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effect of barometric pressure, atmospheric temperature,
specific humidity, precipitation, and cloud cover upon
the low-energy (E(0.5 ev) atmospheric neutrons and
also upon the moderate-energy neutrons as measured by
locally produced neutrons in lead-parafBn piles both at
Durham, New Hampshire (sea level) and Mt. Washing-
ton (elevation 6262 ft).
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II. APPARATUS AND METHODS OF MEASUREMENT

Two types of cosmic-ray neutron monitors were
employed which differed in neutron energy response.
Both monitors employed commercial boron triQuoride
proportional counters enriched in B"isotope. In Fig. 1
is shown a section of the lead-paragon pile used to moni-
tor the moderate-energy neutrons, hereafter referred to
as D-1. The regular geometric arrangement of the lead

fand paragon permits enlargement of the basic unit o
D-1 to contain any number of BF3 counter tubes. The
counting rate of the tubes placed in such an arrange-
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FIG. 3. Directional selectivity of low-energy neutron detector
measured with a Ra-Be source.

The directional selectivity of D-2 was measured by
placing a Ra-Be neutron source at different positions
equidistant from the center of the BF3 tubes and in a
plane perpendicular to the axis of the tubes. The results
of this test are shown in Fig. 3.Since the energy distribu-
tion of neutrons from a Ra-Be source surrounded by 7.5
cm parafFin approximates that of cosmic-ray neutrons,
it can be expected that the response of D-2 should be the
same for cosmic-ray neutrons.

The electronic systems for both D-1 and D-2 are
identical and are of the conventional type used for
proportional counting. The positive high voltage applied
to the BF3 tubes was regulated at 2400%10 volts. To
maintain a check on the operational stability, dual
electronic systems were used for each detector. The
over-all stability of both detecting systems was checked
periodically by a Ra-Be neutron source and by means of
calibrated test pulses.
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FIG. 2. Low-energy directional neutron detector, D-2, with &ve
BF3 counters in each half-section.

ment is due principally to neutrons originating from
stars produced in the lead and parafFin.

The second type of neutron monitor used, hereafter
referred to as D-2, is shown in Fig. 2. D-2 is more
sensitive to neutrons of energy less than 0.5 ev, and is
designed to minimize the effect of changes in local
sul 1oundlllgs.

D-2 is practically opaque to neutrons incident on any
surface except the top. By alternating each hour Cd and
S hields of 0.033-in. thickness over the top of the two

o lsections of D-2, the resulting difference in houry
counting rates is then proportional to the number of
neutrons with energies less than 0.5 ev. The thickness of
the paraffin for the sides and bottom was determined by
requiring that the maximum of the energy distribution
at the cadmium lining for neutrons of ~1-Mev energy
incident on the outside be much less than the Cd cutoff
and that at the same time D-2 be of reasonable physical

III. REDUCTION OF DATA AND EXPERIMENTAL
RESULTS

A. Low-Energy Neutron Detector D-2

Data obtained with detector D-2 operating at Mt.
Washington during the summer months of 1953—1955
have been correlated with the meteorological data
recorded at the Mt. Washington Observatory for corre-
sponding periods. A linear correlation of neutron count-
ing rate, S, with the meteorological parameters—
barometric pressure, specific humidity, and local ground
temperatures —was assumed:

&=&o+4rs soB+bxs sgS+.bxo ss&,
size.

where So=neutron counting rate under arbitrarily
de6ned sta dard atmospheric conditions, B=haro-Wood Counter Laboratories, Chicago, Illinois.
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TABLE I. Partial correlation of 12-hr average neutron counting rate for detector D-2 with barometric pressure, specific humidity, and
temperature at elevation 6262 ft, geomagnetic latitude 55.5'N.

