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A TABULATION OF NEUTRON ENERGIES FROM
MONOERGIC PROTONS ON LITHIUM

by

A. S, Langsdorf, Jr., J. E. Monahan, W. A. Reardon

I. Introduction

The high energy voltage scale in the vicinity of one to three million
volts has been calibrated to an accuracy of about 0.1% .(1) The ability to
control voltages of electrostatic generators in this region is now such that
a relative precision of a few hundredths per cent can sometimes be claimed.
Hence at times calculation of neutron energy from the Li'(p, n) Be' reaction
demands calculation to an accuracy exceeding 0.1%, if loss of precision is
to be avoided. Such calculations made repeatedly are tedious. The accom-
panying tables are intended to give neutron energies from the Li'(p, n) Be' re-
action to about 0.01% or 10 ev, whichever is larger, in terms of the input data
considered as numerically exact.

In connection with preparation for calculation of these tables, con-
siderable work has been done to develop a convenient form of relativistic
equation. Also a number of sources of shift, spread or error in neutron
energies have been studied. The resulits may be of use in refined measure-
ments or analysis not only of the Li7(p, n) Be' reaction, but also of other
two=-body reactions, whether they yield neutrons or charged particles. The
results of these studies are summarized in the following sections.

In case users of these tables discover errors, it will be appreciated
if they notify the authors. Send the correction to A. Langsdorf, D203-G113,
Argonne National Laboratory, Lemont, Illinois.

II. Theory

The completely relativistic expression for the energy of an outgoing
particle in a two-body reaction may be derived in several ways. See, for
example, Chapters I and II of Landau and Lifshitz.(2) The result may be
written

o, 4myD-ABY 2\D (B? - 2m; AB + 4m?D)
s =

A% < 4D
in which
A=2[my+my + T +Q]
B = 2T; [m; - my - Q] - (2m,Q + Q%)
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D=T, (Tl + 2m,) cos? @ — (4)

m, is the rest mass of the incident particle (proton)

m, is the rest mass of the stationary target atom (1ithium -7)

m;, is the rest mass of outgoing particle of interest (neutron)

m, is the rest mass of the other outgoing or recoil atom (beryllium =7)

T, is the kinetic energy, in mass units, of the particle of mass m; at

the moment of collision

T; is the kinetic energy in mass units of the particle of mass m;,

0 is the angle between the direction of motion of m; and mj in the
laboratory frame of reference.

Q= (ml +m, = m; = m4) is the reaction energy in the center of mass
system. (5)

When Q is negative, as in the case of interest here, a threshold energy
exists below which no reaction can occur. This will be called Ty, or the
“forward threshold,” because it is the minimum value of T, which can give
a real value of T; from equation (1). We find

Tft=-Q|:1+—n—1i- Q } (6)

ms, Zmz

Tgt is the threshold which Herb, et al.,(l) measured to be 1.882 Mev
and which in the tabulation has been assumed to be 1.88200 exactly.

Another threshold we make use of is the “back-threshold,” repre-
sented by Tpt. This is the value of T; above which neutrons are emitted at
angles 0 390°. We find

_ . my _ Q 7
Tbt Q[l+mz°m3 Z(mz'm3)] ()

The relativistic equation (1) can be made to appear almost like the
classical expression as given by Hanson, et al., 3) if in equations (1) through
(4) we substitute according to these defining equations:

mi=my + Q=m +m,; - m, (8)
Q* =Q[1 - (Q/2m))] (9
i = cos 8 (10)

g =04 (my + m,) ;S Q7 (11)
my m;j




with the result:

T, = LT M3 By [zp tz Byt ouqul+ ZBJ (12)

(m3 + 114, )2

where B, B;, and B; are correction factors close to unity given by

1 +(T,/2m,)
B = z z z (13)
B = [1+{ T\/(my + mp)} /1 + (T)/2my)] (14)
o
ﬁ3=l+[T1/(m1+mz):|[l+-z~r—:=1;(l -r—nz Tl ):{ (15)

1+ (T,/2m,)

Expression (12), with g and z given by (1 0) and (11), becomes just Hanson's
expression if one identifies our my and Q“" with his m, and Q, respectively,
and makes the approximation that 8, = 5, = 83 = 1.

