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1 Introduction

Secondary cosmic rays are particles which originate from a primary high-energy particle com-

ing to our planet from the outside space. We can detect them at the surface of Earth. The

experiment was carried at my place starting by 2018. After retirement, I had much time. Ob-

servation of the cosmic rays was primarily meant to keep me busy. When it results with some

significant outcome, I decided to make them available to everybody. This work could be of in-

terest of cosmic rays amateur researchers. Their finances are usually minimal, and vast arrays

of advanced detectors or usage of satellites are out of the scope. This document is not a scien-

tific paper, but more like a story about my adventure, including a personal view on the subject.

I am giving a quite detailed description of the used equipment and analysis of the collected data

as an example for the eventual followers. Doing one physical experiment yourself can give you

more satisfaction and knowledge than reading hundreds of scientific books.

2 Apparatus

2.1 Cosmic ray observatory

My cosmic rays observatory was built on possibly the highest point on my land to avoid shield-

ing by buildings or other obstacles excepting some high trees. According to the Google Earth,

geographic coordinates of the shed are 33◦41′36′′S and 151◦5′21′′E at an altitude of 166 m.

See Fig. 1.

Parts of the system were: cosmic ray telescope, neutron detector, weather station, sound inter-

face, and laptop computer; all placed inside small, insulated and weatherproof shed. Cosmic

ray telescope and neutron detector were inside a large polystyrene foam box, and its tempera-

ture was stabilised around (20± 1)°C using a Peltier device. See Fig. 2.

2.2 Cosmic rays telescope

The main part of the apparatus is an array of five Geiger-Müller tubes. The GM tubes are of

type SI-22G which were probably produced in Russia around 1974. See Fig. 3.
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Fig. 1 The cosmic ray observatory shed and the weather station at my place.

Fig. 2 Inside the shed. A lot of milk containers filled with water acts as earth radiation shield and

minimise temperature changes between day and night.
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Fig. 3 Type of the GM tube.

I bought 12 of them from Ukraine at a very affordable price. Just one was faulty. I selected

five best tubes to build cosmic rays telescope. All of them were working continuously for more

than a year, and still, are running OK. The faulty tube I used to see how it is built inside by

removing part of the metal wall. Then I measured the length of the anode, its diameter, the

external dimension of the tube and thickness of the wall. See Fig. 4.

Fig. 4 Crossection of GM tube.

Length of the anode was 140.2 mm and its diameter 0.6 mm, the thickness of the wall was

0.25 mm, the external and internal diameter of the tube was respectively 18.2 mm and 17.7 mm.

Length of the gas chamber was 155.5 mm.

I placed four GM tubes along longer edges of the square cuboid 100 mm x 100 mm x 217 mm.

The fifth tube I located along the centre. The holder of GM tubes makes a rigid construction

with two plywood disks and five aluminium tubes of diameter 25 mm and wall thickness 1 mm.

On the side of one disk, I glued protractor to adjust the angle of the instrument relative to the

vertical direction. See Fig. 5.

GM tubes were placed centrally inside the aluminium tubes. Fig. 6 shows the geometry of

active parts of the cosmic rays telescope. The active length of the detector I measured experi-

mentally. For the active diameter of the tube, we use its internal diameter 17.7 mm. The tubes

are named 1, 2, 4, 8, and 16, where 1, 4, and 16 are placed on the same plane, here in the

vertical position. Tubes 2, 4, and 8 are on the horizontal plane.

2.2.1 Cosmic rays telescope electronics

400 V supplies GM tubes through 8.2 MΩ and 2.7 MΩ resistors. See Fig. 7. The 2.8 MΩ re-

sistor is connected directly to the anode of the GM tube, not on the printed circuit board. The

common point of those resistors connects through 68 pF capacitor to the Binput of the CD4528

integrated circuit. There are three of those in the circuit from which I use two and a half. The

outputs from the multivibrators goes to the common point through 400 kΩ, 200 kΩ, 100 kΩ,

50 kΩ and 25 kΩ resistors 1 making a voltage divider which makes output pulse which height is

changing depending on the GM tube at ratio 1:2:4:8:16. By measuring the pulse height, we can

1Those resistors values are not in standard series and were built by connecting 100 kΩ serially and in parallel.
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Fig. 5 Cosmic rays telescope.
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Fig. 6 Active gas volumes in the cosmic rays telescope’s detectors.
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see which detectors were activated to produce this pulse. For example, a pulse whose height

is 21 means that it was produced by tubes 1, 4 and 16 fired at the same time, most likely by

one charged particle going through those detectors. The capacitors and resistors connected to

pins T1 and T2 of CD4528 were chosen to produce pulses of 80 µs width. This schematic is not

showing details of 5 V to 400 V converter as I bought it already made. It was around $2, much

less than the cost of parts if I try to make it myself. For simplicity, some pins of CD4528 are

not present at the schematic. Pins CD and VDD are connected to +5 V. Pins Ainput and VSS are

grounded. Cathodes of the GM tubes are also at 0 V.