+Period 1953
July 21—September 13

1954
July 3-August 31

1955 June 9-September 13
(D-2a) (D-2b)

Mean 12-hr average counting
rate (—:2)hr '

Standard deviation of count-
ing rate, 0.', hr '

spy hr ' in. Hg
&aa se, %hn. Hg
bNs. ag hr r/unit S
Cx s.ae, %/0.01S
&ive. a s, hr-'/F'
C~e as, %/F
PNB- SH

PNs B8
PN8 BS
R
Q, standard estimate of error,

hr '
z'

216

—43.5~22.4—20.1%10.2—9380&5520—43%25
+2.92~1.82
+1.34~0.84

0.16
0.64
0.63
0.22

15

0.21

18

—72&9—29.5+3.6
2850+1790
+12&7—1.7&0.5—0.7&0.2

0.67
0.22
0.46
0.74

12

0.29

222

14

—61.7~5.5—27.8&2.5—452w554—2.0~2.5—0.16&0.19—0.07~0.09
0.63
0.079
0.100
0.66

10.7

0.29

214

12

—59.8&5.3—28.0~2.5—370&541—1.7~2.5
+0.09&0.19
+0.04~0.09

0.70
0.075
0.056
0.71
8.7

0.26

metric pressure, ' S=local speciffc humidity (mass of
water per unit mass of moist air), 0= local ground tem-
perature, bNB.sg ——net regression of the neutron count-
ing rate on the barometric pressure with temperature
and speci6c humidity constant, bNs. Be=net regression
of the neutron counting rate on speci6c humidity
with barometric pressure and temperature held con-
stant, bNg. Bs=net regression of the neutron counting
rate on the temperature with barometric pressure
and specidc humidity held constant. It should be
noted we have assumed that the neutron counting
rate depends linearly upon the atmospheric pressure
which is only a first approximation since E=ÃOe ~(~&0~,

where %=neutron counting rate at pressure p, Ão
=neutron counting rate at pressure po, n =pressure
coeKcient, appears to fit the experimental data best. ' 4

For the ordinary pressure variations observed and the
statistical accuracy of the counting rates for D-2, the
first order approximation of a linear correlation is su%-
ciently accurate.

The results of the correlational analysis for 1953—1955
are given in Table I. In these results no significance
should be attached to the higher counting rate during
1954 since a slightly diferent arrangement of BF3 tubes
was used. It is apparent that the correlational analysis
for the 1955 run is the most significant and the results
from both halves of D-2 are shown separately, desig-
nated as D-20, and D-2b. The multiple correlation
coeKcient R is much larger than the multiple correlation
coeNcient with the barometric eGect excluded, R',
except for 1953 when E. itself is small. This shows the
predominant meteorological factor to be the barometric

The relation between the barometric pressure measured at a
mountain station and the air mass above the mountain is compli-
cated by the effect of the high wind velocities at these elevations.
The barometric pressure recorded at Mt. Washington is partially
corrected for the effect of the wind velocity by use of a Pitot tube.
For details, see R. D. Falconer, Trans. Am. Geophys. Union 28,
385 I'1947}.

pressure. This is also verified by the values of the p
coefficients, defined by pi~. &4=bra. a4 o.i/o2, where oi
=standard deviation in variable 1, and 0.2=standard
deviation in variable 2. The values of the relative
barometric coefficient, CNB.se ——o,, are in agreement
with previously cited results' 4 within experimental
errors.

The relative regression coefficient for the neutron
intensity with local ground temperature is negligibly
small for the data obtained in 1955. The large positive
coeKcient for 1953was probably due to the temperature
dependence of the background of the BF& tubes, as some

tubes were found to have backgrounds which depended
critically upon temperature. ' The negative temperature
coeScient obtained in 1954 is not felt to be any more
signi6cant than the values for 1955, since the total
number of 12-hour periods is less and three BF3 tubes
were removed from D-2 because of spurious background
counting rates.

