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The Baker experiment to detect times of delay greater than ~5)&10 ' sec for the emission of fission
neutrons has been performed by observing the change in fission neutron counting rate when fission fragments
are allowed to Qy away from a neutron counter as compared to the counting rate when the fragments are kept
.in the vicinity of the counter. The fission neutrons were detected by observing proton recoils in a thick-
parafBn-lined proportional counter. The percent of neutrons delayed by a time of at least 8X10 ' sec was
found to be (3.6+2.8) percent.

I. INTRODUCTION

A VERY small number (about 0.8 percent) of the
neutrons which accompany nuclear 6ssion are

delayed by times of the order of seconds. ' These neu-
trons are associated with beta-processes in the 6ssion
products. It has been assumed that the rest of the
neutrons (the "prompt" neutrons) are emitted within
the short times characteristic of ordinary nuclear
reactions ((10 "sec). Wilson' has shown that there
is a strong correlation between the direction of a fission
fragment and the direction of a fission neutron, indi-
cating that a considerable number of the neutrons are
emitted before the fragments are brought to rest. The
purpose of the present experiment was to ascertain
whether all of the "prompt" neutrons (the ones which
are not delayed by at least many milliseconds) are
emitted in less than 10 sec.

The method, originally proposed by C. P. Baker,
uses the high speed of the 6ssion fragments to measure
the neutron emission time. A foil of U~' is wrapped
around a counter sensitive only to fast neutrons and the
whole immersed in a Qux of thermal neutrons. The
counter and foil are placed within a chamber that can
either be evacuated or 6lled with a gas of high stopping
power. The chamber wall is 3.46 cm away from the foil.
Thus when the chamber is evacuated, most of the 6ssion
fragments (which have a velocity of 10' cm/sec)
can travel from the foil to the chamber wall in ~5)(10—'
sec. On the other hand, when the chamber is 6lled with
the gas, the fragments are brought to rest very close to
the counter. If there is a delay in neutron emission, as
long as or longer than 5)&10 ' sec, the neutrons
emitted by those fragments which escape from the U~'
will come from the outer wall of the chamber, far from
the counter, when the chamber is evacuated, but from
just outside the counter when the chamber is 6lled with

*This document is based on work performed in 1943 at Los
Alamos. A more complete account can be found in the declassified
document LADC-252.

t Present address: Knolls Atomic Power Laboratory, General
Electric Company, Schenectady, New York.

f. Present address: Massachusetts Institute of Technology,
Cambridge, Massachusetts.

' See, for example, de Hoffmann, Feld, and Stein, Phys. Rev.
74, 1330 (1948};Hughes, Dabbs, Cahn, and Hall, Phys. Rev. 73,
111 (1948}.

~ R. R. Wilson, Phys. Rev. 72, 189 (1947).

gas. Because the solid angle subtended by the counter
is much less at a point on the chamber wall than on the
surface of the counter itself, one expects a difference in
the neutron counting rates in the two cases if an
appreciable number of neutrons are emitted SX10 '
sec or more after 6ssion occurs.
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FIG. 1. The recoil counter and gas chamber.

II. APPARATUS

The fast-neutron detector actually used in these
experiments was a thick-para%. n-lined proportional
counter, illustrated in Fig. 1. The counter cylinder was
17 in. long and 2 in. o.d. with a —,6-in. duralumin wall. This
large counter was considered desirable because of its
high counting rate, since good statistics are imperative
in an experiment whose "background" is inevitably
greater than 50 percent (because at least half of the
6ssion fragments must remain in the foil). The axial
collecting electrode was a Kovar wire 0.005 in. in
diameter. The entire counter cylinder was lined with a
cerecin-impregnated nickel gauze. The wires of the
gauze were scraped free of parafhn on both sides after
coating to insure good electrical contact with the
counter wall on the one side and to insure an electrical
6eld undistorted by charge accumulation on the other.
Cleanliness was important in minimizing the boron con-
tamination since boron gives alpha-particles in a slow-

neutron flux which are difficult to distinguish from recoil
protons. In addition to boron, any nitrogen present
gives an undesirable background owing to protons from
the slow-neutron (n,p) reaction. For this reason the
counter was filled with spectroscopic argon. Kith a
pressure of 15 cm, the counter was found to operate
well at about 820 v.