It is desirable to eliminate mg; then

T; = T1%[2p2+z B t Z,u,q/p,?‘ +z [33‘1 (16a)

which may also be usefully written as

2
m; m;y B, + 2T a2 o z"m; T, a
T =T (m; + m, (—“ typ e '83) 2 (1 + T, 2 (16b)

z;_n:) (ml + mz)

From equations (7) and (9) we obtain

Q7  Tpt m;-my
Tl - Tl jeel] + m; = Iy (17)
by aid of which, from (11) and (15), one obtains .
- (ml + mz) (mz bl m3) <1 - Tbt) (l 8)
m; mj Ty
+[Tl/(m1+mz) Py @m0 Tt
B - ‘ 2m3 Tl (1 9)

Expressions (13), (14), (16a), (18), and (19) were the ones actually
used in calculation of the tables in this report. The independent parameters
in the equations were m;, m,, m3, and Tg. The value of Ty was calculated
from equations (6) and (7) It is also at times convenient in such calculation

of Tyt to use



Tbt = Tft Iy IT)y l = (Q/Zml)

Tst = (tny + my)(my, =m,) 1 = [Q/z (m; + my)] (20)

in which expression only a rough value of Q suffices.

After the actual tables were computed, it was observed that 8;,
equation (19), is constant to within 4 parts per million for the Li (p, n) Be’
reaction up to Ty = 10 Mev. This occurs because m,; and mj; are nearly
equal; even their slight difference is in a direction to make 3 more nearly
constant. One obtains very closely,

By ¥1 = [Tyt (m; = m3)/2m; (m; + my)] . (19a)

For the masses adopted in the calculation, g; is equal to 0.999234.
(At T, =10 Mev, the exact value of B; is 0.99923196.)

A useful approximation for B;, accurate to a few parts in 10° up to
10 Mev proton energy, is the linear expansion

T, <m,_ - 3m; _ 4m, cosze> (13a)
Zml my + Tiip

III. Investigation of Shift, Spread, or Error in Neutron Energy

A. A preliminary calculation of errors resulting from the
classical formulation showed that they might sometimes be of the order of
0.1%. The amount of error in the classical case depends on just whatdegree
of approximation is employed. Rather than to exhaustively analyze the prob-
lem to find just when the calculation could be made classically and when it
should be made relativistically, it was simpler to make the I.B.M. machine
instructions everywhere {it the relativistic equation.

In the following analysis, the classical expression obtained from
i.e,,

&

(16) by setting By = B, = B3 = 1 will be employedﬁ

*We retain equation (18) as the definition of z, classically, since this
is most convenient for determination of energies near zero at " back-
angles.” If, inaddition, we retain equation (7) in the calculation of
Ept > then Egy is not correctly given by equation (6). However, the
difference is only about one part in 10°, and is not worth further
consideration. One may also be consistent if one defines:

Ebt = =Q (m1 + m, - m3)/(mz - m3) and Eg = -Q(ml + mz)/mz

for purposes of classical calculation.