Fig. 7 Simplified diagram of electronic circuit being used with cosmic rays telescope.

2.3 Neutron detector

The neutron detector used in this experiment is He-3 proportional counter of type 50He3/304/25.

Its active length is 500 mm, diameter 25 mm and gas pressure 400 kPa.

2.3.1 Neutron detector amplifier

Preamplifier for He-3 detector is using LF357 operational amplifier. Resistors used in negative

feedback loop define the gain of the amplifier. It should be larger than 5 to keep the circuit

stable. See Fig. 8 for details. Power supply for the operational amplifier is ± 12 V. High
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voltage power supply is a small module of type EMCO CA20P. For clarity, power supplies are

not on the schematic.

Fig. 8 He-3 detector preamplifier.

2.4 Weather station

For monitoring status of the atmosphere along with data from my detectors, I used so-called

Wireless Professional Weather Station, which I bought for 99 AUD. It has all the features which

I need, including PC software, to save a weather history. It works fine over more than one year.2

The atmosphere parameters which I am using are the temperature inside the detector’s box and

outside, atmospheric pressure, humidity, and rainfalls. The most significant impact on the

number of registered cosmic rays, charged particles and neutrons, had atmospheric pressure.

The temperature inside the polystyrene box, which contains detectors, is stable, but I did not

notice any dependency of counts number and the outside temperature, which was changing

significantly.

2.5 Audio interface

For data acquisition, I used many sound interfaces working with a computer running Windows

7 OS. It includes simple single-channel interfaces whose sampling rate was 16-bit, 48 kHz as

well as four channels Behringer UMC404HD 24-bit, 192 kHz. Even the cheapest of them were

working OK, but I found UMC404HD to be the most versatile and reliable.

3 Software

3.1 Data acquisition

For the data acquisition software, I used my program “PRA”. It is free and is available at

http://www.gammaspectacular.com/marek/pra/.

2The main part of it is still OK, but measurements of wind, rain fall, light, UV level, and outside temperature

stopped working just after finishing one year long measurements.

http://www.gammaspectacular.com/marek/pra/
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3.2 Data analysis

Data analysis and plots were done using “QtiPlot”. It is cheap and excellent software available

at https://www.qtiplot.com/. For some calculations, I used “Wolfram Mathematica”.

It is a commercial application, but it is for free at https://www.wolframalpha.com/.

3.3 Technical drawings

My favourite drawing program is “Draw” from “LibreOffice” free office suite, which is at

https://www.libreoffice.org/.

3.4 Document writing

This document was written using “TeXstudio” LaTeX editor https://www.texstudio.org/

and “TeX Live” LaTeX typesettings system https://tug.org/texlive/, both are free

software.

4 Measurements

4.1 Effective length of the GM tube.

The effective length of the GM detector was obtained using small radioactive source 90Sr,

which was placed along the tube in steps of 0.5 mm. At each position of the source, pulses

from the detector were counted per 2 minutes. Next, the background was taken and subtracted

from the data. Then all counts were integrated, and the result divided by the mean number of

counts around half-length of the detector. See Fig. 9. The effective length of the GM tube came

out a little larger than the length of the anode and smaller than the length of the gas chamber,

(148.8 ± 0.2)mm vs 140.2 mm and 155.5 mm respectively.
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Fig. 9 Effective length of GM tube.
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4.2 Collecting data from the telescope.

All axis of the detectors in the telescope I directed South-North. My experiment included

angles in range (0 to 360)° at steps of 1°. I collected the data over 24 h at each stage. This

method of observation gave me excellent angular resolution and plenty of valid data points.

Figure Fig. 10 illustrates typical pulse height histogram in PRA application. The vertical axis

is in logarithmic scale to show also poorly populated peaks. I calibrated PRA this way that

observed peaks are corresponding to integer numbers from 1 to 31. The most populated are

at 1, 2, 4, 8, and 16 which are corresponding to pulses produced by a single detector. All 31

possible peaks I selected as separate regions of interest and their parameters exported as a text

file and imported into the QtiPlot program for further analysis. I repeated this procedure for

each of 360 degrees.

Fig. 10 Example of the pulse height histogram of the data from the cosmic ray telescope taken over 10

days at 0°.