The counter was placed on the axis of a steel cylinder
4 in. i.d. , —,', -in. wall, which could be evacuated or 6lled
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Fxo. 2. Plan view of the graphite block, showing location
of the counter and monitor.

with commercial propane to a pressure of one atmos-
phere (see Fig. 1).

To minimize slow-neutron absorbing materials in and
near the counter its wire was used both as the collecting
and high voltage electrode, and electrical connections
were made by a long coaxial lead through the counter
fi1.ling tube. Hy using a glass-insulated central wire of
suQicient size, spurious electrical eGects were avoided.
This lead was made long enough so that the pulse pre-
amplifier was far away and had negligible eBect on the
slow-neutron Qux near the counter.

In operation, the counter was placed across the axis
of a graphite block 7)(5.7 ft on the front face and 7 ft
long (see Fig. 2). Fast neutrons from a cyclotron with
internal beryllium target were incident on the front
face. At a depth of 5 ft, where the counter was located,
these neutrons had been slowed down to give a thermal
flux (ass)&s 10' per cm——' per sec. The ratio of this flux
to the Qux of neutrons above 100 kev was 25,000. It is
important in this experiment to have the number of fast
neutrons already present in the block as small as possible
compared to the number of fast neutrons produced by
fission, which one is attempting to measure. Under the
conditions described, background (from all sources) was
less than half the total counting rate.

The circuits used in counting consisted of a regulated
high voltage supply for the counter, a one-stage pre-
amplifier and cathode follower mounted just outside the
graphite block, a stabilized amplifier of the Waddell
type, pulse selector, and scale of 32. The pulse selector
was a dia'erential discriminator which selected only
pulses between two adjustable limits of pulse height.
The upper limit was kept as low as seemed consistent
with a good counting rate in order to eliminate as many
of the boron alpha-particles as possible.

The response of the counter was calibrated by bom-
bardment with monochromatic neutrons from the
Li(p,e) source of the Los Alamos electrostatic generator.

The purpose of the calibration was to determine whether
or not the counter responded selectively to neutrons of
certain energies and thus gave preference to some of the
fission neutrons while ignoring others. The response was
found to be satisfactory for our purposes. The sen-
sitivity had a threshold at about 300 kev, and remained
approximately constant on going to higher energies.
One Mev was the maximum neutron energy obtained
during this calibration. The presence of a plateau
beginning at 700 kev means that the counter responds
impartially to nearly all the fission neutrons since few
have lower energies than 700 kev. The sensitivity of
the counter in counts per incident neutron was found
from this same calibration to be 9)(10 ~.

The U"~ being investigated was a sample of enriched
material containing 15.7 percent U~' and 84.3 percent
U"'. It was electroplated onto the outside of a platinum
foil 16X6 in. which fitted around the outside of the
counter. The average weight of metal deposited (in the
form of the fluoride) was about 1 mg of UF4 per cm'.
Although this deposit was not thin to fission fragments,
but rather about one-fourth of their range, it neverthe-
less permitted most of the fragments to escape with a
large part of their initial velocity retained. The disad-
vantage caused by the inability of all fragments to
escape with full velocity was offset by the large number
of neutrons produced which gave an improved ratio
of fission neutrons counted to background.

For quantitative interpretation of the experiment, it
was necessary to know the fraction, E, of fission frag-
ments which escape from the foil. (E would be one-half
if the foil were perfectly thin. ) The method of deter-
mining E and of measuring the uniformity of the foil
is described in the Appendix. The value found for the
escape fraction was E=0.435.

