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Slow Neutron Disintegration of 8" and Li'
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(Received December 10, 1937)

The disintegration of B"by slow neutrons is found to result in two groups of alpha-particles,
of ranges 0.80&0.03 and 0.66&0.05 cm and with relative intensities 1:3, corresponding to
disintegration into the ground state of the Li~ product nucleus and the 0.44 Mev excited state,
respectively. The reaction energies obtained from these ranges with the best available range
energy relation check well with those computed from atomic masses if a mass of'B' is used
which is consistent with other nuclear disintegrations. The slow neutron disintegration of Li'
results in H particles of 5.90&0.06 cm range, indicating a reaction energy of 4.86 Mev. This
is in disagreement with the value obtained from atomic masses and suggests errors in the mass
values or the proton range energy relation. Techniques for the measurement of very short
particle ranges are described, including methods for the determination of the depth of pene-
tration into the recording ionization chamber,

INTRODUCT ION

HE strong absorption of slow neutrons by
boron and lithium has been of great value

to slow neutron experimenters. The reactions
assumed to result in these strong absorptions are:

B"+n' —&Li'+ He'+ Q„ (a)
Li'+n'~He4+H'+ Qg. (b)

Neutron absorption coe%cients have been meas-
ured and used for the determination of neutron
resonance energies. The reactions are utilized in
instruments for the detection and measurement
of slow neutrons, and as slow neutron shields.
The probability of the reactions is thought to be
inversely proportional to neutron velocity and to
have no resonance maxima.

Measurements of particle ranges and reaction
energies, necessary for the theoretical interpre-
tation of these high neutron absorptions, have
resulted in large discrepancies. Chadwick and
Goldhaber' first observed the alpha-particles
from boron to have ranges of 5 to 10 mm.
Taylor and Dabholkar' found the over-all
Li~+He4 range to be 1.14 cm air equivalent using
a photographic emulsion technique. Rotblat' has
reported a range of 0.818 cm for the alphas using
a variable pressure method. Haxe14 interprets his
results to indicate two groups of alphas, of 0.64
and 0.94 cm range, and suggests an excit'ation

'Chadwick and Goldhaber, Proc. Camb. Phil. Soc. 31,
612 (1935).

2 Taylor and Dabholkar, Proc. Phys. Soc. London 48,
285 (1936).

3 Rotblat, Nature 138, 202 (1936).' Haxel, Zeits. f. Physik 104, 540 (1937).

level in the Li' nucleus at about 0.9 Mev.
I unfer' has more recently reported the Li" and
He4 ranges to be 0.40 and 0.86 cm, respectively,
using a proportional counter and a pressure vari-
ation method. In the lithium reaction the first
observation was by Chadwick and Goldhaber
a singly charged group (H' particles) of 5.5 cm
range and a doubly charged group (He') of 1.5
cm were observed. Rotblat' has remeasured these
to be 5.36 and 1.08 cm. In a preliminary report
of these experiments the present authors' found
a considerably longer range for the H' particles.

A property of reactions among such light ele-
ments is that the reaction energy depends sen-
sitively upon the energy of the incident particle.
However, the processes to be investigated are
exoergic and probably occur with slow neutrons
only so there can be no ambiguity with regard
to the energy of the incident particle. It was the
purpose of this investigation to obtain accurate
values of the particle ranges, using appropriate
corrections for thickness of the target and for the
depth of penetration of the disintegration par-
ticles into the recording ionization chamber.

'

PART I: RANGE MEAsUREMENTs

Experimental
The slow neutron source used in these experi-

ments was the usual Rn-Be "bomb, " of approx-
imately 500 mC Rn strength, located in a slow
neutron "howitzer. " The howitzer is found to
give from 3 to 5 times the intensity of slow

' Fiinfer, Ann. d. Physik 29, 1 (1937).
6 Livingston and Hoffman, Phys. Rev. 50, 401 (1936).
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neutrons as from a parafhn sphe . dp ere, . epending
upon the distance from the source. The targets
were placed inside the muzzle of the howitzer
to obtain the maximum intensity (see Fig. 1).

