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The Regener-Pfotzer (RP) maximum is the altitude at which cosmic radiation intensity is 

the greatest. A decrease of the altitude of the interaction layer, assumed to be measured by the 

RP maximum, has been suggested to account for a reduction in the secondary cosmic ray flux 

measured at the surface of the Earth during a total solar eclipse. To investigate this suggestion, 

high altitude cosmic radiation was measured using Geiger Mueller (GM) counters carried 

beneath weather balloons both before and during the total solar eclipse on 21 August 2017. 

The 19 and 20 August 2017 omnidirectional RP maxima occurred at an average altitude of 

20.2 km ± 0.9 km. During the eclipse of 21 August 2017 the omnidirectional RP maxima 

occurred at an altitude of 20.4 km ± 0.8 km. The 19 and 20 August 2017 vertical coincidence 

RP maxima occurred at an altitude of 18.3 km ± 1.0 km. During the eclipse the vertical 

coincidence RP maxima occurred at 18.0 km ± 1.0 km. Our results do not show any decrease 

in the altitude of either the omnidirectional or the vertical coincidence RP maximum outside 

the range of our measurements before the eclipse. 

I. Nomenclature 

 

GM           =  Geiger Mueller counter 

GPS          =  Global Positioning System 

RP = Regener- Pfotzer maximum 

CDT  = Central Daylight Time 

 

 

II. Introduction 

osmic rays, mostly high energy protons, continuously impinge on the Earth from all directions in space. Many 

of these primary cosmic rays originate in distant sources, possibly supernova remnants. There are cosmic rays 

generated by the Sun, but since the Sun had a low level of activity [1] during the time of our observations (19, 

20, and 21 August 2017), solar cosmic rays had only a small contribution to our results. The primary cosmic rays 
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interact with atmospheric atoms or molecules and produce a shower of secondary particles in the general direction of 

the momentum of the primary.  

 The secondary particles include ionizing particles, pions, muons, electrons, positrons, and photons, that undergo 

decays and energy loss through interactions as they travel through the atmosphere. So a changing profile of particles 

and energies is generated in the atmosphere. This profile has a maximum intensity at the RP maximum [2].  The RP 

maximum is generally measured to be at an altitude of approximately 21 km. However the omnidirectional intensity 

maximum and the maximum of vertical coincidence intensity do not occur at the same altitude. Our high altitude 

balloon based measurements allow us to investigate the cosmic ray intensity profile up to an altitude of approximately 

33 km.  

 It has been well documented that meteorological changes in the main interaction layer affect the overall intensity 

of secondary cosmic rays throughout the atmosphere and at the surface of the Earth. Models of these effects have been 

presented by Allkofer [3] and Pomerantz [4]. The main interaction layer occurs at a pressure of about 10,000 Pa at an 

altitude of about 16000 m. If the pressure in this layer increases, the surface intensity drops by ~0.2% per 100 Pa. A 

temperature increase of 1oC in this layer, increases the surface intensity by ~0.1%. A change in the height of the main 

production layer of 1 km decreases the surface intensity by ~5%. A number of researchers, Berkova [5], Savic [6], 

and De Mendonca [7], have recently used these models to interpret the results of their measurements. A detailed 

analysis of meteorological effects on high energy and low energy muons has been presented by Dorman [8]. 

 Due to the physics of pion decays and interactions and muon decays there is an angular dependence to the 

secondary cosmic ray intensity. (Pions interact through the nuclear strong, nuclear weak force and the electromagnetic 

force. Muons interact through the nuclear weak force and the electromagnetic force.)  Pions, π±, are produced in the 

initial primary cosmic ray interaction and have a half-life of 2.6x10-8 s. Muons, µ±, are produced through the decay of 

charged pions, π±, 

 

𝜋± →  𝜇±  + 𝜈𝜇  (𝜈𝜇̅)                     (1) 

 

where 𝜈𝜇  and 𝜈𝜇̅ represent muon neutrinos and muon anti-neutrinos. Muons have a half-life of 2.2x10-6 s and decay 

by 

 𝜇±  →  𝑒± + 𝜈𝑒  (𝜈𝑒̅) + 𝜈𝜇̅(𝜈𝜇)                  (2) 

 

where e± represents electrons and positrons and νe and 𝜈𝑒̅ represent electron neutrinos and electron anti-neutrinos. 

Time dilation allows highly relativistic muons to reach the surface of the Earth. At the surface of the Earth muons 

make up over 99% of the cosmic ray intensity [9]. For the strongly interacting pions, as the zenith angle increases the 

mass per unit area increases, more strong force interactions occur, and fewer muon producing decays are likely. For a 

fixed path length, higher mass per unit area layers are reached more quickly for nearly vertical pion trajectories 

generating more interactions in that direction. So the pion mean free path depends on the zenith angle. These pion and 

muon decays and interactions produce a surface muon intensity that is proportional to the nth power of the cosine of 

the zenith angle. The value of n depends on the energy of the muons, but it is close to 2 for integrated intensities [9]. 

