6
0,7
0,8
0,9
1.0

I . I
1.2
1.3
1.4
1.5
1,8
3.0
3 , 5
5,0
7 . 0

10,0
12.0

II
19
31
46
58
73
64
55
47
43
55
87
68
63
51
40
28
22

30
41
54
72
84
96
78
70
65
65
73

110
78
68
45
24
10

6

3
5
7
9

II
13
10
13
II

8
7

II
II
10

8
6
4
3

B

U
14
21
29
42
40
27
23
22
26
54
38
32
21
10
3
2

5
10
13
19
32
56
48
36
33
47
51
65
58
52
41
29
17
10

Brief data content of references used in the evaluation of

the 9Be(d,p)IOBe reaction cross-section

Energy
r«ng«
In H*V

Ttinge of
Type] of data

0.3-0.6

0.6-1,4

0,6-2,7

0,09-0,24

0,9-2.5

0,85-2,0

0.9-3,1

1.7-3,1

2.0-2,8

3.4; 3,9

3,6

3,8-6,3

4,5-5,2

II.8

I-2I

15

5-170
0-170

10-150
90

30-160

0-170
30-150
20-100
20-160

40
20-160
20-160

4S
15-140

Pi-R/AJTD.DA.pQ

PAE/AJTD,DA,p0

PAB/AHD.DA.PQ.P,

PAS/KIC.DA.,po,p1

PAB/AID,DA,jo,p-

£I0,SI5,p 0

10

10

20

10

7

5

PAH/BIO,310,pQ,Pi5

AHD.DA.p-

iXD,ni,p0

PAB/urD,nA,po»p,

PAB/ATO,DA,potPi

PAa/KC,DA,po,p1

PAEyAiD,m,po-p.

PAK/ATO,DA,po-p9

KIC.SIO.ACt

PAS/Un>,DA,po-p-

5

3

10

15

7

10

7

20

5

30

20

70

15

15

10

10

20

10

-

20

30

20

15

30

18

[302]

[303]

[304]

[210]

[305]

[306]

[507]

[308]

[309]

[310]

[3HJ

[312]

[176]

[313]

[314]

[281]

Table 5.16

Integral proton production cross-sections of

the 9&e(d,p)l0Be reaction

Er>«rgy

in HaV

Crosf-S*ctionl

in mb I
Enargy
in MaV

Cross-sact

in n6
Lnargy
in HaV

Cross-saction

0,045
0,605

0,945

1.064

1,292

1,413

1,533

1.763

1,995

2,114

2,235

2,354

2.473

2,592

2,712

2,830

3,063

3,182

3,412

0,09
0,941

5,37

II.6

16,0

23,2

31,2

36.5

43,6

50,7

58.7

65,0

71,2

78,3

85,4

90,8

98,8

105,9

111,2

3,645

3.652

3.768

3.995

4,221

4,557

5,000

5,444

5,552

5,992

6,322

6,764

7,094

7,425

7,867

8,310

8,752

8.972

9,302

119,2

125,4

129,9

132,6

134,3

135,2

131,6

128,0

124,4

118,2

112,8

108,3

102,9

99,3

94,9

90,4

85,9

82,3

77,8

9.968

10,41

10.96

11,41

11,74

12.41

13,18

13,85

14.63

15,20

15.86

16,75

17,53

18,20

19,21

19,99

20,77

21,3

22,0

73,3

69,7

64,4

59,9

58,9

52,7

49,1

45,4

43,6

41.8

40,0

37,2

36,3

35,3

33.5

31,6

30,7

30,7

30,0
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Table 5.17

Spline fit coefficients for the description of the recommended
9Se(d,p>Q) IOB« integral reaction cross-section.

(The cross-section can be calculated using

Eq. (2.13))

Table 5.20

Spline f i t coefficients for the description of the tritium production
9Be(d,t)"8e reaction cross-section. (The cross-section

can be calculated using Eq. (2.11))

Table 5.23

Knot

No.

Knot
Energy

in KeV

Spline ( I t coefdclents

Ao A! A2 A3

Cross

uncart.,1

I
2
3
4

0,0857
0.735S
0.7928
il.181
II .8

-«,6I55
2,4031

6,5678
2,0086

-1,1903
-20,998

0.0403
93.138

2,4749 0.43U7
1,9567 -1,2212
1,7156 0

-0,0859 -0
-0,"—5383 -III2.6

0 0

9
4,5
20
18
10

Spline fit coefficients for the description of the recommended
9Be(d,p|) ^3e integral reaction cross-section.

(The cross-section can be calculated using

Eq. (2.13))

Knot

No.

Knot

Energy

in HeV

Spl Irv. f i t coefficients

A 0 A1
A2 A3

Cron

section
uncart. ,1

i
2
3
4
5

0,09
0,789
1,521
2,714
II .9

-6,6540
2,2187
3,3736
3.4522
2,306

8,3144
4,5829
2.8941

-0,7341
0

Table 5 .19

-4,1220
-1,0331
-S.02I4
0.7063

0

1,0023
9.1825
5.6273

-0,4968
0

25
20
20
20
25

Brief data content of references used in the evaluation of the

and ^BeCd.t)8!** reaction cross-sections

Energy
range

In MaV

"Range of

angles
in deg

Type of data

UncartaInty in 1

random system,
Ref.