Sl Ho
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E—(ml-i"m)zEl(zM +z+2pqm +z> (21)
or

2
m; m .
Ej = Z—n:l_’_—r—:'— El( U+ Vp; + z ) (21a)

The second form, (21a), is convenient to use, because of the
circumstance that the bracket in (21) is a perfect square. The symbol E is
used for energy calculated classically or only approximately relativistically,
while T is reserved for the fully relativistic kinetic energy. Subscripts have
the same meaning as when applied to T. The minus sign of the t U term only
applies in the “double energy” region, that is, with u positive and z negative.
For all z positive cases, i is taken with the + sign choice so the i is positive
when 6<90° and negative when 6>90°,

B. Doppler Effect - This effect is the largest correction considered
and is quite important.

For this case equation (21) is modified by considering the target
atom to have a thermal motion energy E;, with this motion at an angle o to the
axis provided by the direction of motion of the incident projectile of mass m;.
We obtain

2

(—% E1(H1 k V“lz + z ) (22)

in whichwe ignore the lower energy group in the “double energy” region. Here

E
- 0 + 2 22 - 23
[y = cos L (6 -a) (23)
_ my + m_z__ (ml - m3) EZ ~ iy E; o 24
-z * M [ my El 2 my El cos ( )

On differentiating (22) with respect to & and setting (6E;/6a) =0
one obtains the angle for which the change in Ej; is greatest. It is given by

= i L B B 25
tan o s1n9/[cos9 m3E3] (25)

On inserting this value of 0, into (22) one obtains Ejm. If then Ejg is the
value of E; for E; =0, we def1ne AE;3 = 2 (Eay - Ejg) to be the full spread

in E; for the specified value of E;, and consider AE; as a convenient measure
of the Doppler effect. (A better measure would be obtained by a suitable in-
tegration of AE; considered as a function of both E; and o over all a and over

a Maxwellian distribution of E,.)
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The value of AE; as defined above is found to be given to a close
approximation, neglecting some (always small) higher order terms, by

(26)

AE3 - 4 szz + szz Zﬂ szZ iy EZ
E3 . VIJ.Z + z my El ms E3 my El M3 E3
it is to be noted that the Doppler spread is considerably less for forward
directions than backward. The above expression for the fractional spread,
of course, diverges as E; — 0. By aid of (22), equation (26) may be changed
to give

AE3 = 4(1 'i‘—‘;\/__&—__——)'\[szz {mlEl + m3E3 - vamlEl m3E3}
[V 4

(26a)

so that as z = 0 and E; - 0, we find AE; is given by \/rnlEl m, E, multiplied

by 8/(m1 + m,) if 4is positive, 4/(m1 + my) if U is zero, and 0 if u is negative.

Some calculated values of A E; and AE3/E3 are given in the table
below to show the order of magnitude of the effect. In these calculations
E, = 1/40 ev was used, and m; ¥ m; ¥ 1, m; ¥ 7.

It may be noted that the Doppler motion makes a slight shift in

the mean value of E;. The shift in the mean is much smaller than the spread,

and is generally negligible.

E, E, z 8 AE;/E;, AE,
Mev ev
1.9217 0 0 90° 290
1.924 90 ev .056 120° .36 33
1.931 1120 ev .228 120° .073 82
3.58 1.003 Mev 21.94 120° 4.76 x 10~¢ 476
2.71 1.005 Mev 13.78 0° 1.7x107* 170

The Doppler effect also causes the threshold Eft to spread out.
Specifically, if the target atoms move toward the projectiles, a reaction can
occur below the theoretical threshold for stationary target atoms. Quanti-

tatively, we find, using equations (22) to (24), that for E, = 0.025 ev, threshold
will begin about 190 ev lower than if E; = 0 for Li? (p, n) Be”. An appreciable

part of the low energy “tail” of the nearly linear rise of the neutron ccunting
rate curve just above threshold, as actually observed with a well stabilized
electrostatic generator, may be ascribed to this Doppler effect. {

]

L
=
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C. Mass Uncertainty - As will be discussed below, an appreciable

uncertainty exists concerning the proper mass of the target nucleus that
should be applied. Most of this uncertainty, within the limitation that the
reaction is still described as a two-body type, may be considered to be due
to the variability in the number of electrons taking part in the collision and
recoil process.

To study the problem analytically, differentiate equation (21a)
with respect to m,; with the result.