III. PROCEDURE

To compensate for variations in cyclotron output,
it was necessary to monitor the thermal-neutronQux
incident on the counter. For this purpose a fission
ionization chamber employing a semithick foil of
unseparated U was placed in the graphite block at a
distance of 3 ft from the front face, 3 ft from the
bottom, and 1 ft from one side. Any change in intensity
and distribution of neutrons incident on the face of the
block would therefore be expected to have the same
eBect on the monitor and on the number of fissions in
our apparatus.

The significant quantity for the experiment is
therefore the number of recoil counts per unit monitor
count. This will be referred to as the counting rate.

In order to learn how sensitive the counting rate is to
the point of origin of fission neutrons we observed the
counting rate with the U~s foil in its normal position,
surrounding the counter, then moved the U"' foil to
the inner surface of the outer cylinder and observed
the decrease in counting rate which this caused. These
measurements were made with the stopping gas in the
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chamber. To eliminate any error which might arise
from the change in slow-neutron Rux with distance
from the front face of the graphite block, the foil was
placed symmetrically with respect to a plane perpen-
dicular to the axis of the block. It is evident that this
measurement, which we have called the "in-out
measurement" would correspond approximately to the
change in counting rate which would be expected if
somehow all the 6ssion fragments could escape from the
foil, and all the 6ssion neutrons were delayed by at least
the time required for the fragments to reach the wall.
Of course not more than half the fragments can escape
at best, and their arrangement upon striking the wall
will be more spread out than it is possible to make the
foil, but the result of the experiment expressed in terms
of this measurement is, to a first approximation, inde-
pendent of the calcllction of the change in counting
efEciency as the source of neutrons moves from the
surface of the counter to the outer wall of the chamber.
This is important because it seems likely that con-
siderations other than the change in solid angle sub-
tended by the counter enter into this eSciency change,
making an exact calculation dif5cult.

Knowing the fraction of fragments that escaped to the
walls, we have now a measure of the change in counting
rate to be expected from the delayed neutrons when the
foil was on the outside of the counter and the stopping
gas was removed from the surrounding chamber. The
experiment then consisted of repeatedly comparing the
counting rate with gas in the chamber (and fragments
therefore all con6ned to the neighborhood of the foil)
to the counting rate with the chamber evacuated (and
some fraction, less than one-half, of the fragments
therefore going to the walls).

If the stopping gas has appreciable absorption for slow
neutrons a correction must be made, since the slow-
neutron Aux on the U23' and hence the number of
6ssions per unit monitor count would then be greater
when the gas was removed, and the decrease in counting
rate resulting from delayed neutrons might be masked.
Propane, having eight hydrogen atoms per molecule,
has a small but appreciable probabBity for slow-neutron
capture, and the "gas eGect" correction was therefore
measured quite carefully and accurately, by covering
the U"' foil with a foil of Al thick enough to stop the
6ssion fragments, and then comparing the counting rate
with and without the gas. A reduction of (0.7&0.2)
percent of the total counting rate was observed. About
half of this can be attributed to absorption of slow
neutrons, according to a simple diBusion calculation,
and the rest may reasonably' be attributed to slowing of
residual fast neutrons.

IV. RESULTS

O.b.= {g6;2/e(e —1) I &.

This quantity is given, for each run, in the fourth

TAsx.E I. Summary of the measurements on delayed neutrons.

Run no.

I
II

III
IV

24.8%
35.3%
35.9%

+av

0-45
0 16%—0.58%
0.54

&calc

0.46%
0.39%
0.58%
0.51

&obs

0.85%
0.44%
0.62%
0.38%

column of Table I. It will be seen that the internal con-
sistency is satisfactory.