Knot

No.

Knot

Enargy

in HaV

Spllna ( I t coefficients

Ao A! A3

Croix

section

uncart.,t

1 1.440 108.84 388,90-397,7 126,14 30
2 8,049 243,16-891,1 1332,9-557,9 20
3 18.42 102,5 0 0 0 20

Table 5.21

Spline f i t coefficients for the description of the
9Be(d,tg)"Be integral reaction cross-section.

(The cross-section can be calculated using
Eq. (2 . ID)

Knot

No.

Knot

Enargy

in HaV

Spline l i t coefficient!

*O
A1 A2 A3

Cross

section

uncart.,1

0.295
0,825
1,384
2.347
15.0

0,871
9.58
20.24
33.57
8.II

-3,18
16,45
26,77
13,88

0

Table 5.22

14,88
4,204
15.75

-40,18
0

-3,46
7.444

-35.32
13,64

o -

30
30
30
30
30

Brief data content of references used in the evaluation of

the 9Be(d,ao)7Li and 9Be(d,ci|)7Li reaction

cross-sections

En«rgy "ftiftQ* Of

angles

in dag

Uncartainty in t

random iysta<q,

15
0,295-0,62

15,1
0.9-2,5
I,5-13.5

0.86-2,2
3,8-6,3
0,6-2,7

2,3;2,5;2,8
12,2-14.4

I2,4;I4,I
0,9-3,1

0,35-7,7

25-125
5-170

25-110
30-160

4 £
25-160

40
30-160
30-160

85
20-170
30-160

4X

PAR/ATO.DA.t^t,
AHD,DA,t0

ABB,DA.t0

ATO,DA,t0

UKD/KIC,SI0
AlTD OA t

* • QEXC.DA.tQ
AKD,HA,t0

AHD,DA,t0

PAE/EIC,DA,to ,t1

PAH/ASD.UA.tQ.t,
AJTD.DA.tg
uTTD/EXC.SIG

10
10
20
20
5
5

15
20
5

10
10
5
5

20
30
30
20
25
10
25
70
10
20
20
15
15

[281]
[302]
[316]
[317]
[314]
[306]
[312]
[304]
1309]
[318]
[318]
[307]
[315]

0.5-0.9
0.09-0,24

13,6
0.3-1,0
0.2-0,5
14,1

0,9-2,2
0,4-2,4
0,4-2,4
0,6-2.0
0.6-2,0

12.7-14,4
12,7-14,4

- •

90
8-143

10-170
50-170
30-170
15-165
25-170
90;165
25-170
160

25-170
35

PAR/KIO.SIO,^,^
KXC,2U,«0

PAS/ABD.IU,^-^
PAB/AS1I,DA,«O,«1

PAB/AXD.DAfetQttf.

PAB/AHD,DA,«0-«2

PAR/An>,DA,ot0lef1

PAH/AXD,lU,afo,et.
PAS/XXC,DA,o(oref1

PAB/ATO.M,^,^
PAH/xrC lDA,«0,«.
PAS/AID, DA,«o r«4

PAB/XXC.SA.rt.-or.

5
10
10

5
10
8
5
4
6

40
-
8
8

10
30
20
15
30
15
10
10
10
70
-

ID
10

[319]
[210]
[320]
[321]
[270]
[289]
[322]
[306]
[306]
[304]
[304]
[318]
[318]

Partial cross-sections for the 9Be(d,ao)7li and
9Be(d,a|)7U reactions

(Data uncertainty Is +101)

Energy

in MeV

0,2
0.3
0.4
0,5
0,6
0.7
0,8
0,9
1,0
1,5
2,0
2,5
3.0
3.5
4.0
4,5
5,0
5.5
6,0
7,0
8,0
9.0

10,0
II ,0
12,0
13,0
14,0

Reaction channel cross-sections in

0,35
2,3
5.5
9,1

12.5
16,5
19.5
23
27.9
45
41
42.1
36
31
28
25
22
20
19
18
15
13
12,7
II.I
10,0
7,6
7,3

0,50
3,2
7.2

10.9
14.5
17
19
22.7
26,2
37
39,7
33,2
35
29
24
21
20
18
17
14
12
10,5

8,0
7,2
6,1
5,6
5,1



Table 5.24 Table 5 .27 Tdble 5.29 Icont.l

00

Spline fit coefficients for the description of the evaluated
9Be(d,o)7LI integral reaction cross-section.

(The cross-section can be calculated using

Eq. (2.13))

Knot
No.