The dependence of the low-energy neutron intensity
upon specihc humidity is not in agreement with theo-
retical predictions. It would be expected that the num-

ber of low-energy neutrons would increase with in-

creasing water vapor content of the atmosphere, for the
eKciency of the slowing down process is greater under
these conditions owing to the additional hydrogen
atoms. A calculation of the eGect of the addition of
water, either as a vapor or a liquid, upon the slowing

down process of neutrons yields the results shown in
Tabie II assuming the fraction cV/Xe of neutrons of
initial energy E which attain the energy E2 without

capture, is

( (' o'esp

a2 o'agp+o'ga@t) AB
'Lockwood, Woods, and Bennett, Rev. Sci. Instr. 25, 446

(1954).
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where

&cap =0.31X10 '4
cm',

TABLE II. Calculated effect of humidity on the slowing down of
neutrons in air.

Energy, B2 (ev) 10 8 1 O.S 0.2 0.1 0.05 0.02 0.01

0;„~=8.5X10 "cm,
8E/E= 2A/(2+1)'= E.

The appropriate values of E for dry air and moist air
are used in the calculation. The eRect of changes in the
water content of the atmosphere upon the neutron
production has been considered negligible.

From this calculation the most probable energy prior
to capture is 0.34 ev for dry air and 0.28 ev for moist air,
and an increase of about 8%/0.01S would be expected
for the fraction of neutrons with E ~&0.5 ev.

If any significance is to be attached to the values of
C~g.~g given, then there is no consistent agreement
with theoretical predictions. The Quctuations in the
specific humidity during each of these three periods are
approximately the same as indicated by the standard
deviations in the specific humidity: 1953, 0-=2.2X10—';
1954, a-=1.35X10 3; 1955, o.=2.5X10 '. It seems evi-
dent that there is no appreciable change in the neutron
intensity under conditions of high specific humidity.
The lack of any significant correlation may be due
to the fact that the experiments were not conducted
in the free atmosphere and that the local specific
humidity is not a true indication of the average specific
humidity over a large fraction of the mean distance
travelled by the neutrons in slowing down. A correla-
tion of upper air data from the Portland, Maine,
weather station with the counting rate of D-2 was not
significant.

The eRect of changes in cloud cover upon the ob-
served low-energy neutron intensity has been found to
be negligible, which does not agree with the results of
Agnew, Bright, and Froman. '

The eRect of world-wide neutron intensity-time varia-
tions upon these correlations is negligible o~ing to
absence of any variations greater than the statistical
uncertainty, op ——2.5%, in the 12-hour average neutron
counting rate for D-2 during these periods. Referring to
Table I, the neutron intensity-time variations in 1953
were on the average (1%,with a maximum intensity
variation of 2%; in 1954, (1%,and 2.5%, respectively;
in 1955, (1.5% and 2.5%, respectively.

B. Mod. crate Energy Neutron Detector D- j

Table III presents the results of a similar correlational
analysis of the data obtained from detectors of the type
D-1 during 1953—1954 at Mt. Washington and Durham.
D-1 consisted of five BF3 tubes in 1953 and eight BF3
tubes in 1954-1955.

From Table III it is apparent that the only meteoro-
logical variation producing a detectable change in the
neutron counting rate of a type D-1 detector is the

X/iit'p dry air 82 76 55 44 27 16 8.4 2.2 0.6
(percent)

X/iit'p, moist air 84 79 59 47 31 20 11
(percent)
S=0.012

3.3 1.0

barometric pressure. The values of n in Tables I and III
agree, recognizing that the values for type D-1 detector
will be 3 percent lower due to the inclusion of the
background counting rate of the BF3 counters. As the
counting rate E depends linearly upon barometric
pressure 8 only to a first approximation, a simple
correlation of lnÃ with 8 during this period of a mini-
mum in worldwide intensity-time variations was made
to give a more precise value of rr= —9.70&0.15%/cm
Hg, which is now being used to correct the observed
neutron counting rate to a standard station pressure.