The targets were thin layers of B4C and Li2CO3
eposited on aluminum plates of 10.3 cm di-

ameter. They were thin relative to the slow
neutron absorption (about 0.01 g/cm') but thick

e partic e products.relative to the ranges of the t' 1 d
his requires a thick target analysis of the

experimental data to obtain the true range.
A shallow ionization chamber (5.1 cm diame
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FIG. 1.Sl
tion chamber

ow neutron source, target and reco d'r ing 1oniza-
er assembly for observing slow neutron dis-

integration products. The ionization chamber is m d

aq O.g O.II g $ gs

and 0.4 cm deep) was mounted
pl f e

paralle1 to the Fio. 2. Number distance curve d
0.85 Xg ~ &&9&

p ane of thef e ta get A scale and v ier attached

nce curves un er operating condi-

the supporting aluminum tubing was used to "+ .
ias vo tages and the H' particles from

record the relative positions of the tar d
h b A 1' 1 1'fi h

e arget an tance s

scale-of-ei h
p ' gop pP i er, t yratron cm for lithium.

i imPu se im osedpose on a b~~kg~~~~d due to nitrogen disin-

tides entering the chamber A
'

able bias
olt i d o th id of th fi t th

tron was used to eliminate the ba k ro d o' e etween the target and chamber to obtain a
measure of this background. Counts were taken

hamber req ired to od e o t Th b
d th to o o d fth g

counting rates obtained (1500 t /
lo o ll k o io fo ol

f th

Results
calibrated with Po alpha-particles. A thin layer
of Po on a duplicate Al target plate was placed

i e experimental arrangement described behind a collimating screen form d f

above motion of the i

~
'

n orme rom a rass

o e ionization chamber relative disk drilled with man holes of 11 d

to the target resulted in n

~
' ' '

y o es o sma iameter,

showin a ra u
u e in num er distance curve~ so that the maximum angle t th

g gradual increase with decreasing djs restricted to 8' This resulted in a well-defined

range of the alphas could be read to &0.005 cm.
o a phas have an extrapolated range at 15'C

and 760 mm pressure of 3.848 crn, 'which becomes
2 cm under operating conditions of 24'C

and 742 mm for example. The readings of the
arbitrary scale of the vernier are then shifted to

f g I allow the observed extrapolatede range o t e
alphas to intersect the axis at this calculated point.

n Fig. 2 one set of experimental data obtained

particle group from Po, and the H' group from
a lithium target are plotted on the scale men-

' Rutherford, Wynn-Williams, Lewis and Bow
R".Soc 139'617 (1933).
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tioned above to illustrate the results. The H'
particles have a different specific ionization than
the calibrating alphas and hence pent:trate
further into the chamber. This additional penetra-
tion was estimated by varying the bias voltage.

The thyratron tube to which the amplifier
output was connected was operated with a grid
bias of 30 volts. The "flash-point" of the lhyra-
tron was at 22 volts, so that pulses which
operated the counter were proportional in size
to 8 volts bias of the thyratron. When the bias
was increased from 30 to 38 volts the Po alpha-
range was decreased by 0.07 cm (Fig. 2), in-

dicating that alphas producing twice the ioniza-
tion in the chamber penetrated 0.07 cm further.
The energy of an alpha-particle of residual range
i, suf6cient to produce a count through the 30
volt bias, must then be equal to half the energy
of a particle of residual range (s+0.07) cm.
Using the Cornell range energy curve of 1937'
(revised according to the recent data of Blewett
and Blewett'), we find that the residual range s,
which is the penetration of the alphas to produce
a count, is 0.10& cm. This has an energy equiva-
lent of 0.14 Mev. The range of an H' particle of
this energy is about 0.135 cm, or 0.03 cm greater
than the alpha range. This correction must be
added to the observed range of the H' particles
under the operating conditions.

The difference in shape of the disintegration
particle curves from that of the calibrating
alpha-group is due to two features, the thick
target and the lack of angular collimation neces-
sitated by the low intensities. This shape can be
interpreted in the following way: If the range of
the particles is R, the distance between target
and chamber is x, and the layer dy from which
the particles originate is y equivalent centimeters
below the surface, only those particles falling
within the solid angle measured by the linear
angle 0 will be observed, where cos 8= (x+y)/R.
If No is the number emitted per unit solid angle
per cm' per second in the direction of the normal,
the number observed will be:

fo-

8-
&iv

-e

-6

and since N», the total number emitted from the
layer dy in all directions is 2m NO, we have:

X=X,(R —(x+y) )/R.