4.3 GM detector efficiency.

By efficiency of the detector we understand probability that charged particle travelling through

the active part of the detector will produce detectable signal. Let us assume that efficiency

of our detectors are η1, η2, η4, η8, and η16. If say N cosmic rays goes through detectors

(1,4,16) then we are expecting to register N(1, 4, 16) = Nη1η4η16 pulses in peak 21 and

N(1, 4̄, 16) = Nη1(1 − η4)η16 pulses in peak 17 as all particles going through detectors 1

and 16 have to go as well through detector 4. From those equations we can calculate η4 =
N(1, 4, 16)/(N(1, 4, 16) +N(1, 4̄, 16)). Also, from data in detectors (2,4,8) we can calculate

the same efficiency η4 = N(2, 4, 8)/(N(2, 4, 8) +N(2, 4̄, 8)) using number of counts in peak

14 and peak 10. There is possibility that some pulses produced in detectors 1 and 16 are

because of accidental coincidence from two different particles. Those are easy to calculate

using equation N(1, 16) = 2N1N16w/t, where N1 and N16 are the number of all pulses in

detector 1 and 16 correspondingly, w is the time resolution, and t is the observation time. In

my case the result was 4 counts which I subtracted from N(1, 4̄, 16) and N(2, 4̄, 8) numbers.

For analysis, I used data when detectors (1,4,16) and (2,4,8) were at angle in the range (-5 to

+5)° around vertical position to get large number of cosmic ray hits. In both cases the result

was η4 = 0.952 ± 0.007. Knowing η4 we can calculate efficiencies of other detectors from

assumption that they are proportional to the total number of pulses from each detector. The

results are η1 = 0.946, η2 = 0.949, η4 = 0.952, η8 = 0.928, and η16 = 0.943, all with

accuracy ∆η = 0.007.
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4.4 Angular distribution of the cosmic rays.

Angular distribution of the cosmic rays is one of the most popular measurements which can be

comfortable at the ground level. Usually, people do observation over a limited range of angles,

(0° to 70°), at giant steps say 10°. The analytical function, which they used to fit this data is in

the form N(θ) = N(0) cosn θ. I consider this function as totally wrong for fitting to the data

in range (0° to 360°) for two reasons. Firstly, this function, in general, is not periodic with a

period of 180°, which is an obvious result of the geometry of the telescope. Secondly, when

cos(θ) is negative, the value of cosn(θ) is not defined for arbitrary exponent n. My cosmic ray

detector has two sets of triple coincidence detectors (1,4,16) and (2,4,8). We can combine the

number of counts from those two sets to get better statistics. I analysed both sets separately to

get some information about accuracy of the instrument. Data from (2,4,8) was shifted by 90°.

Figure Fig. 11 shows result of my measurement. At first glance the data looks like following

function A · (cos(2θ) + 1).
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Fig. 11 Angular distribution of cosmic rays.

Preliminary fitting this function to the data shows some periodic residuals with period 90° and

vertical shift different than 1. Figure Fig. 12 shows this situation. Additionally, the goodness

of fit parameter, reduced χ2
ν = 4. Reduced χ2

ν is defined by equation 1.

χ2
ν =

i=n
∑

i=1

(

yi−f(xi)
σi

)2

ν
(1)

where

• (xi, yi) is a measured data point,

• f(xi) is a value predicted by the fitted function f ,

• σi is an estimated accuracy of the data point,

• n is a number of the data points,
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• k is a number of the independent parameters in the fitting function,

• and ν = n− k is degree of freedom.

I put the definition of χ2 which I am using because there are many of them commonly used

in statistical science. This one is perfect for checking if the fitted function is a good analytical

model of the measured data. The value of one is what we expect from real data with a well-

estimated accuracy of the data points.
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Fig. 12 Angular distribution of cosmic rays detected by (1,4,16) detectors with simple cos(2θ) analytical

model.

To fix this I modified fitting function by linearly combined cos(4θ) and shift parameter. The fit

shows χ2
ν = 0.75 which was better than I expected. Using trigonometric identity cos(2θ) =

2 cos2 θ − 1 I substituted cos(2θ) and cos(4θ) by powers of cos θ. The final function which I

used to fit to my data was:

N(θ) = N · (a · cos2(θ + d) + b · cos4(θ + d) + 1− a− b) (2)

A new parameter d I added to observe possible angle shift which can be indicating east-west

asymmetry due to the Earth’s magnetic field bending trajectories of charged particles. Expres-

sion in brackets has a value of one when θ + d angle is zero and then N parameter shows the

maximum number of counts (in the vertical direction). The N · (1 − a − b) is the minimum

number of counts (in the horizontal direction). I changed trigonometrical functions to second

and fourth powers of cos(θ) as it will be useful later when we correct our data to accommodate

the finite solid angle of the telescope.

4.5 Correction of angular distribution.

A careful reader may notice that our angular distribution of cosmic rays shows their intensity as

a function of the angle between zenith and perpendicular to the detector’s axis in the telescope’s

plane (telescope zenith angle θ). This angular distribution depends on the dimensions of the
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telescope. Fortunately, knowing this angular distribution and shape of the detector, there is a

way to find an actual function for an infinitesimally small solid angle.