The angular variation of cosmic ray intensity as a function of altitude has been observed [10, 11] but has not been well 

studied. Quantitative theoretical models of the altitude dependence of the zenith angle variation of cosmic ray intensity 

with which to compare our results have not yet been developed.  

Various researchers have measured changes in the neutron, γ ray, X-ray, and charged particle fluxes at the surface 

of the Earth during eclipses [12-19]. Several theories have been put forward to explain the observed variations. 

Bhattacharya et al. [12] suggested that the cooling of the atmosphere that occurs during a solar eclipse results in a 

decrease in the altitude of the interaction layer. This decrease in altitude leads to a reduction of the cosmic ray flux 

measured at the surface. Kandemir et al. [14] observed a decrease in the cosmic ray intensity that corresponded in 

time to slightly before the maximum of a partial solar eclipse. An increase just prior to an eclipse followed by a 

decrease during the eclipse has also been reported [15]. Chintalapudi et al. [13] and Devendra et al.[19] concluded 

that the reduction of the γ rays and X-rays measured during total and partial solar eclipses was due to the Moon directly 

blocking the radiation from the Sun. Several authors [15,18] have concluded that the physical causes of the changes 

in the cosmic ray flux have not been determined. 

III. Equipment  

 In order to study the effects of the total solar eclipse of 21 August 2017 on the cosmic ray intensity as a function 

of altitude, groups from St. Catherine University and the University of Minnesota, Morris launched seven stratospheric 
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balloon flights from central Nebraska on 19, 20, and 21 August, 2017. The flights, numbered one through seven, with 

the launch date and time and other flight information, are presented in Table 1 and Table 2.  

 

 

Flight 

Number 

(System) 

Date 

(Launch 

time 

CDT) 

Launch  

Site 

Omnidirectional 

RP maximum 

(km) 

Vertical 

Coincidence  

RP Maximum 

(km)  

 

Burst  

Altitude  

(km) 

Time at 

Burst 

(CDT) 

Recovery  

Site 

1 

(Stratostar) 

19 Aug  

(11:45) 

Grand 

Island, 

NE 

20.6±1.2 18.1±1.0 32.7 13:02 Hampton, 

NE 

1 

(Arduino) 

19 Aug 

(11:45) 

Grand 

Island, 

NE 

20.8±1.2   32.7 13:02 Hampton, 

NE 

2 

(Arduino) 

19 Aug 

(12:30) 

Grand 

Island, 

NE 

19.6±1.3 19.2±1.3 31.6 14:07 Hampton, 

NE 

3  

(Arduino) 

20 Aug 

(11:29) 

Aurora, 

NE 

21.1±1.1   31.8 12:52 Gresham, 

NE 

4 

(Arduino) 

20 Aug 

(12:04) 

Aurora, 

NE 

19.1±0.9 17.5±1.1 29.8 12:04 Hampton, 

NE 

Average 

  

  20.2±0.9 

  

18.3±1.0 

  

   

Table 1. Pre-eclipse RP maximum data 

 

Flight 

Number 

(System) 

Date 

(Launch 

time) 

Launch  

Site 

Omnidirectional 

RP maximum 

(km) 

Vertical 

Coincidence  

RP 

Maximum 

(km) 

Burst  

Altitude  

(km) 

Time 

at 

Burst 

(CDT) 

Altitude  

at 

Totality 

(km) 

Recovery 

Site 

5 

(Stratostar) 

21 Aug 

(11:35) 

Aurora, 

NE 

21.1±1.3 17.6±1.4 30.1 12:55 18 

(descending) 

Garrison, 

NE 

5 

(Arduino) 

21 Aug 

(11:35) 

Aurora, 

NE 

20.5±1.2   30.1 12:55 18 

(descending) 

Garrison, 

NE 

6 

(Arduino) 

21 Aug 

(12:00) 

Aurora, 

NE 

20.6±1.1 17.4±0.8 31.0 13:25 22 

(ascending) 

Garrison, 

NE 

6 

(Arduino) 

21 Aug 

(12:00) 

Aurora, 

NE 

20.6±0.9   31.0 13:25 22 

(ascending) 

Garrison, 

NE 

7  

(Arduino) 

21 Aug 

(12:25) 

Aurora, 

NE 

19.3±1.6 19.2±1.9 31.5 13:49 14 

(ascending) 

Garrison, 

NE 

Average 

  

  20.4±0.8   

  

18.0±1.0 

  

    

Table 2. Eclipse day RP maximum data 
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 All the flights were lifted by Howyee weather balloons (1600 g) with a nozzle lift of 18 pounds with payload stacks 

that varied from 11.25 pounds to 11.75 pounds. The payloads were instrumented with a combination of Stratostar, 

Arduino, Aware Electronics, and custom-made equipment. Temperature, pressure, humidity, GM counts, and GPS 

information were logged. Figure 1 provides an example of the arrangement of the instrumentation included in the 

payloads. The GPS information included latitude, longitude, altitude, and time. Aware Electronics RM-60 GM 

counters measured omnidirectional counts. For the vertical coincidence counts, two Aware Electronics RM-80 

counters were stacked vertically. A support structure and a thin piece of steel were inserted between the two detectors. 