Knot
Energy
in H»V \ > A1 A2 A3

Croit
sactlon
unctrt.,%

i
2

3
4
5"
6
7
8

0,087
0.363

0.833
0,836
2.043
2,680
2,800
14,06

-4,662
2,313

3,686
3,690
4,382
4,374
4,353
2,518

4,568
2,525

0,865
1,888

-0.452
1,225

-1,323
0

2,089
-I.149

-0.885
-1,121
-1,497
-59,225
0,632

0

-1,309
0,120

28332
-0.140
11,243
458.81
-0,322

0

15
10

10
10
10
10
10
12

Table 5.25

Integral neutron production cross-sections
of the 9Be(t,n)nB reaction

En.roy
In M.V

0,58
0.78
0.88
1.03
1.13
1.182

Cross-iactlon I

In afc I

56

127

164

227

272

292

Inergy
In H.V

1,23

1,43

1,48

1.54

1.584

1.975

Cross-saction
In «b

314

390

410

438

472

555

Spl ine f i t c o e f f i c i e n t s for the d e s c r i p t i o n of the 9 B e ( T . n ) ' ' c
c a r b o n - t I product ion c r o s s - s e c t i o n .

Knot
Mo.

Knot
Cnargy
In K.V

Splin* f i t coalf lclantt

Ao A 1 A 2 A3

Cross
section
uncart.,1

Enaroy
rang*
In M.V

"Ring*' of
angUs
in dag

Typ* of data
Uncart*Inty In I

R*f.

I
2
3
4
5
6
7

0.652
1,151
1,916
7,991
8,002
24,18
40,70

0,337
17,95
81,30
73,23
73,08
19,46
6,433

8,368
86,89
119,1

-121,3
-79.85
-32,00

0

Table 5.

-18,81
156.93
-93,75
-82,13
41,80
1.480
0

28

103.0
-163,9
4,474

7,22-I0S

-12.16
22.91

0

0.03
0,47
2,94
3.55
3,55
0.8
0,5

Spline f i t coef f ic ients for the description of the part ia l
d i f f e r e n t i a l ' B e ( T 1 n ) l l C (ground state) cross-section at o".

(The cross-section can be calculated using Eq. (2.10))

Knot

No.

Knot

*n.rgy

in M*v

Splin* tit coafficiants
Cross

section

uncart.,1

1,330
1.732
2,561
3,312
4.867
5,719

0,613
1,681
2,582
5,819
6,045
6.7S0

1,480
2,265
2,776
3,256
1,473
0,0

Table 5.

6,831
-4,878
5,495

-4.857
3,710
0,0

29

-9
4

-4
I

-5
0

,714
.167
.594
.837
,243
.0

0,11
0,08
0,09
0,09
0,1
0,24

Table 5.26

Brief data content of references used in the evaluation of
the 9Be(T,n)''C reaction cross-section

Legendre polynomial coefficients for calculating partial angular differential

cross-sections for the 9Be(T,ng)'!C reaction corresponding to the

ground state of the residual C nucleus

3 B, B.

5-40
3,2-9,6
2,0-6.2
1.5-5,0
0,9-1.4
3.5-5,8
0,6-1,3

iX
IX

at
0-170
0-160
0-160

0

UM/EIC.SIO

OTD/EIC, SIG

UKD/EIC,3I0

PAH/ ABD, DA

PAH/AJTD.DA

PAR/AST), DA

DID/SIC,Dl

10
10

5
10
5

10
10

15
15
8

20
20
25
25

[325]

[326]

[327]

[328]

[329]

[380]
[I92J

0,9
1,0
1.2
1,4

1,59

1,77
1,97
2,19
2,48
2,80
3,11
3,46

0,217
0,223
0,315
0,642
1,10
1,55
1,71
1.76
2,02
2,68
3,98
5,11

0,635
0,607
0,633
0,728
0,704
0,729
0,779
0.854
0,938
0.831
0,594
0,502

-0,177
-0,093
-0.097
-0.227
-0,141
-0,088
-0,073
-0,094
-0,121
-0,012
0,055
0.096

0.488
0,469
0.456
0,487
0,445
0.298
0,236
0,2Ii
0,236
0,182
0,?30
0,215

0,020 0,014
0,0O2_ 0.033
0,083 -0.059

-0,04 -0,075
0,03 -0.027

-0,039 0,031
0.054
0.031
0,09

-0.049
-0,050
-0,029
0,056
0,141 -0,034
0,182 -0.031

0,082

-0.005
-0.032
0,018

-0,007
-0,014
0,052
0,001
0,031
0,009

-0.016
-0.032
-0,000

B.