Table II gives the results of two runs on the gas
absorption eBect. The results and errors were obtained
in the same way as were those of the delayed neutron

ALE II. Gas absorption. Foil on counter, covered with
0.001-in. aluminum.

tion, C.R.,„~ the rate with the foil against the outer
wall of the chamber. This quantity was measured
three times during Run I, twice during Runs II and III,
and once during Run IV. It is a criterion of the sensi-
tivity of the experiment and depends, in part, on the
background counting rate. Its Quctuations arise from
changes in the background, and the improvement
between Runs II and III was made by reducing the
fast-neutron background. The graphite block was
lengthened by adding 12 in. of graphite to its front face;
and the hole which contained the recoil counter was
changed from a 5~-in. cylinder to an 8X8-in. square
channel, in the center of which the counter was sup-
ported. The latter change was made to reduce back-
scattering into the counter of fast neutrons originating
in the U23' since such scattering would have a tendency
to decrease the change in counting efBciency for delayed
neutrons.

The quantity of interest for our experiment is the dif-
ference between the counting rate with propane in the
outer chamber and the counting rate with outer
chamber evacuated. This quantity was converted to
percent by multiplication by 100/(C.R. with propane)
and designated by P. Each run consisted of about 10
pairs of measurements, a value of P being found for
each pair. The average of these values of P for each
run is tabulated in the second colum of Table I. The
standard deviation of P, , calculated in the usual way
from the counting statistics, is given as o„i,. The many
values of P for each run permit a determination of the
observed value of the standard deviation of P, ,

Table I summarizes the results of this experiment.
The 6rst column gives the average for each run of the
"in-out" ratio, I=100 (C.R.h, —C.R«~)/C. R.I.C.R.~
is the counting rate with the U ' foil in its normal posi-

Run no.

I
II

Average

Percent difference

0.79%%uo

0.62%
0.71%%uo

0.30%
0.32%
0.22%

0.28%
0.25%
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ALE III. Percentage of delayed neutrons.

Run
no.

I
II

III
IV

P, corrected
for gas abs.

5%
0.55%
0.13%
0.17%

Average percent

100f ~percent
delayed

)8X10 9 sec

0 88% 12.2%
0.49% 6.6%
0.66% 1.1%
0

delayed 3.6+2.8 percent.

93%
58%
55%
4.5%

experiments. The values of P after adding the gas
absorption correction and combining errors are given
in Table III.

V. DISCUSSION

To a 6rst approximation there is a very simple rela-
tion between the in-out measurement, I (defined as
the percentage decrease in counting rate when the U'"
foil is moved from the surface of the counter out to the
wall of the chamber, the latter being 6lled with

propane); the fraction E of 6ssion fragments which

escape from the foil; the observed counting rate reduc-
tion P; and the fraction f of neutrons delayed by at
least the time necessary for all the fragments to reach
the wall of the chamber. EI is just the counting rate
reduction expected if a/l the neutrons were delayed, and

f is therefore given by f=P/EI. Actually, since the
effective length of the counter is about 40 cm, and the
average velocity of the fragments about 0.9X10'
cm/sec, the time for the fragments which take the
longest path to reach the wall is 5)(10 ' sec, which is

unnecessarily long. Also, a correction must be made for
the finite range of the fragments in the stopping gas.
Some knowledge of the efBciency of the counter as a
function of the distance of the neutron source from its
axis is therefore necessary.

The details of these rather tedious calculations are

given in the original paper' and. will not be repeated
here. The results can be expressed. to a good approxi-
mation by writing the fraction delayed longer than a
time ht after 6ssion as f= (P/EI)K(hl). For times ht
long enough so that aB the 6ssion fragments have come
to rest, E(hl) is of course constant, and is equal to 1.3
(it differs from unity mainly because of the finite range
of 6ssion fragments in propane, about 1.3 cm). For
shorter times, E(ht) involves the spacial distribution of
the flying 6ssion fragments. 4

s Declassified document LADC 252. It is shown there that the
probability for a neutron to make a count is approximately pro-
portional to 1/r, where r is the distance from the neutron source
to the counter axis. This law was checked by calculating the
value of the in-out ratio, I. The value expected from geometrical
considerations was 53 percent. A background measurement (made
with the foil removed) showed that 54 percent of the counting
ratio with foil in "in ' position was due to fission neutrons. One
would therefore expect the in-out ratio to be 0.54X53=28.6
percent. The measured value at this time was 28 percent.

