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The Disintegration of Nitrogen by Neutrons

T. W, BONNER AND W. M. BRUBAKER, Eellogg Radiation Laboratory, California Institute of Technology

(Received November 25, 1935)

Nitrogen disintegrations produced by neutrons have been observed in a cloud chamber filled
with nitrogen at reduced pressures. All of the observed disintegrations are attributed to one of
the following reactions:

7N"+pn'~6B" +2He', VN" +pn'~7C" +1H' pN" +pn'~gHe'+2He'+3Li'.

The first of these reactions is found to go for "slow neutrons" as well as fast ones. The value of
the energy of disintegration for this reaction is 2.33~0.26 MEV. For fast neutrons, the results
are similar to those of Kurie, with nearly a constant amount of energy (3.1 MEV) appearing
in the disintegration forks. The second and third reactions occur less frequently than the
first one.

HE disintegration of nitrogen by fast neu-
trons was first observed by Feather. ' He

obtained photographs of forked tracks in a
cloud chamber which was traversed by neutrons,
and interpreted the two branches of the forks as
tracks of the two disintegration products.
Further experiments of this kind have been
done by Harkins, Gans and Newson, ' Meitner
and Philipp' and by Kurie. 4

Most of the nitrogen disintegrations were
attributed to the reaction

pN'4+ on'~~B"+2He4 (1)
but some forks were observed where one of the
disintegration particles seemed to be singly
charged. The two possible reactions proposed to
explain this type of fork were:

7N"+on' —&6C"+1H', (2)

/14+ nl~ C14+ Hl (3)

In the experiments described below we have
shown that reaction (1) takes place for slow
neutrons as well as for fast ones. A preliminary
report of this work has been given in a Letter
to the Editor. ' We have also found that reaction
(3) is responsible for some of the observed dis-
integration forks. One trident was observed,
which we have attributed to the reaction

rN" +on'~~He'+, He'+ 3Li". (4)
* National Research Fellow.' N. Feather, Proc. Roy. Soc. A136, 709 (1932); 142, 689

(~933).' Harkins, Gans and Newson, Phys. Rev. 44, 945 (1933).' Meitner and Philipp, Naturwiss. 20, 929 (1932); Zeits.
f. Physik 87, 484 (1933),

4 F. N. D. Kurie, Phys. Rev. 45, 904 (1934);4'7, 97 (1935).' Bonner and Brubaker, Phys. Rev. 48, 469 (1935).

EXPERIMENTAL PROCEDURE

In these experiments the Pyrex glass ring of
the cloud chamber was replaced by a thin brass
one, as the boron in the Pyrex absorbs slow
neutrons strongly. The chamber was filled with
nitrogen and saturated water vapor at reduced
pressure. The calculated stopping power of the
gas in the chamber (0.60) was checked by
measuring the ranges of polonium alpha-par-
ticles. By comparing their mean lengths in the
chamber to their known mean range of 3.805 cm
at standard conditions, we experimentally de-
termined the stopping power to be 0.592. Three
stereoscopic images of the tracks were pho-
tographed through an f 3.5 lens; illumination was
provided by a 2000-watt movie flood lamp.
Examples of nitrogen disintegrations photo-
graphs are given in Figs. 1 and 2.

DISINTEGRATIONS BY SLOW NEUTRONS

From Bethe's' values of the masses, reaction
(1) appears to be exothermic by 1.5 MEV, and
hence should be expected to take place for slow
neutrons in a manner similar to that of lithium
and boron. In fact, Chadwick and Goldhaber'
reported a small but definite increase in the
number of counts from a nitrogen filled ioniza-
tion chamber when the source of neutrons and
the chamber were surrounded by paraAin.

If the disintegration is produced by a neutron
with nearly zero energy, the 5B" and 2He'
particles recoil in opposite directions and appear

'H. Bethe, Phys. Rev. 4'7, 633 (1935).
7 Chadwick and Goldhaber, Nature 135, 65 (1935).
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FrG. 1.A, B—The short straight tracks on both pictures are those of nitrogen disintegrations by slow neutrons.
C, D—The disintegration fork on C is the ordinary type due to the reaction N'4+n'~B" +He4. The fork on D is
due to the reaction N'4+n'~C'4+H'.

as a single straight track in a cloud chamber.
These tracks should all have the same length
(neglecting straggling) as the energy contributed
by the slow neutrons is negligible.