1 dE; _ -2 + 1 dz
E; dm, m; + 1My (PH'\/P-Z + z) \/'uz + zdm,

(27)

Now dz/dmz takes on three values, depending on whether one takes Ebt, Q,
or E¢; independent of m,;. The three derivatives are:

Oz _ 1 1 28
(‘sz >Ebt _<mz - mj * my + m2>z (28)
(82 ) =( bz _(my + my) [my - (Q/2)] O (29)
\om, Iy bmg | Ep, rumg (m; - my) E,

(52) _[_b= + (g + my) [my - (Q/Z)J (m; + m; - m3 ~-Q)Q
Emz E ( 6m2 @) My I INg (ml +m; - Q) El

(30)

Ifweputm; = mg = 1, my = 7,Q = 1.65Mev, we find,

approximately,
<5Z> = 0.29 z ; (6Z ) =0.29z + (2.2/E,), and
5m2 E (sz Q
bt
(56;\* = 0.29z + (0.55/E,)
2/Egy

where E; is given in Mev.

In cases where equation (27) diverges, we may replace it by

dE; _ 1 - E. 4 (dz / dmy)
dmz—m1+m2 3 <m1+m2_ i >

m; m3 E

(27a)

{my E;m3 E;

which does not diverge at E; - 0.

)fgsﬂ\) F“
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The uncertainty in the atomic mass of lithium as given by Li,
Whaling, Fowler, and Lauritsen(4 is 0.000026 mass unit. This is so much
smaller than an uncertainty of one electron mass, which is 0.00055 mass
unit, that we will concentrate attention on effects possibly ascribable to the
number of electrons carried by the recoil berylluim.

A complete treatment of the electron problem undoubtedly would
remove the reaction from the category of two-body reactions. We will as~
sume the reaction remains a two~-body type. This means we insist on retain=-
ing equation (5), Q = my + m, = mg = my, no matter how the number of
electrons carried by recoil particles of mass m,; may vary. In turn this
means that for a recoil of a given ionization, say Bett+, the target atom
must be considered always to have one less unit of charge, e.g., Lit+, in
order that charge and mass be conserved when the recoil occurs with any
particular state of ionization.

We assume that the threshold for loss of an electron by a recoil
atom of mass my, velocity v,, energv E,; is at that velocity for whichv, = vg,

if ve is the velocity of the electron.(6) Then,if E, is the ionization potential
for loss of an electron, we find that an electron will be lost if

My
Es >- Ee - (31)

Since E; and Ej; are given in the tables, it is convenient to define
E13=E1-E3=E4"Q
In the following tabulation, states of ionization of Be are tabulated together

with corresponding ionizations for the Li, and the ranges of E, and E,;; within
which these ionization states should apply on the basis of the above assumption:

Bet Li® 0<E;<0.23 1.65< E;;< 1.88
Bett Li* 0.23< E; < 1.96 1.88< E;3< 3.60
Bettt Li+t 1.96< E, <2.77 3.60< E;j3 < 4.42
Bettt+ Lit+t 2.7T7< E, 4.42 < Ey4

A survey of the tables will show that the zero degree data (for
which only the higher energy group is tabulated in the double-energy region
below 1.9217 Mev) should use the mass of neutral lithium, Li%, the 60° data
that for Lit, and the 120° data that for Li+ up to 6.5 Mev, then Li++ up to
8.75 Mev, and finally Li+++ above 8.75 Mev proton energy.*

*The values of m;, actually used in computation are discussed in Section VI
on numerical values and resulis.

‘ M
“
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To how much error does a change of one electron mass in the
mass m, correspond ? If the error were made in mis-assigning m, in deter-
mining threshold, then (dZ/dmg)Eft the derivative in equation (30) should be
used because the fixed value Eft applies and Q is a function of m,. If the
error were due to a change in the value of m; that should be used from that
which applies at threshold calibration, then the derivative (dz/ dm;_)Q should
be used from equation (29), because once established, Q is not varied.