'This calculation included the distribution in velocity of the
fission fragments as they emerge from the foil, and therefore
involved the range-velocity relation given in the Appendix. It
was simplified by assIIIrIIIIg that all delayed neutrons were emitted

Figure 3 is a graph of E(dd) against log(ht). From
this graph it is seen that the experiment has very nearly
reached its maximum sensitivity, %=i.3, at Et=8
X10 ' sec. Thus, one can say that f= 1.3XP/EI is the
fraction of 6ssion neutrons delayed by at least 8X10 '
sec. Table III gives the corrected values of P and cor-
responding values of f for the four runs. The weighted
mean is (3.6+2.8) percent delayed.

This result would include most of the 0.8 percent of
6ssion neutrons which are delayed by long times,
although their energies are somewhat lower than those
of the normal 6ssion neutrons. There remains (2.8&2.8)
percent delayed. The most reasonable interpretation is
that this corresponds to zero: within an accuracy of
three percent, and exct.uding the well-known delayed
neutrons, none of the neutrons from 6ssion are emitted
at times greater than 8X10 ' sec after the fission
process.

~
~
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e ~ i ~ I
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Fzo. 3. The function E(M). 1/IC is a measure of the sensitivity
of the experiment to neutrons emitted at a time A after fission.
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APPENDIX

At the conclusion of the experiment, the fraction of fission
fragments which escape from the foil was measured by cutting
two 2X2-in. samples from representative parts of the foil and
comparing the number of fission fragments of energy &6 Mev
from them with the number from a thin foil of known weight and
the same isotopic constitution. The average E obtained in this
way was 0.41.%'e correct for the fragments of &6 Mev as follows:
Let the thickness of the UF4 deposit be P ~& p, where p is the range
of fragments in the UF4. Then the fraction of fragments which
escape after traversing a thickness less than l is given by the

after the same time M. An estimate shows that the corresponding
mean life for an exponential decay law would be larger than At,
but by less than a factor of two.



D I ST R I 8 UTI ON OF SLOW NEUTRONS 175

expression

1—P/2l when l &~ P; l/2P when l & P. (1)

In particular, the total fraction that escape; i.e., the fraction that
have traversed any thickness of material up to p is

1—(P/2p). (2)

We may use the above formulas together with a range-velocity
relationship to find both the total fraction of fragments that
escape and the thickness of the foil relative to the range; i.e., P/p.

A range-velocity relation which agrees with experiment well

enough for these purposes is (v/vo) = (1—l/p). Prom this equation
we calculate the value of l/p corresponding to 6 Mev, taking an
average initial energy of the fragments to be 81 Mev. From Eq. (1)
and the measured escape fraction we find P/p= 0.26. Inserting this
value of P/p in Eq. (2) we find that the total fraction of fragments
which escape from the foil is E=0.435.

The uniformity of the UF4 deposit was measured by cutting 24
one-inch squares from the foil and alpha-counting them. The
standard deviation in thickness of the foil was 18 percent. We have
assigned an uncertainty of this magnitude to E in computing the
error of our final result.
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Distribution of Slow Neutrons in Free Atmosphere up to 100,000 Feet*t
LUKE C. L. YUAN)

Palmer Physical Laboratory, Princeton University, Princeton, Pear Jersey
(Received July 27, 1950)