3,81
4,12
4,52
4.90
5,16

5.26 0,489 0,136
5,07 0,427 0.152
4,59 0,432 0.152
4,92 0,388 0,156
4,83 0,379 0.153

0,242 0,156 -0,067 0,040
0,248 0,124 -0,046 0,049
0,245 0,086 -0.018 0,074
0,226 0,103 0,055 0,051
0,193 0,123 0,080 0,012

Table 5.30

Brief data content of references used in the evaluation
of the 'Be(T,p)''B reaction cross-section

Enargy
ranga
In K*V

llano* of
angles
In d*g

Typ* of data
Uncart*1nty in i

random

1,8-4,8
5,7-10.2
5.7-10.2

2,0
13-14,2
14,0
2,0

1-3

10-150
10-130

10
30-160
30-60
20-150
5-170

10-160

PAR/EXC.DA

PAR/ASD.DA

PAR/EXC.DA

PAR/ AND, DA

PAR/AND,DA

PAH/AID, DA

PAR/AID,DA

PAR/AND,DA

Table 5.31

5
7
7
5
5
5
5

10

20
-
-

20
9

20
20
25

[332]

[331]

[331]

[333]

[334]

[204J

[335]

[336]

Spline f i t coef f ic ients for the description of the par t ia l cross
section for the ' B e ( T , p ) ' ' B reaction. (The cross-section

can be calculated using Eq. (2.10))

Channel Knot
No. *n*rgy

in H.V

Spl In* f i t c o . m c l . n t i Cross
I action
uncert.,%

I
2
3
4
5
6

I
2
3
4
5
6
7

1,806
2,327
3,662
4,423
6.789
14,0

1.815
3,152
3,516
5,157
5,493
5,981
14,0

12,141 14.152 -13,725 -5,598 0,6
14,994 -4,733 P.660 -3.430 0,4
12,384 -5,292 8,351 -4.030 0,3
11,416 0,417 -0,841 0.076 0,3
8,702-2.285 0.322-0,019 1,2
1.660 0 0 0 0,8

6,433 2,?S8 -3,613 1,871 0,4
7,612 2,740 3,892 -16,12 0,3
8,348 -0,813 -0,025 0.052 0,4
7,173 -0,479 0,229 -5,403 0.4
6,833 -2,157 -5,220 8,233 0,5
5.494 -1,378 0,171 -0.0075 1,1
1,610 " 0 0 0 0.2



0 3 Table 5.33 (contd.) Table 5.33 ( c o n t d . )

Brief data content of references used in the evaluation
of the °Be(a,n)'*C reaction cross-section

Eftargy
rang*
In HaV

llano*' of

In dag

Typ* of Ait.
Uncartalnty In t

random fef.

0,48-0,70
0.56-1.32
0,56-1.32
1,5-7.8
1.5-7.8

-3.6-7.6
1,8-5,3
I,8;2,0
1.7-6,4
1,7-6,4
6,8-9,9
13-14
17-22
14-23

1,7-10,5

Total and partial neutron production cross-sections for

the 9Be(a,n)l2C reaction.

0-140
0-160

0
0-160

0
0; 90
0; 90
0-165

0
0-70
0-170

10-160
12-165
0-165

4 *

Un>,DX,no,n.
A5P,DA.,no,n1

EIC.DA.iiQ.n..

EXC,I»A.,no-n3

EZC,DA,n1

KXO.DA.IIQ.II.

AJTD.DA.IIQ

ECO.JA.nQ-ttj
AHB lM.,n0 ,n1

XHD.DA.nQ-n,
AOT.nA.iiQ-a.
AHD, nA.ru-Oj
AJn>,2>A,no,s1

UHD/EIO.SIC

Table 5.33

5
5
5

10.
10
10
15

5
5
3
5
5

15
5
5

15
25
25
15
15
25
25
20
10
-

10
15

• 30
20
6

[344]
[343]
[343]
[338]
[338]
[345]
[346]
[347]

• [340]
[342]
[341]
[348]
[349]

J [350]
[337]

En.roy
in MaV

Partial cross-saction in nfe

a 1 n 2 a3

Total
cross-faction
In ab

1.4
1.5
1,6
1,7
1.8
1,9
2,0
2.1
2,2
2.3
2.4
2.5
2,6
2.7
2,8
2,9
3,0

5,8
8,1
9.0

12,6
39,9
59,3
72,0
81,8

107,4
115,0
III,7
III.O
95,6
71,5
59.7
58,9
49,1

0
0
8,8
39,9

185,3
236,7
167.2
90,7
74.3
55.3
53.6
74,6
97.6

100.8
80,9
63,1
51,7

5,8
8,5

17.8
52.5

225.2
296,0
239,2
172.5
181,7
170,3
165,3
185,6
193,2
172,3
140,6
122,0
101,0

Enargy
In HaV

Partial cross-faction In ne Total
crosf-sactfon
In mb

3.1
3,2
3,3
3,4
3,5
3.6
3,7
3,8
3,9
4,0
4,1
4.2
4.3
4.4
4.5
4.6
4.7
4,8
4.9
5,0
5.1
5,2
5,3
5.4
5,5
5,6
5,7
5.8
5.9
6.0
6.1
6,2
6,3
6.4
6.5
6.6
6,7
6.8
6.9
7.0
7.1

7.2
7,3
7,4

42.5
35.1
32,4
36,4
47.1
75,6
98.6

113.5
130,2
140,2
148.0
139.2
119,9
109,6
110,0
84.1
76.4
70.6
75,6
79.
60,1
65.9
63,8
54.7
49,3
45.3
42,1
36,1
48,6
43,7
34,9
34,8
34,8
32,3
31,2
30,4
26,4
22,4
20,8
28,0
33,5
29,9
24,9
23.9