The following tabulation presents results of some calculations of
AE; (forAm, = 0.00055 for Li’ (p, n) Be”), representative of the magnitude
of errors to be expected. Usually they are less than 10 ev or 0.01%. They
are considerably less than the Doppler broadening.

It is certain that the above mechanical interpretation of the mean-~
ing of a change of number of electrons carried by the recoil is not strictly
correct. It is probable however, that the results of this calculation give an
order of magnitude estimate of the spreading in neutron energy resulting
from sharing of recoil momentum in the reaction by the electrons in the
atoms with the recoil nucleus, If this is true, then the results may be in-
terpreted, at least, as meaning that this type of phenomenon is an order of
magnitude less important than the Doppler effect.

6= 0° 6= 60° 6= 120°
E, AESQ AEsn E, AE:«xcg AE 54, Eg AEso AEsn
121,400 ev | t21lev | — Tev
135,560 +19 - 8 43,290 ev +28ev | + 4dev 1,120ev| + 5ev | + 2ev
181,900 +16 - 8 82,130 +23 + 3 12,200 + 12 t 4
348,520 +10 -11 218,610 +20 + 1 81,470 + 19 + 8
1,005,020 + 4 —14 771,820 +21 + 4 451,040 + 35 + 23
2.018 Mev —2ev | —19ev | 1.641Mev | +20ev| t1lev | 10795 Mev| + 58ev | + 44 ev
4.035 - 2 -19 3.379 +47 +30 2.365 + 71 + 64
8.346 -3 —48 7.103 +68 +55 5.138 +185 + 165

In the above tabulation, AE; represents AE; calculated by
equation (29) for Q constant and AE;¢; the same for equation (30) where Egy
constant.

The above classical calculations agree only approximately with
the results of a completely relativistic exact calculation made at T, = 10 Mev,
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where the deviations, on the wholew,m;re the largest. The following tabulation
gives the results of this exact calculation made using equations (6), (7), (13),
(14), (16a), (18), and (19).

of ionization determining m, for the reaction at T; =

State of Ionization Determining Mass of Target
6 Li® Lit Lit+ Li+++

8.346481 8.346501 8.346522 8.346542

O
0 Lit 8.346475 8.346496 8.346516 8.346536
7.103224 7.103153 7.103081 7.103009

Xed
60 Lit 7.103218 7.103148 7.103076 7.103004
5.137981 5.137798 5.137613 5.137429
120° Lit 5.137977 5.137793 5.137609 5.137425

The first column gives the angle,© , at which the neutrons are
observed. The second column gives the two choices used in determining

the effective mass m; at threshold by which in turn Q is determined. The
next four columns give the neutron energies for the four possible choices

10 Mev.

It will be seen

that the greatest possible change, percentagewise, is for the reaction at
120°, and is just about 0.01%.

computed for the four possible values of lithium mass.

It may be of interest to compare values of z, B, B, and B3, etc.,

were obtained for T; = 10Mev, are given in this tabulation.

The values, which

Li°
Li° 38.323022
z Li+ 38.322992
B2 0.99603004 - |
Ba 0.9992319
B, 0° 1.0033165
By 60°, 120° 1.0028122

Lit Lit+
38.316911 38.310799
38.316881 38.310770

0.99603013 0.99603022
0.9992320 0.9992320
1.0033164 1.0033163
1.0028120 1.0028119

Lit+++

38.304690
38.304660

0.99603031
0.9992320

1.0033163
1.0028117

"
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D. Angular Resolution - By use of equation (21a) we obtain

AE;/dy = 2E A/ + = (32)

It is simple to calculate the stringency of angular resolution
demanded for any desired resolution at a given angle and energy. [Values
of AE, for A6 = 1° are given in the tables for 0°, 60°, and 120°. They were
not, in fact, calculated by equation (32) but by calculating E; for one degree
more and less than the given angle and tabulating one half the difference.
The result agrees closely with equation (32).]