To get the effect of the thick target we must
integrate between the limits of y =0 and
y=R —x:

NO~=N» R —x y R dy = ~pN» R —x ' R.
0

In the range in which the data are taken
(R —x small) this equation will be valid, and
represents a parabola with an axis at R=x. If
we plot the square root of the observed inten-
sities (after subtracting the background) as a
function of x the curve should be linear and
should extrapolate to the true range, R=x, for
N~=o.

In Fig. 3 the data of Fig. 2 are plotted in this
manner, resulting in an alpha-particle mean
range of 0.85~0.04 cm and a H' range of 6.27
~0.10 cm. Adding the penetration correction to
the H' range and reducing to standard conditions
of 15'C and 760 mm from the experimental con-
ditions prevailing during the observations we
find: range He' from B"+n=0.81&0.04 cm,
and range H' from Li'+n=S. 91~0.10 cm.

In the range of observation the data fa11 on
well-defined straight lines in the square root
plot, justifying the analysis and the mean
ranges indicated by the intercepts. The probable
error of each point is indicated by the extent of
a vertical line through the point, obtained from
the square root of the total number of counts.
The errors for the range intercepts are estimated

arccos (x+y)/B

N=2~No
0

sin Odo

= 2m.NO(R —(x+y))/R,
'Livingston and Bethe, Rev. Mod. Phys. 9, 266 (1937).
~ Private communication, soon to be published in Proc.

Roy. Soc.
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Fro. 3. Plot of ¹ es. distance for the B alphas and the
Li H' particles to determine the mean range by extra-
polation.



230 M. S. LIVINGSTON AND J. G. BOFF MAN

TABLE I. TABLE II.

RANGE He4 FRQM BM+n RANGE H3 FRQM Li7+n REACTION Q (canc.) 0 (ob-') DIFF.

0.81&0.04 cm
0.80a0.05
0.78w0.06

Av. 0.80&0.03 cm

5.91&0.10 cm
5.79&0.10
6.01&0.10

5.90&0,06 cm

+10 d p
8'o—d—o.
Bzo d—n
(Aston)

9.30 9.14&0.06
17.90 17.76&0.08
6.34 .6.08&0.20

(PIo 10 0161~ 0003)

Weighted average diff'.

0.16&0.06
0.14&0.08
0.26 &0.20
0.20 &0.30

0.17 Mev

from the limiting straight lines that could be
drawn through the points.

Three complete determinations were made for
the Li and the B targets, including Po alpha-
calibration curves in each case. The geometry
was varied by choosing different chamber depths
and collimation screens and different thyratron
bias settings were used. The result of each deter-
mination was computed in the manner described
above and a value obtained for the range under
standard conditions. These values and the final

averages are given in Table I.
Discussion

In attempting to evaluate the energy equiva-
lents of these observed particle ranges we en-

counter serious diAiculties. The alpha-particle
range of 0.80 cm falls in the region of the range
energy relation in which the experimental deter-
minations are poor and where the capture and
loss of charge invalidates the theoretical calcu-
lations which seem to be satisfactory for higher
energies. The Cornell curves of 1937' were based
upon the data of Briggs and of Mano (corrected
for known errors of calibration) and upon
Neuert's measurement of the short He' and He4

ranges in the Li —p—n disintegration. This sug-

gests an energy equivalent of 1.51 Mev for the
B alphas. Recent data by Blewett and Blewett'
diverge widely from the Cornell curve in this
low energy region. An extrapolation of the curve
from their data to somewhat lower energies gives
an energy equivalent of 1.75&0.05 Mev for 0.80
cm alphas. The error indicated is just the experi-
mental error and does not include the inac-
curacies of the range-energy relation. From
momentum considerations we find that 11j7 of
the alpha-particle energy represents the reaction
energy. The two values above result in reaction
energies Q, =2.38 and 2.75&0.08 Mev. That
predicted by the atomic masses" is 2.99 Mev,

"Livingston and Bethe, reference 8, p. 373.