G. Determination of Energy Spectrum of
Low-Energy Cosmic-Ray Neutrons

From Table II it is seen that the energy distribution
of cosmic-ray neutrons should be changed by the pres-
ence of water vapor in the atmosphere. To analyze this
effect, the energy distribution of at least the low-energy
portion of the atmospheric neutrons should be measured.
If thin shields of diRerent materials, the transmission
coeKcients of which have a diRerent functional energy
dependence upon the neutron energy for E&0.5 ev, are
placed directly over D-2, two difficulties are encoun-
tered. First, the neutron production in the materials
must be equal and as small as possible. Second, the total
cross sections of the materials must be relatively large
(o &)50 barns) and vary rapidly with neutron energy.
It is dificult to simultaneously satisfy both of these
conditions.

Therefore, an alternative method of estimating the
low-energy neutron spectrum was sought. DiGerent
thicknesses of a single moderator, paragon, were placed
over one-half of detector D-2, which was modified to
reduce the solid angle of acceptance for neutrons. If the
known theoretical energy spectrum for neutrons is
assumed, then the number of neutrons which will be
slowed down by different moderator thicknesses to
energies (0.4 ev can be calculated. The theoretical
variation in the number of neutrons having E)0.4 ev
can be compared with the Sn-Cd diRerence in counting
rate for D-2. If corrections are applied for the scattering,
albedo eRect, and efficiency of the BF3 tube arrange-
ment measured with a Ra-Be neutron source surrounded
by 3 inches of paragon, and a factor included for the
neutron production in the parafhn, it is found that the
observed energy spectrum of neutrons is shifted more
toward lower energies in comparison with the theo-
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TAaLz III. Partial correlation of 12-hr average neutron counting rate for D-1 detectors with barometric pressure, specific humidity,
and temperature at elevation 6262 ft, geomagnetic latitude 55.5'N (Mt. Washington), and at sea level, geomagnetic latitude 54'N
(Durham) .

Mean 12-hr average counting
rate (—:8),hr '

Standard deviation of counting
rate, hr ~

R
b~s. se hr-'/in. Hg
CNB s8 %/in. Hg (=~)'
Cxs se '%%uo/cm Hg.
b~s sg h. r ~/unit S
Ccv s.ss %/0.015
bey ss h.r ~/F'
Cxe ss%/F'
Q, standard estimate of

error (%)

Mt. Washington
1953

July 21—September 13

1907

62

—0.944—463—24.3~1.1—9.6~0.5
4730

+2.48m 2.80—1.73—0.09a0.09
1.1

1954
June 12-September 16

3744

—0.9809—932—24.9+0.4—9.8&0.2

9.8

1955
June 12-June 21
July 9-July 21

3693

150

—0.9951
892—24.2&0.4—9.5&0.2

0.4

Durham
1954b

January 12-May 3

353.7

25.4

—0.983—88.4—25.0a0.4—9.84&0.15

1.3

a Relative barometric pressure coeKcient defined as beg/N, where N =total counting rate including background of BF3 counters. This background is
3% of N.

b D-1 type detector using 4 sections only.

retical spectrum. In particular, the fraction of neutrons
with 0.6&E&25 ev seems to be 3 that predicted; the
fraction with 0.6 ev&E&300 kev is larger but this
latter result is subject to greater uncertainty.

IV. CONCLUSIONS

The only important meteorological parameter in pro-
ducing changes in the cosmic-ray neutron intensity is
the barometric pressure. The average barometric coef5-
cient n has been determined to be (—9.7+0.2) percent/
cm Hg from several diferent correlational analyses.
Changes in local specific humidity, precipitation, cloud
cover, and temperature apparently do not produce a
measurable eGect upon the neutron intensity as moni-
tored by either type of detector. The absence of a
significant correlation for the neutron counting rate of
detector D-2 with the latter meteorological parameters
may be due to: (a) the order of magnitude of this effect;

(b) the fact that local meteorological parameters were
used; (c) the location of the monitor at ground eleva-
tions rather than in the free atmosphere. A detector
sensitivity of at least an order of magnitude greater
would be required to measure the changes in the low-

energy neutron spectrum due to variations in the
specific humidity.
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