In our experiments we have used three dif-
ferent sources of neutrons: Be+H'+paraffin,
Be+H', and Li+H'. In the first experiment a
paraffin sphere with a radius of 7.5 cm sur-
rounded the source and additional parafhn was
placed around the chamber, so that a consider-

able number of slow neutrons were present.
We have taken 9000 stereoscopic photographs of
the chamber and on these have observed many
straight tracks beginning and ending in the
chamber, as well as several hundred forked
nitrogen disintegration tracks. The range dis-
tribution of the straight tracks for the different
neutron sources is given in Fig. 3. All tracks
were measured regardless of their orientation in
the chamber. Three different types of tracks are
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Fro. 2. A—A stereoscopic picture of a nitrogen disintegration where the measured @ was 51 .
One of the particles must have been scattered in order for @to appear so small. B—A disintegration
of nitrogen into two alpha-particles and a Li atom. This disintegration was produced by a 12.9 MEV
neutron.

represented: those due to recoil protons, recoil
nitrogen nuclei, and those due to the disintegra-
tion of nitrogen. The recoil protons result from
the hydrogen in the water vapor. For all of the
sources, the recoil protons will be responsible for
a small number of tracks of all lengths in the in-
terval measured. These will appear as a general
background. The nitrogen recoils will be quite
short, and their maximum range will depend on
the maximum energy of the neutrons present.

The neutrons from beryllium have a maximum
energy of 4.42 MEV, ' and should project nitrogen
nuclei with a maximum range of 0.28 cm, which
is in good agreement with the experiments. The
neutrons from lithium have a maximum energy
of 13.3 MEV, and should project nitrogen nuclei
with a maximum range of 0.51 cm. As only a
small portion of the neutrons from lithium have

Bonner and Brubaker, Phys. Rev. 47, 910 (1935).
9 Bonner and Brubaker, Phys. Rev. 48, 742 (1935).
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FIG. 3. Range distribution of the tracks in the nitrogen
filled cloud chamber.

NUCLEUS

5B11
2He'

RANGE

0.22
0.84

1.06

VELOC1TY )&10 '
0.329
0.907

ENERGY
1N MEV

0.62
1.71

2.33

The range velocity curve for 8" has been com-

puted from the nitrogen range velocity data" by
means of Blackett's relation

1 This agrees with our previous results with indium
{Phys. Rev. 48, 470 {1935))which indicated that there
were no slow neutrons emitted by a Li+H' source.

» Ke wish to thank Professor Bethe for communication
of the values used in Table I which are based on his new
range velocity curve for low energy alpha-particles.

' P. M. S. Blackett, Proc. Roy. Soc. A135, 132 {1932).

energies near the maximum, one can only esti-
mate the maximum range of the recoil nitrogen
nuclei; this estimate from the curve is consistent
with the above-mentioned 0.51 cm.

The group of tracks with a mean range of
1.06&0.02 cm (15'C, 76 cm Hg) is due to the
combined tracks of the alpha-particles and 5B"
nuclei produced in the disintegration of nitrogen

by slow neutrons. The curves show that very few
tracks of this range were observed except when

the neutrons were slowed down in the paraffin,
indicating that very few (if any) "slow neutrons"
are emitted from either of the sources. "

Table I gives the mean ranges, velocities, and

energies of the 5B" and ~He' particles. We have
used Bethe's range-velocity curve for alpha-
particles. "

TABLE I.

R =k(M/Zl) f(v)

The probable experimental error of 0.02 cm
in the determination of the range would intro-
duce an error of 0.06 MEV in the energy. The
probable error which is introduced by the in-

accuracy of the range velocity curves for 2He4

and 5B" particles of this energy is difficult to
estimate, but perhaps is about 0.2 MEV.

Using the disintegration energy found in this
experiment and Bethe's values for the masses of
the other atoms appearing in reaction (1) we
calculate the mass of ~N'4 to be 14.0085.

Nitrogen disintegrations of this type (with
slow neutrons) are no doubt largely responsible
for the nitrogen cross section of 11.3 X 10 "
sq. cm for slow neutrons as observed by Dunning,
Pegram, Fink and Mitchell. ' This is approxi-
mately 100 times as large as the cross section for
disintegration by fast neutrons.

DISINTEGRATION BY FAST NEUTRONS

Several hundred disintegration forks similar to
those shown in Fig. 1C were photographed on
the films exposed in the experiments described
above. From this number 91 forks could be
accurately measured both in regard to the .

lengths of the tines and to the angle between
them. Table II gives the results of such measure-
ments. The measured lengths of the tracks were
1.69 times as long as the range because the
stopping power was 0.592.