48,5
53,5
54.4
55.4
62,6
72,0
73,6
74,6
84,5

339,8
236,0
202,8
232,2
250.0
257,8
256,0
244,4
255,0
296,9
330,3
340,0
325,0
335,1
320,2
316,8
320,0
325,8
323,0
257.2
244,9
217,1
195,5
168,9
152,2
139,3
128,7
117,8
109,4
105,6
103,7
95,0
89,5
81,8
87,1

-
-
-
-
-
-
-

13,8
33,4
58,4
70,5
71.6
65,8
57,5
51,7
46,8
45,9
44,6
47,6
37.9
32,7
38,4
41,8
36.4
35.6
28.4
22.8
21.5
21,4
18,6
18,0
19,3
18,4
23,3
32,5
38,0
34.5
28,7
30,2
34.6
37,1
37.6
36,2
32,8

- _
-
_
_
-

_
_
-
- -
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

- -
0.1
4,2
8,2

10,9
13,0
16,4
17,5
21,3
22.5
25,6
27,4
34,0
38,1

91.1
88,6
86,8
$2 J.

110,0
148,0
174,1
202,0
250,0
541.0
462,0
430.0
438.0
442,0
448,0
435,0
407,0
431,0
475.0
522.0
536,0
549,0
580,0
580,0
590,0
613,0
637,0
657,0
626,0
606,0
592.0
592,0
S92.0
588.0
592,0
595,0
590,0
585,0
584,0
598,0
610,0
621,0
618,0
618,0

In HaV

Partial

no n

cr

1

oss~s*ctloft

fl2

In rrb

n3

Total
cross-sactIon
In n*

7.5
7,6
7,7
7.8
7.9

27,7
33,3
37,3
37,3
29,8

104.4.
113.1
122,1
118,7
120,2

31,5
34,9
38,6
42.9
42,0

40,8
37.1
33,9
33,9
33,8

648,0
678,0
688,0
696,0
698.0
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Energy dependence of the total integral proton radiative

capture cross-section of berylliua-9 in the 9B»(p,Y)'°B

reaction. Spline fit given by continuous curve.

Experimental data: a - [210], • - [269].

a. mb

Energy dependence of the to ta l integral % e ( p , n ) 9 B
reaction cross-sect ion. Spline f i t given by continuous
curve. Experimental data: o - [ 2 1 ] , A - [ 151 ] .

5 10 2° t , Hei

Energy dependence of the total integral Be(p,nr,)'B

reaction cross-section (for the ground state). The

• indicates evaluated data usad for the spline f i t .

o, ob

d

if-

iff,

*'; 1

00
CO

Energy dependence of the partial 9Be(p,d0)
aB« reaction

crosi-sectlon (for the ground state). Spline f i t given by

continuous curve. Experimental data: o - [281], • - [282],

4 - [285], • £284], • - [286], D - [287], x - [289],

K> - [291].

E, HeVto"

Energy dependence of the partial

reaction cross-section (for the ground state).

given by continuous curve. Experimental data:

0 - C285], o - [288], x - [289].

Spline fit

+ - [283],

i.S

Energy dependence of the partial %e(p,a|)6LI

reaction cross-section (for the first excited state). Spline

fit given by continuous curve based on experimental data

[283] indicated by t.
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ICf E, MaV

Enargy dapanoanc* of tha partial *B«(d,-fo'"B

raaction crois-s*ctlon (for tha ground stata). Splina fit

gtvan by continuout curva. Exparimantal data: o - [293],

• - [2943, « - [295].

Figura 5.8. Enargy dapandanca of tha partial ^B*(d,po) l(^8a raaction
cross-saction. Splin* f i t givan by continuous curva.
Expariaantal data: - (1763, o - [2103, • - [302],
T - [3043, 4 - [305], x - [3061, • - [307] , • - [308],

<—- C3I2], Z- 13133.

K

Enargy dapandanca of ti^a par t ia l Ba(d,p|) ^ a raaction

cross-sact ion. Splina f i t givan by continuous curva.

Exparinantal data: • - [1763, < - [2103, o - [3073, • - [3133.

2W

no

zoo
HO

w>
IHO

no
100

K

a

55

I 5 10 E, HaV

Enargy dapandanca of tha total intagral Hatd.t l^Ba
raaction cross-SKtlon. Splina f i t glvan by continuous
curva. Exparinantal data: o - [3143, » - [3IS3.

a, mb

(0

10'

Enargy dapandanca of tha partial 9Ba(d (t0)8Ba raaction
cross-saction. Splina f i t givan by continuous curva.
Exparimtntal data: • - [281], o - [306] , x - [307],
0 - [309] , 4 - [317] , • - [318).

Enargy dapandanca of tha total intagral ^Batd.oJ^Ll
raaction cross-saction. Splina f i t givan by continuous
curva. Exparinantal data: + - [2103, J - [3IB3, D - [519] ,
x - [3213, o - [3223.
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E, n.y

Energy dependence of ttie total integral *Be(T,n)"c

neutron production cross-section. Spline f i t given by

continuous curve. Experimental data: Q - [192],

4 - [525], x - [326], • - [327] .