For simplicity, let’s assume that our telescope consists of just two detectors and their efficiency

is 100%. Let our telescope zenith angle is θ. If the cosmic ray is arriving at zenith angle γ
and it passes our telescope, then it has to pass the region coloured light blue on the drawing

Fig. 13. From a simple trigonometry we can find that cross-section of the cosmic rays is xy =
(2r − s · sin |α|)(l · cos β − s · sin |β|). The angle θ + α is between zenith and projection of

the particle’s path on the vertical West-East plane. The angle β is an angle between West-East

direction and a projection of the cosmic ray’s path on the telescope’s plane. There is simple

dependence between angles, cos γ = cos(θ + α) · cosβ. That is the reason why I represented

cos(2θ) and cos(4θ) by powers of cos(θ) in the fitting function.

Let’s assume that the zenith angle between incoming cosmic ray is approximately equal to

the angle of the telescope. Using this assumption and the parameters obtained from the last

fit we can calculate the expected ratio of the intensity of the observed cosmic rays to the ex-

pected counting rate for all particles arriving at the same mean angle θ. The equation 3 shows

necessary calculation. The integrals limits are ∆α = arcsin(2r/s) and ∆β = arctan(l/s).

R(θ) =

∆α
∫

−∆α

∆β
∫

−∆β

(cos2 γ + c · cos4 γ + b)(2r − s · sin |α|)(l · cos β − s · sin |β|) dαdβ

∆α
∫

−∆α

∆β
∫

−∆β

(cos2 θ + c · cos4 θ + b)(2r − s · sin |α|)(l · cos β − s · sin |β|) dαdβ

(3)

After substituting cos γ with cos(θ+α)·cos β, I used “Wolfram Mathematica” to do calculation.

The results were then applied to correct observed data by dividing the number of counts by

R(θ), and I performed another fit to the new corrected data. I continued this iteration process

until the resulted fitting parameters stopped changing.

Table 1 shows the results of successive iterations. I continued this procedure until the sixth

significant digit in all parameters stopped changing. The goodness of fit parameter was almost

constant in consecutive iterations having the value χ2
ν = 1.24 indicating good fit.

Similar analysis of the data from (2,4,8) detectors leads to the final results: N = 2624±6, a =
0.745 ± 0.007, b = 0.241 ± 0.007, d / ° = −0.10 ± 0.06. As we can see the results for the

detectors (1,4,16) and (2,4,8) are the same considering accuracy of the measurement. Applying

efficiency of the detectors to the results of N we have N = 3089 ± 41 and N = 3130 ± 41
for detectors (1,4,16) and (2,4,8) respectively. We can average those results and finally N =
3109 ± 29.

4.6 Normalisation of angular distribution.

Now is a time to normalise cosmic ray angular distribution by dividing N by solid angle, area,

and time of observation.
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Fig. 13 Geometry of the flux of cosmic rays arriving at θ+α and β angles, when telescope is at θ angle.

Notice the red triangles.
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Iteration N a b d/°

0 2299.02 0.771930 0.210641 -0.0188167

1 2617.23 0.754607 0.231702 -0.0148654

2 2623.01 0.755647 0.230869 -0.0148080

3 2622.82 0.755912 0.230616 -0.0147945

4 2622.76 0.755948 0.230581 -0.0147956

5 2622.75 0.755951 0.230578 -0.0147950

6 2622.75 0.755952 0.230577 -0.0147919

7 2622.75 0.755952 0.230577 -0.0147930

8 2622.75 0.755952 0.230577 -0.0147937

9 2622.75 0.755952 0.230577 -0.0147936

10 2622.75 0.755952 0.230577 -0.0147936

Final 2623 ± 7 0.756 ± 0.007 0.231 ± 0.007 -0.01 ± 0.06

Table 1 Successive approximation results on data from triple coincidence of (1,4,16) detectors.
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Fig. 14 Fitting N · (a · cos2(θ + d) + b · cos4(θ + d) + 1− a− b) function to the angular distribution

of cosmic rays.
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Fig. 15 Calculating detector’s area and solid angle product.

Equation 4 shows required calculation.

S ·Ω =

l
∫

0

2r
∫

0

dx2dy2

l
∫

0

2r
∫

0

dx1dy1 cos γ

s2 + (x1 − x2)2 + (y1 − y2)2
(4)

Where S is area of the detector and Ω is an average solid angle at which detector D1 is visible

from detector D2. Substituting cos γ = s/
√

s2 + (x1 − x2)2 + (y1 − y2)2 we have a final

equation 5.

S ·Ω =

l
∫

0

2r
∫

0

l
∫

0

2r
∫

0

dx1dy1dx2dy2 s(s
2 + (x1 − x2)

2 + (y1 − y2)
2)−

3

2 (5)

This integral came out as S · Ω = 0.000281967 sr m2. Intensity of cosmic rays is usually

represented as number of particles detected in 1 s time by detector of an active cross section

1 m2 looking at the solid angle 1 sr, J(0) = N/(T · S · Ω). In our case observation time is

24 h e.g. T = 86400 s. Using S · Ω = 0.000281967 sr m2 and above value on N we have

J(0) = (128 ± 2) sr−1m−2s−1. The final equation is 6.