The proper disintegration energy, (EHe+Es
—E /15), which we shall call 8, is the dis-

integration energy which an observer at rest
relative to the center of mass would measure.
Fig. 4 gives the distribution of B.The maximum
at 3.1 MEV is in agreement with the results of
Kurie. 4 We have shown that the Q for slow

neutrons is 2.06 MEV 4 hence the most probable
energy which the neutrons contribute is approxi-
mately 1 MEU. From the curve it is evident
that very few neutrons contribute more than
2 MEV. However, from the calculated energies
of the neutrons producing the disintegrations,
we find that most of the disintegrations were

13 Dunning, Pegram, Fink and Mitchell, Phys. Rev. 48,
265 {1935).

'4 Ke obtained this lov er value of Q by using the range-
velocity curve for alpha-particles which was used in com-
puting alpha-particle energies in Table II.
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TABLE II. Data oe nitrogen disintegration forks. R«= range alpha-particles; RE =range 58" particles; 8„,=energy of
alpha-particles in MEV;** 8~ =energy of 5B"particles in MEV; @=angle between two tines; B,=calculated energy of
neutron in MEV.

RHe RB +He +B
~He ~He+~B
+&B —~~/25 RHe RB ZHe ZB

FiH e ZHe +BB
+BB —E„/25

0.53
0.95
0.88
0.94
1.16
0.81
1.47
0.82
0.91
1.81
0.93
1.08
1.-78
1.25
1.48
0.53
1.35
1.23
2.12
2.22
0.96
1,-11
2.13
0.90
1.07
1.83
0.90
1.78
1.26
1.54
2.48
1.41
0.83
1.64
0.95
1.41
1.12
2.17
0.83
0.68
1.19
1.00
1.64
1.58
1.17
1.60

NEUTRON SOURCE:
0 3S 0 86 1.52 173
036 1 72 156 155
0.19 1.47 0.50 5 V
0.37 1.70 1.66 155
0.13 2.11 0.26 146
0.30 1.43 1.11 153
0.20 2.64 0.53 149
0 39 . 1 45 1 82 154
0.30 1.64 1.15 148"
0. 18 3.14 0.48 150
0.22 1.68 0.65 148
0.12 1.96 0.22 143
0.17 3.10 0.39 241
0.23 2.28 0.71 146
0,34 2.6S 1.44 142
0.29 0.86 1.07 133
0.13 2.45 0.26 145
0.33 2.24 1.36 148
0.24 3.61 0.77 142
0.23 3.72 0.68 135
0.13 1.74 0.26 156
0.30 2.02 1.15 144
0.24 3.61 0.74 146
0.33 1.62 1.36 150
0.38 1.95 1.77 152
0.14 3.19 0.28 175
0.18 1.62 0.45 160
0.17 3.10 0.42 140
0.2 1 2.30 0.62 14S
0.2 1 2.75 0.62 143
0.14 4.01 0.30 143
0.40 2.55 1.93 150
0.46 1.47 2.48 162
0.23 2.90 0.68 130
0.40 1.72 1.93 149
0 29 2.55 1.07 138
0.30 2.04 1.11 130
0.14 3.66 0.28 146
0.43 1.47 2.14 175
0.17 1.16 0.39 130
0.17 2.16 0.39 173
0.36 1.83 1.56 142
0.12 2.90 0.24 140
0.23 2.81 0.71 148
0.35 2.13 1.48 145
0.09 2.84 0.13 138

Be+yH~

4.9
4,4

18.4+
4.8
3.1
3.0
2,9-
6;4
3.6
3.8
2. 1
8,3
5.3
2.9
5.9
6.5
4.0
4.1
5.5
7.5
1.7
4,2
4.6
4.2
4.4
3.3
0.8
5.5
3.0
3.9
7.7
5.8
8.9
7.1
7.2
5.6
7.6
6.6
6.3
3.3
0.8
6.8
5.9
3.2
5.6
6.5

2.38 2.08
3.28 2.99
1.97
3.36 3.06
2.37 2,07
2.54 2.84
3.17 2.98
3.27 2.97
2 ~ 79 2.55
3.62 3.37
2.33 2.19
2.18 1.96
3.49 3.19
2.99 2.80
4.09 3.79
1.93 1.63
2.71 2.44
3.60 3.32
4.38 4.08
4.40 4.10
2,00 1.89
3.17 2.89
4.35 4.05
2.98 2.70
3.72 3.43
3.37 3.15
2.07 2.02
352 8 22
2.92 2.72
3.37 3.12
4.31 4.02
4.48 4. 18
3.95 3.65
3,58 3.28
3.65 3.35
3.62 3.32
3 ~ 15 2.85
3.94 3.64
3.61 3.32
1.55 1.33
2.5S 2.50
3.38 3.08
3.14 2.84
3.52 3.30
3.61 3.31
2.97 2.67