*,» *.o

Enargv d«p«nd«nc« of tha partial differential
9Ba(T,n0)"C reaction cross-section (for r»a first

excited state) at an angle of zero degrees in the laboratory

systen. Spline fit given by continuous curve. Experimental

data: x - C328], t - [330].

E, K.V

Energy dependence of Ttte partial ^(T.njl'c reaction

cross-section: for ttie first excited state (curve a) and for

the ground state (curve b) of carbon-ll. Experimental data:

o - [328].

mo

SOO

SOO

too

300

200

too

•

A

I \r-7^\^—^/i

yt iv /

It 12 E, H.V 7 £- . '

00
O1

Energy dependence of the partial 9 B«(T,p 0 ) l l B
reaction cross-section for the ground state. Spline f i t
given by continuous curve. Experimental data: x - [3313,
• - [332].

Energy dependence of the partial 9Be

reaction cross-section for the f i r s t excited state. Spline

f i t given by continuous curve. Experimental data: x - [331],

• - C3J2J.

Energy dependence of the partial (nQ, n | , ny, nj) and

sunned ( !„) cross-sections of the 9Be(o.,n)'^C

reaction, and of the total neutron production spectrum

'"top-



00 6. CHARACTERISTIC LEVELS OF INDIVIDUAL NUCLEI [108, 1993
(Estimated values are given in parentheses)

Table 6.1

Characteristic levels of helium-5

£ , , HaV J * , (T < 1/2)
Decay ch«nn«t

0 3/2-
4+1 1/2-

16,76+0,13 3/2+

0,60+0,02 n, «
4+1 n,*

0,10+0,05 ̂ ,n,

Table 6.2

Characteristic levels of lithium-5

E x , HaV

0
4-10

16,66+0,07

J " . (T .

3/2-
1/2-
3/2+

1/2) re.... * »

1.5
5+2

T

Decay channa

Pi -

P.«

Table 6.5

Characteristic levels of he Iium-6

Ex, D*cay channal

0 0+; I r,l2= 806.7+1,5 MC y
1,797+0,025 (2)+; I r= II.?+20 a,
13,6+0,5 - - -

23,2+0,7

Table 6.4

Characteristic levels of lithium-5

E x , H.V J * . T r c . » . . MeV Dacay channal

0
2,186+0,002
3,563+0,1
4,31+0,022
5,366+0,015
5,65+0,05

I+; 0
3+; 0
0+; I
2+; 0
2+; I
I+; 0

0
0,024+0,002

(8,2±0,2)-I0"*
1,7+0,2

0,540+0,020
1,5+0,2

Table 6.5

Characteristic levels of beryllium-6

Ex. J*, T re... "•" Dacay channal

0 0+; I 92+6
1,67+0,05 f2)+; I 1160+60
23 4- ; -

Table 6.6

Characteristic levels of lithium-7

P . *
p,cc

E x , MaV J * .

0 3/2-; 1/2
0.4776+3-IO"6!^-; 1/2

4,630+0,009 7/2-; 1/2

6,68+0,05 5/2-; 1/2

7.460+0,001 5/2-; 1/2
9.67+0,1 7/2-; 1/2
9,85 3/2-; 1/2
11,24+0,03 3/2-; 3/2

T

*m =

r =

r =
r =
r =
r =

<" r c .« . - k t V

0

105+5 $c
93+8 xaB

89+7
400
1200
260+35

Dacay channa

T
t , -

n.t,*
a,t,«
a, u
a , p

Table 6.7

Characterist ic levels of beryllium-7

x , MaV J * . Oacay channal

0
0,42908+0,0001

4,57+0,05
6,73+0,1
7,21+0,06
9.27+0,1

9,9
11,01+0.03

3/2-
1/2-
7/2-
5/2-
5/2-
7/2-
3/2-
3/2-

; 1/2
. 1/2

1/2
1/2
1/2
1/2
1/2
3/2

»,„= 53,29 cyT
rm = 192 50

r = 175+7
r = 1200
r = 500

-
r= 1800
r = 320+30

i

r
r,
r,

P.7'
P . T

P. r .
P . T

Table 6.B

Characteristic levels of lithiuro-a

£„ H.V

0

0,9608+0,0001
2,255+0,003

3,21
5,4

6,1+0,1
6,53+0,02
7.1*0.:

j * .