showing discrepancies of 0.61 and 0.24 Mev for
the two relations used, and far outside the ex-

perimental probable error in either case.
In searching for an explanation of this dis-

crepancy it was found that all nuclear reactions
involving B"show similar discrepancies between
observed and calculated reaction energies. This
suggests strongly'that the B"mass used in the
calculations is in error. The accepted value, "
10.01631,is obtained from the mass-spectroscopic
measurements of the B"H2 —C" doublet by
Bainbridge and Jordan. If we list the nuclear
reactions involving B" which are of sufficient
accuracy, "and obtain a weighted average of the
discrepancies, this proves to be about 0.17 Mev
(see Table II). The B"—cx—p reaction shows an
even larger discrepancy in the same direction
(0.85 Mev), but the possibility of constant errors
in the measurement of ranges of particles pro-
duced in alpha-particle disintegrations makes it
impossible to state an error. This reaction should
be re-investigated with artificially accelerated
alphas. The Be'—d—n—'B" reaction cannot be
considered since the Be' mass is based upon that
of B', and will also be in error. The result of
this summary is to indicate that the B" mass
should be reduced by 0.17 Mev (to 10.01613),
giving a better check with disintegration results
and predicting a reaction energy for the B"—n—n
reaction of 2.82 Mev, in much better agreement
with the observed value of 2.75~0.08 Mev. This
also suggests that the Blewett and Blewett range
energy relation for alphas is essentially correct.

The H' range of 5.90 cm from the Li'—n—n

reaction may be evaluated from the proton
range energy relation. Assuming that the range
of particles of the same charge but different
mass is proportional to their mass for the same
velocity we find: the range of a H' particle is
three times the range of a proton of —,

' the energy

"Livingston and Bethe, reference 8, p. -371—372.
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of the H'. This forces us to evaluate the H' range
from a proton range of 1.967 cm. This, again, is
in the low energy region which was inaccurately
known until recently. The Cornell curves were
based on the data of Blackett and Lees at low
energy and included an empirical factor of 0.2
cm representing the difference between proton
and alpha range due to the difference in capture
and loss of charge. Recently Parkinson, Herb,
Bellamy and Hudson" have reported on the
ranges of protons accelerated in their pressure
electrostatic generator discharge tube. Their data
check the Cornell curves above 2.5 crn range, but
show somewhat larger energies in the region
between 0 and 2.5 cm. According to these data
the protons of 1.97 cm range have an energy
equivalent of 0.925 Mev. The H' energy is three
times this value and the reaction energy 7j4 of
the H' energy, or Qq=4. 86&0.04 Mev. The low
probable error again includes only the experi-
mental Auctuations. This value is to be compared
with that of 4.56 Mev expected from the atomic
mass values, a discrepancy of 0.30 Mev.

The discrepancy in the observed and calcu-
lated reaction energies for Li'—n—o. is much
greater than expected from the possible experi-
mental errors in th. e range measurements. This
statement has more meaning when it is noted
that the values obtained for the B target are
smaller than those predicted by masses, while
from the Li target they are larger. If the 4.56
Mev calculated Q is assumed correct the range
of H' particles expected would be 5.6 cm under
the conditions of Figs. 2 and. 3. Exactly similar
techniques and calibrations were used for the
two targets. Furthermore, the low intensities
observed should be expected to lead to ranges
shorter than the true range rather than larger.

It seems probable that in the Li case also
there are errors much greater than in the range
measurements either in the mass values or in the
proton range energy relation at these low ener-
gies. The Li' mass is determined from the mass
spectrograph values of Li~ and He4 through two
disintegration reactions, Li'—d—p and Li™~d—n.
There are discrepancies in these reactions and
in other reactions involving Li" which seem to be
larger than experimental errors, but they cannot

"Parkinson, Herb, Bellamy and Hudson, Phys. Rev.
52, 75 (1937}.

be analyzed to show an error in any single mass
value and are probably due to simultaneous errors
in the mass values of many of the light atoms.
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Fig. 4. Pressure variation apparatus for observing the
short range alpha-particles from B' +n.

PART II. EvIDENcE FQR THE ExcITED STATE oF
LI FRQM THE B"—n—o. REAcTIoN

In the analysis of the distance variation data
of Part I it was found that there was an excess
number of counts due to short range alpha-
particles from the boron target. This was in-
dicated by the observation that the counts
below 0.6 cm distance rose above the straight
line used for extrapolation in the square root
plot. This effect was not observed with the Li
target. Accordingly a different technique was
used to study the short range region.

The distance between the target and the face
of the ionization chamber was kept constant
(1.00 cm) and the depth of the ionization
chamber fixed at 0.40 qm. The region between
target and chamber and the chamber itself was
sealed so that the pressure could be varied (see
Fig. 4). With decreasing pressures the alpha-
particle ranges extended into the chamber where
they were observed; the number of counts was
found to increase with decreasing pressure to a
maximum value and then fall off to zero with
the decreasing e%ciency of the ionization
chamber at very low pressures. The background
counting rate, observed by inserting a thin
aluminum disk between target and chamber,
decreased regularly with decreasing pressure.