Two identical proportional counters filled with boron trifluoride of 96 percent B' have been sent aloft
up to an altitude of 102,000 ft at a geomagnetic latitude of 51'46'N by means of free balloons. One
counter was shielded with 0.030 in. of cadmium, and the other enclosed in tin of the same thickness for
the compensation of possible effects caused by "stars" produced in the cadmium shield. The difference in
the counts of the two counters is due only to slow neutrons (E« 0.4 ev). The counts and the pressure and
temperature were radioed down by an FM telemetering system. Up to about 20 cm of Hg the counts increase
exponentially with altitude according to an absorption depth X=156 g/cm', in agreement with previous
measurements, and roughly with the increase of "stars" in the atmosphere. The counts of both counters
as well as their difference show a maximum at high altitude, as expected theoretically. The maximum for
the cadmium difference counts appears at about 8.5-cm Hg pressure and drops down sharply to about
one-fourth of its maximum value at 1 cm Hg. The counter sensitivity was calibrated against a standard
neutron source and the absolute number of slow neutrons absorbed per gram and second in the atmosphere
is computed and compared with the number of protons produced at the same altitudes.

I. INTRODUCTION

CONSlDERABLE number of measurements

~ ~

have been made on the neutron intensity in
cosmic radiation by various investigators in this Geld. ' '
The essential results thus far show an exponential
increase of the neutron intensity as a function of alti-
tude. Since neutrons in the cosmic radiation cannot be
considered as primary particles because of their short
lifetime, they must be produced in the atmosphere.
Thus one can expect that there exists a maximum in
neutron intensity distribution as a function of altitude.
The position of the maximum has been calculated by

*Assisted by the joint program of the AEC and ONR.
t A preliminary report of the present work appeared in Phys.

Rev. 77, 728 {1950);Phys. Rev. 74, 504 {1948).
f. Now at Brookhaven National Laboratory, Upton, New York.
'For references up to 1939, see Bethe, Korff, and Placzek,

Phys. Rev. Si, 575 (1940).' S. D. Chatterzee, Indian J. Phys. 14, 435 (1940).' S. A. Korff and E. T. Clarke, Phys. Rev. 61, 422 (1942).
4 S. A. Korff and B.Hamermesh, Phys. Rev. 69, 155 (1946).
~ S. A. Korff and B.Hamermesh, Phys. Rev. 71, 842 (1947).
s Agnew, Bright, and Froman, Phys. Rev. 72, 203 (1947).
~ S. A. Korff and A. Cobas, Phys. Rev. 73, 1010 {1948).' C. L. Yuan and R. Ladenburg, Bull. Am. Phys. Soc. 23, No. 2,

21 (1948).' J. A. Simpson, Jr., Phys. Rev. 73, 1389 {1948).

Fluegge" and recently by Bagge and Fincke" on a
theoretical basis by considering the absorption, scat-
tering, and diffusion of neutrons in the atmosphere.
This maximum is expected to exist at about 10 cm Hg,
assuming that the atmospheric neutrons are originally
produced in the processes of nuclear disruptions or
"stars. " However, measurements in the past' show a
continuous increase in the neutron intensity up to 2
cm Hg. This discrepancy between theory and experi-
ment' can probably be attributed to spurious counts
obtained at high altitudes because of corona discharge
at the high voltage terminals of the proportional
counter. As will be described later, a completely pres-
surized system for the high voltage supply and the
counters was employed" in the present experiment to
eliminate such possible corona eftects.

The object of the present experiment is not only to
obtain the intensity distribution of the slow neutrons
(E&~0.4 ev) in the atmosphere, but also to attempt to
measure their absolute intensities at various altitudes.

"S.Fluegge, Sec. 14 of Lectures on Cosmic Radiation, edited by
W. Heisenberg, translated by T. H. Johnson (Dover Publications,
New York, 1946).

"Von Erich Bagge and Karl Fincke, Ann. Physik 6, Folge,
Bd. 6, 21 (1949).~ Luke C. L. Yuan, Phys. Rev. 74, 504 (1948).