E. Target Thickness and Beam Energy Spread - Analytically, these
two effects enter in the same way, since they determine the range of values
of E; at the moment when the neutron producing reaction occurs. Normally
the energy spread in the beam may be held in the range of 0.1% to 0.01% by
a high resolution beam analyzer and a very stable accelerating machine.
Lithium targets may be prepared which are as thin as may be warranted. The
thinnest that may justifiably be used, presuming that the neutron flux produced
is not the limiting factor, is such a thickness that the spread in neutron energy
thereby resulting is about the same as that resulting from the combined effects
of Doppler broadening and energy spread in the proton beam itself.

Expressions for d Ej /d E;, may be written in a number of forms
by suitable substitutions after differentiation of equation (21a). Some of these
are:

dE,; _ _]E:i +~E3Ebt (m; + m,) (m, - m3) (33a)
dE, E;  Ef (p+Vu% t 2) Vil + = *

E; [Es E (m, - m;)
=2, /23 bt 2 23 (33Db)

- \/___V?/JFE‘ | /E;/E, + (m, - m;)//m (33¢)

The form (33c) is particularly suited to show that the resolution
is in general better at back~-angles than forward, and that at low energy in
the back direction, better resolution is attainable than a naive view suggests.
As Ey—~Qaty = - 1/2 for example, one f1ndsAE3/E3 - 12 A El/\/El E;. If,
for example, AE; = 2000 ev and E; = 300, one finds AE3/ % 1. Hence one
may make measurements almost down to 300 ev neutron energy before the
resolution width is as wide as the distance from zero to the energy setting
desired for E,;, with a spread in energy E; due to target and beam control of
only this 2000 ev.

[l

¥y
wd E’_J 0l
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F. Considerations with Respect to Q - If, instead of using Tyt = 1.882
as the basic input energy, one wishes to use a Q value obtained, for example,
by adjustment from other nuclear data, confusion will be avoided if, from
this Q value, new values of Tyg and Tyt are calculated by equations (6) and (7),
and these values used in the neutron energy calculation and in the proton
energy calibration.

G. Uncertainty in Neutron Energy Resulting from Limited Accuracy
of the Threshold Energy; Correction to a New Value of T¢t.—In equation (18),

the value of z is determined (aside from mass values used) only by the ratio
Tbt/Tl, and hence the value of z is practically independent of the absolute
scale of energy, but experimentally z is limited in accuracy of determination
only by the sensitivity and linearity of the voltage measuring system.* In
equation (16) the relativity corrections are not very sensitive to small changes
in Ty. However,' T, is linearly related to the value of T; which is the leading
term on the right side of equation (16). 1If, then, as is the normal practice,
one calibrates the voltage scale for Li’ (p, n) Be’ neutron work against the
forward threshold measurements, this value of T; is linearly dependent on

the value of Ty used.

It is apparent, therefore, that if a new value of Ty is adopted,
the present tables can be used by looking up T; for a value of T;, calculated
assuming that T¢ = 1.88200, then multiplying the value of T; so found by
the ratio of the new Ty to 1.882.

H. Solid Angle Relations Between Intensity of Neutrons in the
Laboratory and Center of Mass System - The relativistic relation for this
ratio probably is not simply related to the relativistic values of T;, T3, etc.
However, a simple relation may be found in the classical calculation of this
ratio. It is:

Iy (m; + mp) [mym; (z + 1) = mymy] E;

Iem mymsmy Q Vz + 1 JVu° + =z

which may conveniently be calculated by aid of values of z and E; from the
tables. The above equation is derived from the relations given by Hanson
et al. (3) Here Iy is the intensity per unit solid angle in the laboratory at
an angle@ , and I.,, is the intensity per unit solid angle in the center of
mass system at angle 6..,.