1.54
2.12
1.08
0.84
1.46
0.87
1.14
1.96
2, 11

1.42
0.83
0.43
1.13
1.29
1.01
1,19
1.17
1.44
1.28
0.98
2.25
1.00
0.63
1,05
1.05
0.87
0.69
0.63
1.31
0.77
1.57
1.41
0.94
2.13
0.83
0.59
1.53
0.94
0.81
0.84
0.41
0.71
2.55
0.46

0.30
0.25
0.23
0.41
0.38
0.44
0,46
0.23
0.43

0.40
0.37
0.38
0,27
0.20
0.34
0.16
0.50
0.37
0.49
0.57
0.23
0.43
0.47
0.17
0.29
0.35
0.40
0.28
0.56
0.43
0.24
0.17
0.12
0.34
0.88
0.30
0.64
0.12
0.40
0.40
0.42
0.59
0.17
0.33

NEUTRQN

2.75 1.15
3.57 0.83
1.96 0.68
1.49 1.98
2.63 1.77
1.55 2.24
2.07 2.48
3.36 0.71
2.02 2, 19

NEUTRON

2.56 1.87
1.47 1.61
0.66 1.77
2.06 0.95
2.16 0.53
1.84 1.44
2.16 0.36
2.13 2,87
2.60 1.66
2.33 2.74
1.78 3.45
3.75 0.68
1.82 2.16
1.06 2.61
1.91 0.42
1,91 1.07
1.55 2.48
1.18 1.87
1.06 1.03
2.39 3.40
1.35 2.19
2.80 0.74
2.55 0.39
1.70 0.22
3.58 j.44
1.47 2.77
0.98 1.11
2.74 4, 13
1.70 0.22
1.43 1.93
1.49 1.89
0,62 2.09
2.22 3.68
4.10 0.39
0.72 1.36

S0URcE:
143
141
148
161
146
163
165
144
158

SOURCE l

133
162
156
144
128
154
148
136
157
158
136
137
136
130
156
140
157
141
147
172
168
136
141
137 .

147
139
142
168
143
175
149
163
156
167
148

Be+tH2
4.8
5.7
2.4
6.2
6.1
7.4
6.6
4.7
6.3

Li+qH~
11.3
4.4
8.7
3.6
5.8
3.7
2.7

16.5
3.3
8.7

21.8
7.1

12.3
18.5
1.5
4.8
4. 1

10.3
3.7
9.5
7,2
5.6
4.1
3.3
4.9
8.9
5.2

13.0
2.7
4.7
7.7

11.1
19.8
4.4
6.4

3.90
4,40
2.64
3.47
4.40
3.79
4.55
4.07
4.21

4.43
3.08
2.48
3.01
2.69
3.28
2.52 .

5.00
4.26
5.07
5.23
4.43
3.98
3.67
2.33
2.98
3.03
3.0S
2.09
5.79
3,54
3.54
2.94
1.92
5.02
3.24
2.09
6.87
2.92
3.36
3.38
2.71
4.90
4.49
2.08

3.60
4, 10
2.48
3.17
4.10
3.49
4.25
3.77
3.91

3.67
2.79
1.85
2o77
2.31
3.04
2.34
4.10
4.04
4.49
4,33
3.9S
3.16
2.77
2.28
2.66
2.75
2,36
1.85
5.16
8.06
3.16
2.66
2.72
4.70
2.65
1.75
6.00
1.74
3.05
2.86
1.97
4.00
4.20
1.66

*One of the particles must have been scattered.
+@We used the Cavendish Laboratory range-velocity curve for alpha-particles in these computations since Bethe's new curve which was used in

the last section was not available.

caused by neutrons with energies above 2 MEV."
Thus we find that some kinetic energy dis-
appears. This is in agreement with the work of
all the others' ' who have studied this reaction.
To account for this lost energy, Kurie has pro-
posed the emission of a gamma-ray in a radiative
capture of the neutron. Feather has suggested
that this energy goes into the excitation of the
58" nucleus.