2r;

l + ;
3+ ;
I + ;

to.n+
(3);
4+;
_

T

I
I
1
I
; I
I
I
_

T

r'ir
I'm —

r =
r -
r =
r =
/ • =

or r c „_, k.V

838+6 MC
12+4 (bo
33+6
1000
650
1000
35+15
400

O^ay channa

y
r

/ • . n
a

a
a

a

n

Table 6.9

Characteristic levels of b«rylliun-3

E x . H.V J * . T rc.... "•"

(6,8+1,7M0"
1500+0.02

3500
108,1+0,5
74.0+0,4

10,7+0,5
133+6
48+20

270+20
230+30

650
700+100

Table 6.10

Character ist ic levels of boron-8

0
3,04+0,03
11,4+0,3
16,626+0,003
16,922+0.003
17,640+0,001
18,150+0,004

18,91
I9,07i0,03
19,24+0.03

19,4
19,86+0,05

0+
2+

4+

2+
2+
1+

1+

2-
3+
3+

I-
4+

• 0
, 0
, 0

CM
0+1

1
0
-

( I )
(0)
-
0

E x , MaV •T. T o r rc.m."

0 2+; I «•,„= 770+3 MO
0,778+0,007 - r- 40+10
2,32+0,03 3+; I r= 350+4U
10,619+0,009 0+; 2 /-*60

Oacay channal

r- *

r,p

a,p
n,p

Oacay channal
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Table 6. I I

Characteristic levels of lithiun>-9

x- HeV J " , T 1 or f c „ , keV 0*cay channel

0 3/2-; 3/2 ^,= 178,3+0,4 MC f
2,691+0,005 (1/2-) - - r
4,31+0.02 - - r= 100+30
5.38+0,06 - - r= 600+100

6,43+0,015 *9/2 r= 40±2O

Table 6.12

Characteristic levels of berylllum-9

E x , M.V J * . T D«c«y

U 1/23/2-
1.685+0,015 1/2+
2.4294+0,0013 5/2-

2,78+0,12 1/2-
3.049+0,009 5/
4,704+0,025 (3/2)+;
6,76+0,06 7/2-
7,94+0,08 ( i /2 - ) ; -

11,283+0,024 (3/2-) ; -
II,81+0.02 - ; 1/2
13,79+0,03 - ; 1/2

14.3929+0.0018 3/2-; 3/2
14,4+0,3
15,10+0,05
15,97+0,03 - ; 1/2
16,671+0,01 -

0
-150
0,77+0,15
I080+II0
282+11
743i55

1540+200
1000
575+50 _
400+30
590+60

0,381*0,033
800

300
41+4

r'n<

r-n

r>

r.a.

r
r

T a b l e 6 . 1 3

Characteristic 1«v*1s of boron-9

E», HeV * , T 0ec*y channel

(1.6)
2,361+0,005
2,788+0,03

(4,8+0,1)
6,97+0,06

11,70+0,07
12,06+0,06
14,0+0,07

14,655+0,002

3/2-; 1/2 0,54±0,2I p,«
- 700 (p,*)

81+5 *
550+40 p

1000 + 200 -
2000+200 p
800+50 p
800+200 p
390+110

0,395+0,042 j-.p

5/2-; 1/2
(3/2,5/2)+; 1/2

7/2-; 1/2
(7/2)-; 1/2

- ; 1/2
- ; • 1/2

3/2-; 3/2

Table 6.14

Characteristic levels of beryI I iun-10

(T . I) T or r c . B . , k«V

0
3,3680+0,0002
5.9583+0,0003
5.9599+0,0006
6,1793+0,0007
6,2633+0,005
7,371+0,001
7,542+0,001

9,27
9,4

0+
2+
2+
1 -
C+

2 -

3 -
2+

(4-)
(2)+

T'ft

%

= (1,6+O,2)-I0
=180+17 $c
»80 $c

T.= 1,1+0,4 nc

r
r.
r
r

Table 6,

Characteristic leve

-

= 15,7+0,5
= 6,3+O.R
- 150+20

,15

Is of boron-10

0.71835+0.00004
1,74015+0.00017
2.1543+0,0005
3.5871+0,0005
4.7740+0,0005
5,n03+0,0006
5,1639+0.0006
5,180+0,01
5,9195+0.0006
6,025+0.0006
6,1272+0.0007
6,561+0,002
6,873^0,005
7,002+0,006
7,43(W),0IO
7,467+0,010
7,479^0,002
7.561+0.001
(7,67+0,030)
7,819+0,02

8,07
(8.7)

8.889+0.006

8,895+0.002

2 -̂;

2-;

0
0
I
0
0
0
0
I
0
0

<„= 1,020+0,005 HC
T^= 7+3 $o
r .= 2,13+0,2 no
rm= 153+12 $c
/•=(8,7+2,2>I0~8

r= 0,98+0,07

3-; -
(4)-; -
I-; 0+1

0+;

U+.2-
3-;

/"= 110+10
r= 6+1
r= 0,05+0,03
r= 2,36+0,03
r= 25.I+I.I
r= 120+50

• ; (0) r= IOQ+10
0+1 r= 100+10

r= 65±I0
I r= 74±4
I r= 2,65+0,2
0) r= 250+20
- r= 260+30

r= 800+200
• ) ; - /-=(200)
I /"= 84+7
I /•= 40+1

Table 6.16

Characteristic levels of carbon-10

0*c«y channel E,.

D«c.y cnannal

T
T
r
T

r,*
T.+

P.<J,«
• tPid ," .