J(θ) = J(0) · (a cos2(θ + d) + b cos4(θ + d) + 1− a− b) (6)

As parameter d is very small compared to its accuracy, it could be omitted in this equation.

Dependence of the intensity of the cosmic rays on the weather I will discuss later. Now, just

for completeness, the angular cosmic rays intensity distribution was obtained at the average

atmospheric pressure (99536 ± 35) Pa, the average temperature (291.0 ± 0.4)K, and at the

altitude of 166 m. To be detected by my telescope cosmic ray had to have enough energy to
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travel 10.5 mm of the aluminium shield of the G-M detectors. It means that we register cosmic

rays electrons of energy grater than 4.5 MeV and muons of energy higher than 19.1 MeV.3

4.7 Contribution of the Earth’s background radiation to the cosmic rays count-

ing.

Data used to obtain equation 6 was from triple coincidences in the detector. Very unlikely it

contains any event of radiation coming from the ground which is mainly gamma. The number

of expected accidental triple coincidence events in one day period is smaller than 0.002. To

calculate an expected number of cosmic rays hitting one detector, I used equation 7.

N = 4T

π/2
∫

0

π/2
∫

0

dαdθJ(θ) · (2rl cosα+ πr2 sinα) · sin θ (7)

In this equation T = 86400 s is data acquisition time, α is an azimuth angle starting at east, θ
is a vertical angle, l is the length of the detector, and r is its radius. J(θ) is as in equation 6,

(2rl cosα+ πr2 sinα) is area of the detector as seen from angle α, sin θ is contribution to the

solid angle, and factor 4 comes from that the integral covers just one quadrant. I use parameter

d = 0 and the result was N = 39377.5. The number of counts per day observed at detector

one was in average 105204 and its efficiency 0.946. From this data, I found that cosmic rays

detected by this detector constituted 35.4 %. This result is not including cosmic rays of lower

energy which were not able to pass through three detectors, but energetic enough to go through

one. Anyway, cosmic rays make a significant part of total radiation at the ground level.

At the end of my experiment, I tried to improve the thermal stability of the system. To minimise

temperature differences between day and night, I added some clay bricks inside the shed to

work as a heat buffer. I was surprised how much it increased radiation background, and after

three days I removed bricks and replaced them with water. Observation of a total number of

registered pulses dropped significantly below the first level without any thermal buffer. I kept

adding water to the point where all space below the telescope was filled. See Fig. 16. This

observation allows me to conclude that the safest house from a point of view of radioactive

radiation should be made of wood and placed on water. However, cosmic rays still will go

through our body with the same rate. Background radiation usually plays an important role in
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Fig. 16 Background from clay bricks (red) and from water (blue).

nuclear physics. Still, it is not true in a case of cosmic rays observed with my detector as only

3Those values of energy are from tables available at http://pdg.lbl.gov/AtomicNuclearProperties.

http://pdg.lbl.gov/AtomicNuclearProperties
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pulses arriving from more than one detector are counted. Figure Fig. 17 shows plot of both,

all pulses (the same as Fig. 16) and coincidental detectors pulses. As we can see, coincidental

pulses do not follow the addition of ’hot’ clay bricks or shielding by water.
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Fig. 17 Coincidental counts (red) do not follow all counts (black) when the background is changing.

4.8 Secondary cosmic rays originated from Sun.

From all the collected during a year data, I calculated the ratio of cosmic rays detected in

period ±2 h around solar noon to the corresponding period at midnight. The mean ratio was

1.0057± 0.0009, and the standard deviation of the distribution equals to 0.0157. Above results

indicated that contribution of the Sun to the secondary cosmic rays at the Earth surface is

minimal. I expect that result could be different depending on latitude, elevation, the orientation

of the telescope, and the time of observation. Also, the wall thickness of the GM counter can

play some role by filtering lower-energy cosmic rays originated from Sun. In our case, all those

parameters were constant. The result is an average over the whole year, but I did not observe

any seasonal changes in this ratio. Summarising my results and the fact that Sun is a star very

close to the Earth, I can say that I did not observe any contribution of the solar wind to the

number of secondary cosmic rays observed. See Fig. 18 for details.
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4.9 Cosmic rays intensity dependence on the weather.