When a screen faced chamber (no collimation)
was used the data plotted in Fig. 5 were ob-
served. This showed the boron counts appearing
above the background at about 500 mm, rising
very rapidly below 400 mm and reaching a
maximum at about 200 mm pressure. The data
can be analyzed in a manner entirely similar to
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uncollimated arrangement, but when the back-
ground is subtracted they give a sharply peaked
curve extrapolating to 120 mm on the low

pressure side and 430 mm on the high pressure
side. A linear extrapolation of the data is used
in this instance (rather than the square root)
because with the angular collimation the only
disturbing factor is the thickness of the target.
It may be noted that the counts due to the
longer range alphas (0.81 cm) are now so small
that they are not observable above the back-
ground, and so the 430 mm extrapolated value
should give the range of the short range alpha-
group with good accuracy.

The 120 mm low pressure intercept (at 24'C)
indicates an air equivalent of the 0 40 cm
chamber at standard conditions of 0.061 cm,
which when multiplied by the specific ionization
at the peak of the Bragg curve (2.36 Mev/cm)
gives an energy equivalent of the ionization I of
0.145 Mev. A particle of this energy has a range
of 0.10~~0.03 cm, the penetration at standard
conditions required to produce a count. This
figure is in excellent agreement with that of
0.105 cm obtained in Part I for the penetration
under essentially standard conditions, and for
the same thyratron bias. Since this latter figure
was obtained from the revised Cornell range
energy curve the check is a confirmation of the
correctness of this relation.

The 550 mm intercept of Fig. 5 results in a
range to the face of the chamber of 0.702 cm
under standard conditions. Adding the 0.107 cm
penetration distance we obtain a range for the
long range alphas of 0.81~0.05 cm, in good
agreement with the value obtained in Part I.

When the straight line extrapolating to 550
mm in Fig. 5 is extended and these values sub-
tracted from the total N& curve we find a second
extrapolation of 420 mm, indicating a group of
shorter range alphas. A better value is obtained.
from the linear extrapolation of Fig. 6, of 430
mm. This may be used to obtain the range
equivalent of the 1,00 cm distance to the face
of the chamber of 0.550%0.04 cm. Again adding
the penetration distance we find the short range
group of alphas to have a range of 0.66~0.05 cm.

D1SCUSS1OQ

The interpretation of the experimental results
of Part II to indicate two groups of alpha-

particles, although experimentally justified, is
largely due to the knowledge that the residual
Li' nucleus has an excited state at about 0.44
Mev above the ground state. This has been
observed in the Li'—d—p reaction as two proton
groups, " and by the measurement of a 0.4 Mev
gamma-ray:" In fact, before the evidence dis-
cussed in Part I leading to the lower B"mass
was analyzed, it seemed probable that the
B"—n—n reaction led always to this excited state.
We see now that the longer range alphas (0.80
cm) indicate a disintegration into the ground
state. Although the range energy relation for
alpha-particles is very poorly known i'n the
region about 0.66 cm we can use the best relation
available (Cornell —1937—revised according to
Blewett and Blewett) to determine a reaction
energy for the reaction producing these short
range particles. This proves to be 2.27 Mev. The
difference between this value and that obtained
for the 0.8 cm alphas is 0.48 Mev, in very good
agreement with that expected for the 0.44 Mev
excitation state of Li .

The relative intensities of the two alternate
reactions can be obtained from the experimental
data of Fig. 5 by extrapolating the two straight
line portions of the N: curve to zero pressure
and comparing the respective ordinates. We
find that the excited state transition is 3 times
as probable as that leading to the ground state.

The results make it possible to understand the
contradictory nature of previous measurements,
due to the existence of the two groups of alpha-
particles. The good checks with the reaction
energies obtained from the new B"mass give a
strong confirmation. of the essential correctness
of the alpha-particle range energy relation used
for these low energies. The analysis of the data
also shows the necessity of correcting for the
distance of penetration of such short range par-
ticles into the recording ionization chamber.
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» Rumbaugh and Hafstad, Phys. Rev. 50, 681 (1936).
"Shepherd, Haxby and Williams, Phys. Rev. 52, 247

(1937).