P

r>p.

*, i rc.m.. 0«Cay channel

T 3,3536+0,0009
T 5,22+0,04

5,38+0,07
j 6,58+0,02

0+; I r,/2= 19,255+0,05 c
2+; - rm= 155+25 $c

- r= 225+45
- r= 300+60
- r= 200+40

Table 6.17

Characterist ic levels of bery l l ium- ! I

Ex> "e» J ' , T or Tc „ , k.V Decay channel

U 1/2; 3/2 ^=13,81+0,08 c
0,320+0,000 I /2 - ; - *•„ =166+15 $c
1,778+0,012 (5/2,3/2)+; - r=I0O+20
2,69+0,02 (I/2+-.3/2+-.5/2+) r= 200+20
3,41+0,02 (I/2+-,3/2+-,5/2+) r= 125+20
3,887+0,015 >7/2; - r= U3~
3.956+0,015 3/2-; - r= 15+5

fi'

r
(a)
(n)
(n)

. (n)
(a)
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Table 6.18

Characteristic levels of boron-11

E x , HaV

0
2.1247+0.00003
4,4449+0,0005
5.0203+0,0003
6.7429+0,0018
6,7918+0.0003
7.2855+0,0004
7,9778+0,0004
8,560+0,002
8,920+0,002
9,1850+0,002
9.2744+0,002
9,876+0,008
10.26+0.015
10,33+0,011
10,597+0,009
10,96+0,05
11,265+0,017
11,444+0,019
11,589+0,026
11,886^0,017
12,0+0,2
12,557+0.016
I2.9I6+0.0I2
13,137+0,04

j *

3/2-;

1/2-:
5/2-;
3/2-;
7/2-;
1/2-;
5/2+;
3/2+;
5/2+;

5/2-;
7/2+;
5/2+;
3/2+;
3/2-;
5/2-;
7/2+;

5/2-;
9/2+;

-
5/2+;

5/2-;
7/2+;
1/2+;
I/2-;
9/2-;

, T Oacay

1/2 6"'""""
- (0,12+0.01 )-I0~3

- (0.56+0.02 HO"3

- (1,963+0.07 H0~3

- (0,03+0,007)IO~3

- (0,385+0,044 )-I0"3

- (1.I49+0.08H0"3

- (I,IS+0,I5)I0~3

- (0.946+0,09)IO-3

- (4.37+0.02H0"3

- (I.9+I.5H0"3

"(7)
- 110+15
- 165+25
- 110+20
- 100+20
- 4500

110+20
- 103+20

170+30
- 200+20

1000
3/2 210+20
3/2 155+20
- 426+40

channe

-

T
r
T
T.

T
T
X
T

/ • •«

/ • . «

/ ' "

/ •<"

f'"
T<*

aC

at

a

n,t>

n,«
n , o

f»P>"

Table 6 . 1 9

Characteristic levels of carbon-M

E x , HaV

2,0000+0,0005
4,3188+0,0011
4,8042+0.001
6,3392+0.001
6.4782+0,001
6,9048+0,001
7.4797+0,002
8,1045+0,002
8,420+0,002
8,655+0,008
8.701+20
9,200+0,05
9,65+0,05
9,78+0,05
9,97+0,05
10,083+0,005
10,679+0,005
II,03±30
11,44+10
12,51+30
12,65+20

t or Tc
Dacay channal

1/23/2-
1/2-
5/2-
3/2-
1/2+
7/2-
5/2+
3/2-
3/2-
5/2-
7/2+
5/2+

(5/2+)
(3/2-)
(S/2-)
7/2-;
7/2+;
9/2+;

1/2-; 3/2
7/2+; -

fyi =20,39+0,02 MHH
T» =10.3+0,7 $c
T» < 12 $c
•!•„< II (J)C
7_<II0 $c
<<& $o
-C<69 $«
r^9I $o

^=0,06+0,04 $o
T^O,043+0,01 $0

/\<5
r = I5+I
r = 500+100
r= 210+50
r= 240+60
r = 120+20
r= 23O~
r= 200+30
r= 300^60
r= 360"
r= 490+40
f = 360~

T

T

r
r
r
T
r

C h a r a c t e r i s t

E x , HaV

0
4,43891+0.00031
7,6542+0,00015
9,641+0,005

10.3+0,3
10,844+0,016
II,828+0.016
12,710+0,006
13.352+0,017
14.083+0,015
15,110+0,003
15,44+40
16.1067+0,0005

j *

0+
2+
0+
3 -

(0+
I -
2-
1+

(2-
4+
1+
2+
2+

Table ( .20

ic l e v e l s of carbon-12

T

0
0
0
0

: 0
0
0

0
; o

0
i
0
I

r 6 . . . . "«v

0
(10,8+0,6 HO"6

(8.5+1,0)10"3

34+5
3000+700
315+25
260^25

(18.1+2,8 )-I0"3

375^40
258+15

(43,6+1,3 HO"3

1500+200
5,2+0,5

Decay chonna

_

r

-
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