The Earth’s atmosphere has a significant influence on the creation and then absorption of the

secondary cosmic rays. My experiment was carried under control of the locally placed weather

station. I expected to find a correlation between the number of registered cosmic rays and

weather condition. The main parameters of the air which I can measure are atmospheric pres-

sure and temperature. To see if pressure can change the number of cosmic rays, I make a graph

showing daily changes of atmospheric pressure and the number of cosmic ray counts. The

Fig. 19 shows the result. We can see the correlation between the number of cosmic rays and
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Fig. 19 Simple visualisation of correlation between cosmic rays intensity and atmospheric pressure.

atmospheric pressure. To investigate this correlation more measurably, I plotted the number

of cosmic rays detected as a function of the pressure. See Fig. 20. The fitted straight line has

slope (−849 ± 8) counts per 1 hPa. The trend is obvious, but the variation of the data points

around the fitted line is huge comparing to the errors of the data points. χ2
ν = 35 means that

must be another factor(s), not only statistical variation, which can spread the data points. Cor-

relation coefficient calculated from the data was r = −0.77, which indicates a strong negative

correlation. This coefficient was calculated using Pearson correlation formula 8.

rxy =

n
∑

i=1
(xi − x̄)(yi − ȳ)

√

n
∑

i=1
(xi − x̄)2

√

n
∑

i=1
(yi − ȳ)2

(8)

where

• n is number of data points,

• (xi, yi) are data points indexed with i,

• x̄ = 1
n

n
∑

i=1
xi and ȳ = 1

n

n
∑

i=1
yi are mean values of x and y quantities.

Let’s see the plot of number of cosmic rays and temperature as function of time. See Fig. 21.

Similarly, I plotted the number of registered cosmic rays against temperature. See Fig. 22. The

fitted line has slope (250 ± 8) counts per 1°C and χ2
ν = 83. This fit is worse than the previous



19

C
ou

nt
s

480000

490000

500000

510000

520000

530000

540000

Pressure/hPa

975 980 985 990 995 1000 1005 1010 1015

Fig. 20 Cosmic rays intensity vs air pressure scatter plot.
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Fig. 21 Correlation between cosmic rays intensity and temperature.

one. Correlation coefficient was r = 0.21 which means negligible positive correlation. Also,

looking at the data shown on the Fig. 21 we can see that the number of cosmic rays is not

following seasonal changes of the air temperature. How can those correlations be explained?
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Fig. 22 Cosmic rays counts vs air temperature.

The number of air molecules along the path of cosmic ray decides of the probability of its

creation and absorption. If we assume that atmospheric pressure at the ground level is produced

mainly as by the mass of the column of air as hydrostatic pressure, then the correlation between

the number of detected cosmic rays and the pressure becomes obvious. However, the above

assumption is not correct as atmospheric pressure also depends on the movement of the air

(Bernoulli’s principle), which can be very fast, especially at higher parts of the atmosphere.

That explains why the observed correlation is not perfect. This partial independence of the

number of cosmic rays and air pressure is beneficial to gather extra information about the
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status of the atmosphere. Number of cosmic rays counted in a specific direction will give us

information about air density which can be useful, for example, in weather forecasting.

To explain the correlation between the number of cosmic rays and air temperature, I checked

that atmospheric pressure and temperature is weakly negatively correlated. See Fig. 23. The

slope of the fitted line is -0.37°C/hPa, χ2
ν = 25, and r = 0.40. That is a stronger correlation

than between cosmic rays counts and temperature. I guess that this dependence is propagated

to cosmic rays intensity and temperature correlation. The temperature and pressure dependence

can be approximately explained by the ideal gas equation. However, the atmosphere can not be

treated as a static confined volume of gas and using the ideal gas equation is not justified.
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Fig. 23 Air temperature vs pressure scatter plot.

4.10 Neutrons in cosmic rays.

Neutrons are one of the particles observed in the secondary cosmic rays. In my experiment, I

used the 3He detector. Example of the pulse height histogram obtained from this detector is

on the figure Fig. 24. Gamma rays of energies below the selected region were well separated

from the neutrons. 3He detector uses the nuclear reaction between 3He nucleus and neutron

Fig. 24 Pulse height histogram from 3He detector.

which produce energetic charged particles 1H and 3H. See equation 9. For thermal neutrons

Q = 764 keV is released as the kinetic energy of the products and divided between proton

and triton (573 keV and 191 keV respectively). If a reaction occurs close to the wall of the

detector, then not all energy of both products is used to ionise detector’s gas because it is a high

probability to one of them to hit the wall and dissipate its energy before stopping. That “wall
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effect” is seen as discrete steps on the pulse height histogram additional to the main peak where

all kinetic energy is released ionising the gas.

3
2He +1

0 n →1
1 H +3

1 H +Q (9)

How do we know that detected neutrons are produced by cosmic rays, not by the radioactive

minerals in the ground? The answer is simple; the intensity of neutrons correlates with atmo-

spheric pressure. See figure Fig. 25. From day 240 up to day 340, the correlation is easy to

see, but after 340, we can observe a sudden increase in the number of neutrons. It was exactly

at the time when I added containers with the water below the detectors. See figures Fig. 16

and Fig. 17. However, now counting rate increased contrary to the previous decrease. That

can be explained by property of 3He detector, which is very sensitive to slow neutrons. Fast

neutrons can pass the detector without interaction, then slow down by the water, scatter back

and interact with the detector giving additional counts. That sudden increase in the number of

neutrons was calculated to be around 25%. We will use this value later to estimate the number

of fast neutrons, which do not interact with the detector. Interestingly, adding clay bricks to

the detector shed in days 337, 338, and 339 was not changing the counting rate of neutrons

as it was observed in the GM counters. It again shows that the gammas were well separated

from the neutrons in 3He detector. To measure the correlation between detected cosmic rays
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Fig. 25 Correlation between neutron number per day and atmospheric pressure.
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Fig. 26 Scatter plot of neutron counts per 30 min vs atmospheric pressure.