Before trying to decide this question let us
erst consider how accurately we can calculate
both the energy appearing in the forks and the
energy of the neutron producing the disintegra-
tion. The energies of. the 58" arid ~He4 particles

's This is consistent with an average neutron energy of
3.5 MEV for Be+H2 and 3.9 MEV for Li+H', and a cross
section for disintegration which varies only slowly with
energy.

will include errors due to three causes: (1)
experimental errors in measurement of track
lengths; (2) errors due to straggling in ranges Of

tracks with equal energies and (3) errors in the
range-velocity curves for the particles. All three
of these possible errors are more important for

0 l.2 2.'k 3.6 %$ 6.0 'Fs

P~OPER DISlNTEG RATION ENERGY'

Fzo. 4. The distribution of the proper energies (EH, +B~—8„/15)in MEV of the nitrogen disintegration forks.
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the shorter range ~B" tracks than for the 2He'
tracks, and so when the amount of energy
appearing in the 5B"particles is relatively large,
the uncertainty in the proper energy is also
large. For example, in the case where EH, ——3.72
MEV, Eg ——0.68 MEV and EH, +Eg =4.40 MEV,
the probable error is only about 0.2 or 0.3 MEV,
but in the case where EH, =1.78 MEV, Eg=3.45
and EH, +B~——5.23 MEV, the probable error is
of the order of 1 MEV.

The calculated energies of the neutrons are
a6'ected by the errors listed above as well as
any error in the determination of p. Errors in the
determination of p are due both to experimental
errors in measuring the angle between the tines
and to errors introduced when one of the particles
is scattered through a small angle at a point so
near the point of disintegration that it is un-
observable. An example of this sort is given in
the fork of Fig. 2A, where the angle P was
measured to be 51', but from momentum con-
siderations it must have been at least 134'.
The neutron energy calculated from this fork
was 18.6 MEV, which obviously was in error as
there were no neutrons present with energies
over 4.5 MEV. A check on the accuracy with
which neutron energies can be calculated is
obtained by knowing that the maximum energy
of the neutrons from beryllium and lithium are
4.42 and 13.3 M EV, respectively. Quite a number
of the calculated energies of the neutrons from
beryllium were 2 or 3 MEV too high. This shows
that an accurate determination of the neutron
energy cannot be made from such disintegration
data. However, it can be determined well enough
to show that, with the lithium source, a con-
siderable fraction of the disintegrations are pro-
duced by neutrons with energy above 8 MEV.
In these cases, the disappearance of kinetic
energy cannot be questioned.

An explanation of the distribution of E can be
made by assuming that the excess energy which
is carried into the reaction by the neutron goes
into the excitation of the B"nucleus. Cockcroft
and tA"alton" have shown that B"has excitation
levels at 2.2, 4.5, and 6.8 MEV. These with
perhaps a higher level, can account for the ob-
served distribution if we assume that the boron
nucleus is excited to the highest state possible,

"J.D. Cockcroft, London Conference Report, 1934.

consistent with the alpha-particle having enough
energy ()1.5 MEV) to get through the barrier
of the N". This interpretation is clearly very
artificial and unconvincing.

An alternative explanation of the distribution
of proper energies has been proposed by Kurie,
according to which the neutron is first captured
by a radiative transition to a virtual level of N'".
This level corresponds to an energy greater by
1 MEV than that of N"+n' and greater by
about 3.1 MEV than B"+He'; the N'" is not
stable and disintegrates into 8"+He'. That part
of the breadth of the energy distribution which
is not conditioned by experimental errors in the
determination of E, may be reasonably attrib-
uted to the short life of the N". This explanation
is quite consistent with our results, and has
only theoretical arguments against it. No reason-
able model can be constructed for which the
radiation emitted from the recoiling N'4 is of
the right order of magnitude to explain the ob-
served cross sections for the process; on this
theoretical basis a cross section of 1j1000 of that
observed would have to be regarded as exception-
ally large. "

The disintegrations by slow neutrons, which
are presumably not of a radiative character,
present no dif6culties in interpretation, and are
in fact analogous to those of lithium and boron
by slow neutrons. The fairly large cross section
observed for this process may here too be
ascribed to the proximity of a virtual level of N".

OTHER MODES OF DISINTEGRATION

Feather' and Kurie4 reported another mode of
disintegration in which one of the disintegration
particles was singly charged. They suggested
that these disintegrations took place according
to reaction (2) or (3). With both the Be+~H'
and the Li+~H' sources of neutrons we have
observed forks of this type, an example of which
is given in Fig. 1D. The data on the forks of
this type, which were observed when the
beryllium source was used, are given in Table III.