* Absolute voltage calculations for both electrostatic and magnetic beam
energy analyzers may be expected to require relativistic corrections
for accuracies approaching 0.01%, since this is a nonlinear correction.
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It may be of interest to perform activation experiments at the
lowest possible energies. At low enough energies, I¢m is probably nearly
a constant for Li’ (p, n) Be’. If, in addition, one specifies the resolution AE,
desired, one may use equation (32) to find AE; = =2sin 8 - A6 /Vu?‘ + =z, by
aid of which we obtain:

(my + my) [mymy - mym; (z + 1)] AE; A9

2mmamy Qvz + 1

Qualitative consideration of this relation will show that if a foil be made in
the shape of a ribbon wrapped around the full azimuth angle, the maximum
intensity will be obtained at the smallest value of z that can be used, which
means 6 should be near 90° rather than near 180°. On the other hand, if a
simple round foil is preferred, it should be used near 180° so that the flux
can be a maximum consistent with the desired AE;. This problem has not
been analyzed quantitatively. (See reference (7) for other useful solid angle
equations.)

IpAQy =

IV. The Excited State in Be' and the Second Group of Neutrons from
Li’ (p, n) Be'. *

Neutron energies from the reaction in which berylluim is left in its
excited state were also calculated for 0°, 60°, and 120°, and appear in the
tables after the data for the reaction to the ground state. This calculation
was set up on the basis of a back-threshold Ept = 2.4234 Mev and assuming
the mass of lithium corresponding to Lit. The corresponding Eft = 2.3733 Mev
and Q = 2.0751, which correspond to the excited state in Be’ being 0.4296 Mev
above the ground state. It was intended to choose something a bit higher for
Ef; and Q, but the above figures correspond to those actually adopted. The
results are nevertheless probably accurate to three figures throughout most
of the table. The tables are not as complete as the main tables, interpolation
figures are not given, and not all data is so spaced that linear interpolation
can always be correct. The general method of computation was the same as
for the main tables. That is, the fully relativistic equation was employed.

V. Description of the Tables

Table I gives neutron energies for the Li7 (p, n)Be reaction to the
ground state of Be’. Table II gives similar data for the reaction to the ex~
cited state of Be” at 430 kev. Both tables also give values of zf; and zf8,,
as well as the neutron energies at 6 = 0°, 60°, and 120°.

Column 1. Proton energies, Ty (= T, in theory). Between values of Tp lie
values of the increment, ATp, as an aid to interpolation.
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Column 2. Neutron energies, Ty (0°) (= T; in theory). Between values of
Tn (0°) lie values of the increment ATy (0°).

Column 3. The decrease in neutron energy on changing from 0° to 1°,
ATy (0°, 1°) = Tn (0°) - Tp (1°).

Column 4. The neutron energy T, (60°) at 60° and the increments.

Column 5. The quantity § [Tn (59°) - Tn (61°)] = 3AT, (59°, 61°) is the
mean differential of neutron energy for a change in angle of
one degree at 60°.

Column 6. As columns 2 and 4, but for neutrons at 120°; thus, Ty (120°).

Column 7. Similarly to column 5, this gives 3 [Ty (119°) - Tp (121°)]
=+ ATp (119, 121°),

Column 8. Values of zf3,.
Column 9. Values of z 3.

In Table II, columns 3, 5, and 7 are omitted. In Table I, the tabu-
lar values are so spaced that linear interpolation is accurate throughout.
This is not always true for Table II.

For negative values of z, there are two neutron groups (at 0° and
at 60° when neutrons appear at 60°). The tables only give the energy of
the higher energy group.

The values of zf; and zf; are useful in calculations of Tn for angles
not tabulated. Since B3 is almost constant with the value 0.999233 (%t 1 in the
last figure between threshold and 10 Mev), z may easily be obtained from the
tabulated values of z 34, if desired.