neutrons and atmospheric pressure, I made a scatter plot of the number of detected neutrons vs

atmospheric pressure. See figure Fig. 26. I calculated the data points as the mean values of a

vast number of measures taken in 30 minutes periods during 180 days after I placed the water

in the shed. The slope of the fitted straight line was −2.31 ± 0.04 counts/hPa, χ2
ν = 4.8, and
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r = −0.97. Coefficient r = −0.97 means a robust negative correlation between the number of

registered neutrons and atmospheric pressure.

For thermal neutrons cross-section of the reaction (9) is 5.33 × 10−25 m2. By multiplying it

by the number of atoms in my detector calculated using ideal gas approximation, I got a total

cross-section of the detector 563 cm2. It is much larger than the area of detector’s rectangular

cross-section equal 125 cm2. It means that our detector is practically reacting with the all pass-

ing through slow neutrons. Now we can calculate slow neutrons flux to be φ = 140m−2s−1.

Considering that 25% of fast neutrons were slowed down by the water moderator and bounced

back into the detector, we can roughly estimate that fast neutrons flux was approximately equal

to slow neutrons flux considering many neutrons being absorbed by the water or scattered in

the different direction. To measure more accurately the flux and energy distribution of the fast

neutrons I need more sophisticated detector. It could be the good reason for the next experi-

ment.

4.11 Cosmic ray’s energy.

One of the most significant properties of cosmic rays is distribution of its energy. I use ab-

sorption of cosmic rays passing through different thickness of lead to determine their energies.

Lead was placed between oriented vertically detectors 1, 4. 16, and above them this way that

every particle detected by those three detectors must pass the lead. See figure Fig. 27 for re-

sult. The data is well approximated by a combination of exponential and linear functions. See
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Fig. 27 Absorption of cosmic rays by lead.

equation (10). It is a purely empirical function without any theory behind, but it has just four

parameters, and its extrapolation towards ticker lead layer is linear. I had a technical problem

to use lead layer ticker than 170 mm.

N(x) = a · exp(−
x

d
) + b · x+ c (10)

where

• x is lead thickness,

• N(x) is number of detected events per 24 h,

• and a, b, c, d are constant parameters.
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The fitting parameters come out a = 385± 35, b = −1.7±−0.4, c = 1889± 30, d = 15± 3.

The goodness of fit parameter, χ2
ν = 0.97, means that this function fits well to our data. That

function reaches the value of zero at x ≅ 1111mm. Assuming that only muons can pass such

a thick lead barrier, we can say that the maximum observed energy of cosmic ray was 1.7 GeV.

This result is certainly approximated as an extrapolation from 170 mm to 1111 mm can’t be

very accurate. It is interesting to notice that the thickness of lead which is corresponding to the

Earth atmosphere is around 899 mm (thickness of the lead which produces 1 bar pressure at the

Earth surface). If the effective thickness of our atmosphere is 2.24 times larger than it is, then

practically no cosmic ray could be observed at the Earth surface. I am going to repeat this part

of experiment with new arrangement of detectors separated around 1 m to get more accurate

data at very high energy.

4.12 Angular distribution of muons and electrons in cosmic rays.

To investigate how angular distribution of the cosmic rays look like for higher energy particles

I introduced 89 mm of lead between detectors (1,4,16). Practically only muons with energy

larger than 150 MeV can go through this thickness of lead. 4 The data from this detector was

collected over 360° and analysed the same way as before. The result is illustrated at Fig. 28.
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Fig. 28 Angular distribution of cosmic rays without lead filter (all events, blue), with lead filter (muons,

red), and difference of the above (electrons, green).

Fitting function 2 resulted in parameters: The results for detectors (2,4,8) are close to those

Particles N a b d / °

All 2678 ± 8 0.738 ± 0.009 0.233 ± 0.009 1.18 ± 0.07

Muons 1918 ± 6 0.870 ± 0.008 0.128 ± 0.008 0.46 ± 0.06

Electrons 764 ± 10 0.40 ± 0.04 0.51 ± 0.04 3.3 ± 0.4

Table 2 Results on fitting function 2 to data from (2,4,8) and (1,4,16) detectors.

from previous measurement where N = 2624±6, a = 0.745±0.007, b = 0.241±0.007, d/° =
−0.10 ± 0.06. However, values of N and d are not statistically identical. Accuracy of the

results comes from the fitting analytical function to the data. Observed discrepancy in the