The steel was included to remove the effect of secondary electrons created in an ionizing event in only one detector. 

The RM-80s are pancake detectors with a radius of 2.75 cm and a separation of 6.0 cm. When stacked, these detectors 

have a solid angle sensitivity of 1.65 sr. GM counts and the other data were recorded every 5 seconds.  

 

 

 
 

Fig. 1. The instrumentation of UMM payload #1flown on Flight #1 (19 August 2017) and Flight #5 (21 August 

2017) . It contains two RM-60 GMs for the detection of omnidirectional cosmic rays and two stacked RM-80 

GMs for the detection of vertical cosmic ray coincidence counts.  Temperature and pressure sensors are also 

included. 
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Fig.2. Altitude versus vertical coincidence counts from Flight #1, pre-eclipse. RP maximum at  

18.1 km ± 1.0 km. 
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Fig. 3. Altitude versus vertical coincidence counts from Flight #5, during the eclipse. RP maximum at  

17.6 km ± 1.4 km. 
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Fig. 4. Altitude versus omnidirectional counts from Flight #1 (19 August 2017), pre-eclipse. RP maximum at 

20.6 km ± 1.2 km. 
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Fig. 5. Altitude versus omnidirectional counts from Flight #5 (21 August 2017), during the eclipse. RP 

maximum at 21.1 km ± 1.3 km. 
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IV. Analysis and Results 

To carry out the data analysis, five second measurements of GM counts during the ascent were accumulated into 

one minute sums. Only the ascent information was used due to the relatively uniform vertical velocities during the 

ascents. The one minute accumulations reduce the noise in the data and simplify the fitting process. In Figs. 2 – 5 the 

error bars in altitude show the range of altitudes over which the five second counts were accumulated into one minute 

sums. The error bars in counts per minute indicate the uncertainty in the counts assuming Poisson statistics. Poisson 

statistics are generally used in such counting measurements. The RP maximum was then determined by fitting a third 

order polynomial to the counts per minute versus altitude data above 10,000 m. Below 10,000 m the data have a 

different altitude dependence since few particles are being created and many particles are decaying. Third order 

polynomials were chosen by visually comparing second order polynomial and third order polynomial fits to the data. 

The third order polynomials, shown in the figures, provided a visually and statistically better fit. The uncertainties in 

the RP maxima were determined from the fitted altitudes of the maximum count rate plus and minus the standard error 

of the fit data. The fitting procedure and further examples of the fits have been presented by Taylor et al. [20]. Table 

1 and Table 2 provide the values for the RP maxima and their uncertainties for the omnidirectional and vertical 

coincident counts on the days before the eclipse and the day of the eclipse. The eclipse achieved totality at 13:01 CDT 

and continued in totality for two minutes along the balloons' trajectories.  

V.  Conclusions 

The omnidirectional and vertical coincidence RP maxima have been determined before and during the 21 August 

2017 total solar eclipse. No changes in the RP maxima outside the range of the pre-eclipse measurements were 

observed. This result provides no evidence that the altitudes of the RP maxima were affected by the meteorological 

changes that occurred during the eclipse. It is not clear that the RP maxima is a direct measurement of the altitude of 

the interaction layer proposed to be at 16000 m. The interaction layer could have changed altitude or, in a delayed 

effect, changed after the balloons had passed through that layer. It may take time for the stratospheric cooling that 

occurred during the eclipse to affect the temperature, density, and altitude of the interaction layer. Further work is 

required to understand the relationship between the RP maximum and the interaction layer altitude and the effect of a 

changing stratospheric temperature on the interaction layer.  

Our observations indicate that the omnidirectional RP maximum is consistently at a higher altitude than the vertical 

coincidence RP maximum. Allkofer [3] and Grieder [21] both briefly discuss the combined zenith angle and altitude 

dependence of the cosmic ray intensity, but little observational work has been done. Further theoretical and 

experimental work are being planned to study and measure the zenith angle dependence of the RP maximum.  

Cosmic ray measurements at the surface of the Earth are dominated by µs with a cosine squared of the zenith angle 

dependence [3, 21]. That is, cosmic rays near the vertical have a much higher intensity than those at larger zenith 

angles. So the vertical component of the high altitude cosmic rays may have a greater effect on surface measurements 

than the high altitude omnidirectional cosmic rays. Our measurements indicate that the vertical coincidence RP 

maximum occurs at a lower altitude than the omnidirectional RP maximum. The vertical coincidence RP maximum 

is therefore closer to the proposed interaction layer at 16,000 m and may be a better indicator of the altitude of the 

interaction layer. This possibility will be explored in future balloon flights. 
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