The angular increment data in columns 3, 5, and 7 permits simple
estimate of the energy resolution of experimental detection methods sub-
tending angles up to a fewdegrees, and correction of mean energy for a
setting deviating slightly from an intended setting of an even value of 60°
or 120°,

Details concerning the values of m, (corresponding to the lithium
target being Li%, Lit, Litt, or Li+++) which were actually used for the
tabulated values in the tables are given in Section VI below. (See also
Section III Cabove.)

Table I is intended only to be accurate to 0.01% or 10 ev, whichever
is larger. Table II is not warranted to be more accurate than about 0.1%.
The tables are not, however, rounded off to the number of significant

Wy

Vbt

s

o
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figures the above accuracy implies. The extra figures may be used with
caution as a significant indication of the small difference in neutron energy
for closely spaced values of T;, but not otherwise.

Values of Ty (60°) in Table I are not tabulated quite all the way down
to the 60° threshold. In Table II, T, (0°) is not tabulated quite down to
threshold which is 2.3733 Mev, nor is Tp (60°) tabulated below the threshold
for Ty (120°).

VI. Numerical Values Used in the Computation and Some Numerical Results

Basic input data is:

m;, proton mass = 1.007594 mass units

mj, neutron mass = 1.008982

T¢t, main group forward threshold = 1.88200
Tpt, second group back-threshold = 2.4234
me, mass of electron = 0.000548 mass unit
Conversion factor, mass units to Mev = 931.152
m,;, mass of neutral lithium = 7.018223

Some derived quantities® are:

m, for Lit = 7.017675
m, for Litt = 7.017127
Calculated with Calculated with
m, for Lit m; for Li++
C for main group 1.645529 1.645512
Q” for second group 2.07505
Tpt for main group 1.9217082 1.9217145
Tf; for second group 2.3733
B3 for main group 0.9992343 0.9992343
(calc. by equation (19a))

The tabulated values of z 3, and z B ; were calculated for a threshold
m;, of Lit+ and an m; of Lit up through T; = 6.45 Mev. At 6.5Mev for T; and
above, the threshold m, seems to be still that of Li+ and the m, for the energy
concerned, that of Li*tt. The value of zf, or z 83 above 6.45 Mev and for a
mass m; of Lit may be obtained to the third decimal place by adding 0.006
to the tabulated values.

*In some cases more figures are given than are significant. This is
done to show how slight an effect a change in m; has in the computed result.
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In the actual I.B.M. calculations all the neutron energies were
calculated using the above values of z 3, and zf8; for m, of Lit+ up through
6.45 Mev for T;, and m, of Li*+ at and above 6.50 Mev. This is not con-
sistent with the theory of Section III C, but will be accurate to the intended

0.01%.
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Table I {Cont'd)
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Toble T {Cont'd)

28, zf3,

RAT, (119°, 121°)

8T,(0°,1°) T,(60°) KAT, (59°,61°) T,(120°)

7,(0°)

1.96891
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Table I {Cont'd)
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Table I (Cont'd)
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Table I (Cont’d)
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Table I {Cont'd)

26, 284

BAT (119°,121°)

BAT, (59°,61°) T (120°

T,(60°)

AT (0°,1°)

T_(0°)

23.24664
28.40501
28.56060
28.71365
28.8€6423
29.01241
29.15823
29.30176
29.44304
29.58213
29.,71435
29.84919
29.98199
30,11279
30.24164
30.36858
30.49364
30.61690
30.73835
30.85807
30,97607
31.09240
31.20709
31,.,32018
31.43170
31.54167
31.65014
31.7571 4

28.20667
28.36406
28.51885
28.,67111
28.82090
28.96827
29.11330
29.28602
29.39650
29.53479
29.66620
29.800253
29.932822
30.06220
30.19024
30.,31636
30.44061
30.56304
30.68367
30.80256
30.91974
31.03524
31.14910
31.26136
33.37208
31.48119
31.58883
31.69498
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