~~ Dr. Robert Serber has looked into this question theo-
retically, .and we are indebted to him for telling us of his
results. One essential reason for the small theoretically
predicted cross sections is the impossibility, with any
reasonable model, of having approximate resonance with a
virtual level of N" for the neutron, both before and after
radiation.
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TABLE III. Ranges and energies of particles.

RANGE
SINGLY

CHARGED
PARTICLE

RANGE
HEAVY

PARTICLE

ENERGIES OF PARTICLES OF THESE RANGES
BH8 BH1

BH1 BH8 BQ18 BQ14 +BQ18 +BQ14

2.42 cm
& 1.8
&3 4
&2.1

1.30
2.26 '

& 1.4
0.25

NEUTRON

0.12 cm 1.04
0.32 &0.87
0.20 &1.28
0 22 &095
0.11 0.68
0.09 1,00
0.18 &0.73
0.35 0.26

SOURCE:
1.4

& 1.1
& 1.6
& 1.2

0.8
1.3

&0.8
0.2

Be+1H8

0.2 0.3
1.3 1.4
0.6 0.6
0.7 0.7
0.2 0.2
0.2 0.2
0.5 0.5
1.6 1.7

1.6 1.3
&2.4 &2.3
&2.2 & 1.9
& 1.9 & 1.7

1.0 0.9
1.5 1.2

& 1.3 & 1.2
1.8 2.0

From these data we cannot determine the
maximum. energy which appears in such forks,
but we can say that at least 2 MEV appears
when neutrons with energies up to 4.42 MEV
are used. According to calculations from Bethe's
masses, reaction (2) is endothermic by 4.7 MEV.
Thus we must turn to reaction (3) to explain
the singly charged particles.

N14+ ~1~ C14+ Oi (3)

The C" would probably be radioactive, going
into N'4 with the emission of an electron. How-
ever, such a radioactive C' has not been ob-

served. The upper limit of the mass of C'4,

assuming that 2.0 MEV of energy appears in
reaction (3) when 4.42 MEV neutrons are used,
is 2.8 MEV more than that of N'4. Thus the
maximum energy of the beta-particles from C"
is less than 2.8 MEV.

We have found one trident which we have
attributed to the disintegration of nitrogen
according to reaction '(4). Fig. 2B shows a
stereoscopic pair of photographs of the single
disintegration of this type which we observed
when we bombarded nitrogen with the high
energy neutrons from Li+O'. The energy ap-
pearing in the three forks is 4.8 MEV and the
calculated energy of the neutron which produced
the disintegration is 12.9 MEV. From a calcu-
lation of the masses involved, this reaction is
endothermic by 7.0 MEV, which is consistent
with the observed data.

We are indebted to Professor C. C. Lauritsen
and Professor J. R. Oppenheimer for valuable
discussions and to the Seeley W. Mudd fund for
financial support.
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The Energy Distribution of Neutrons Slowed by Elastic Impacts
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The problem of finding the distribution in energy of
particles of mass rn, initially of the same energy, which
have made n impacts with particles of mass M all initially
at rest, is solved. It is supposed the impacts are elastic and
the distribution in angle isotropic in a coordinate system
in which the center of mass is at rest. If x is the ratio of

the energy after n impacts to the initial energy then the
chance that x lie in dx at x is (log 1/x)" '/(n —1)! for
m = M'. For unequal masses the expression is more compli-
cated but easy to calculate. The results have some interest
in connection 'with the slowing of neutrons by elastic
impacts with other nuclei, especially with hydrogen nuclei.

N this note we work out the energy distribu-
-- tion of neutrons which, starting with the
same initial energy, have made e impacts with
other nuclei all initially at rest. We suppose the
impacts are elastic and the scattering isotropic
in a coordinate system in which the center of
mass is at rest. The result is of some interest in
connection with current researches on "slow"
neutrons. The work grew out of a desire to
understand a statement due to Fermi' that "It

I Amaldi, D'Agostino, Fermi, Pontecorvo, Rasetti and
Segre, Proc. Roy. Soc. A149, 522 (1935).See p. 524.

is easily shown that an impact of a neutron
against a proton reduces, on the average, the
neutron energy by a factor 1/e. "

Let the nuclei of the medium be all at rest and
of mass JIf while the incident neutron is of mass
m and energy, Eo. Then by a simple application
of the conservation laws it is found that the
neutron energy after an impact is given by
Eg ——Ep(1 —nx)

where 0. =4m&/(m+M)' and cos p= 1 —2pp,

being the angle of scattering of the neutron in