4Electrons with energy 1 GeV can travel approximately 30 mm in lead.
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results I can explain by probably different average atmospheric pressure (impacting N ) and

little change in position of the detector (impacting d) occurring in both measurements. The

results obtained from detectors (1,4,16), separated with lead, are much different from those

of the previous observation. We can see that fitted function has much smaller contribution

of the cos4(θ) component. This constituent is responsible for making fitting function more

sharp at maxima and more shallow at minima. It is important to remember that our analytical

model is empirical and as such only parameters N and d can be physically interpreted. Smaller

number N is obvious, when cosmic rays have to go through the lead. Values of d are more

difficult to interpret. I was expecting that without a lead filter it should be the same as those

from the previous measurement, namely zero considering accuracy. The current result d / ° =
1.18 ± 0.07 is indicating that positioning of the detector has been changed when it was loaded

with the lead filter. Actually it is quite possible that increased mass of the detector changed the

level as it was placed on the filled with water milk boxes, not a very stable support. If we assume

that this is true, then we can shift all values of d by 1.18°. This will end as d / ° = −0.7± 0.1,

d / ° = 0±0.1 and d / ° = 2.1±0.4 for detectors with lead filter, without lead and the difference

consecutively. d / ° = −0.7 ± 0.1 can be an indication of east-west effect observed for higher

energy particles. The sign of angle’s shift is consistent with the larger number of positive

muons in the cosmic rays. It is interesting that result of analysis of the particles with energy to

small to go through the lead, mostly electrons, shows huge differences in a, b, and d parameters

comparing to the all events and muons statistics. The d parameter d / ° = 2.1±0.4 is consistent

with negative charge of an electron which trajectory is curved in the Earth’s magnetic field. The

b parameter is larger than a indicating more steep slopes around maximum and wider shallow

minimum (larger second harmonics added to the base frequency of the periodic function).

4.13 East-west effect.

Earth’s magnetic field is able to change trajectory of moving charged particles. My previous

attempt to observe this effect was not very successful, and I decided to change arrangement of

the telescope to be more careful about equality of the angles in the east and west directions. To

achieve this goal I suspended the telescope hanging freely in the vertical direction. Rotating

the suspension 180° will keep telescope angular orientation constant in respect to the vertical

direction with great accuracy. I used the same telescope as before but without the lead blocks

loaded in between detectors (1,4,16) to get results for natural mixture of muons and electrons.

Measurement was carried by 7 days at each angle from 10° to 80° in steps of 10° in both

orientations of the telescope. As a measure of east-west asymmetry was ratio of the number

of counts at the same angle but oriented towards east and west consecutively. Those number

of counts were initially corrected by the counts in all detectors to reduce possible dependence

on the atmospheric pressure. Figure Fig. 29 shows the results. There are more cosmic rays

arriving from the west than from the east. The difference is around 2%. The result confirms

expected majority of positively charged particles in the secondary cosmic rays.

4.14 Cosmic Ray Angular Distribution 2

Accuracy in the vertical angle of the telescope could be crucial to observe east-west effect.

Accidentally I found small gadget, inclinometer, which was not expensive and I bought it to

measure angle with accuracy 0.2°. See figure Fig. 30. It has a possibility to improve accuracy

above given by manufacturer by performing calibration before starting to use it. I essentially
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Fig. 29 Ratio of the number of cosmic rays observed at the same angle from east and west directions.

repeated measurement of the cosmic ray intensity in range 0° to 360° in 10° increments. The

results are illustrated at figure Fig. 31. Values of the parameters of the fitted function are:

N = 2616 ± 21, a = 0.772 ± 0.024, b = 0.213 ± 0.023, d / ° = 0.035 ± 0.194. Those

are very close to the values obtained in the previous measurements. The value of d shows no

indication of east-west effect.

5 Conclusion

A series of experiments in secondary cosmic rays were performed. They included angular

cosmic rays distribution, east-west effect and cosmic rays related neutron flux. The angular

cosmic rays distribution was found to follow very well function N(Θ) = N · (a · cos2(θ+d)+
b · cos4(θ+d)+1−a− b). It is empirical function which fits much better with the observation

than commonly used N(Θ) = N · cosn(Θ). The east-west effect was observed in two different

experiments:

• Using hanging telescope and comparing number of counts in east and west orientation at

the same vertical angle.

• Using telescope with lead filtering low energy particles, mainly electrons. The shift in the

vertical angle was consistent with charge of the passing particles. The same experiment,

but without lead filtering gives result where the observed phase shift is smaller than its

accuracy.

Additionally I observed dependency of the secondary cosmic ray flux on the atmospheric pres-

sure for charged particles as well as neutrons. This measurements can be in the future used

practically for weather observation.
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Fig. 30 Inclinator mounted on the telescope improves angle accuracy.
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Fig. 31 Angular distribution revisited.
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