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ABSTRACT 

The use of a high energy proton or electron beam, 

directed vertically to act as a probe for the study of atmospheric 

processes is proposed. An outstanding feature of such an atmospheric 

probe is its capability to idnize a column of air re·p.eatedly in 

a few microseconds and in approximately the same place. 

Characteristics of a vertical proton beam which may be generated 

by the Zero Gradient Synchrotron at the Argonne National Laboratory 

are discussed and calculations are· presented to·provide an estimate 

of the ion concentration as a function of height in the atmosphere. 

The·potential uses of an atmospheric ionized column for 

meteorological research are discussed. Such investigations include 

the artificial initiation of lightning,· the·production of atmospheric 

ozone resulting from lightning, and the line spectra associated 

with the lightning channel. Also·presented ~sa method whereby a 

combination of the.high ~nergy particle beam and infrar~d .techniques 

may be used to determine ·the air .circulatic;>n within a thunderstorm. 

Brief mention is made·of the·possible uses of a high energy particle· 

beam for aerospace sciences; such as the study of whistlers and 

electro-magnetic radiation.phenomenon.associated with the·aurora 

and airglow. 
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INTRODUCTION 

t 
I 

Beams of high energy protons or electrons, the products 

of modern particle accelerators may be sent vertically into the 

atmosphere to act as probes for studying atmospheric processes. 

In a sense, they may be considered as intense beams of "cosmic 

rays in reverse". Such beams may be useful for atmospheric . 

research since: . (1) they can ionize a column of air to great 

heights in a matter of microseconds; (2) they can be generated 

repeatedly, that is every few seconds; and (3) they may be 

generated in the same place·in space. Never before has man had 

a tool with this capability! 

Although either a proton or electron beam can be used 

for these investigations, the following discussion is devoted to 

the proton beam . produced by ·the Zero Gradient Synchrotron (ZGS) .· 

at the Argonne National Laborat~ry. 

Characteristics ·Of ~ jQ!. The Argonne ZGS is designed to 

d 1013 1 of· 10 i d d i pro uce protons per pu se m crosecon urat on, once 

every four seconds, with energies ranging to .12.5 bev. 

lwork performed under the auspices of the u.s. Atomic Energy 
CoiDmission. 

' \ 

' .. 
-

...... 
) . 



I 
I 

I 

I· 
I I. 
I 

----------- - --~--------------------- .---------------

.\. 
\ 

-2-

2 At the exit, the beam has:a cross-sectional area of about 50 em. 

With suitable bending magnets, it is feasible to turn the beam 

upward and to aim it in a predetermined direction. 

The Effect ~ ~ High Energy Proton ~ ~ ~ Atmosphere. 

According to Aron, Hoffman, and Williams [1950], a beam of 3 

2 bev protons would lose roughly 2 Mev/gm/cm of dry air. Assuming 

normal temperature and.pressure conditions (NTP) the beam will 

pass through about 8 meters of atmosphere before losing 2 Mev of 

energy. This assumes that no nuclear inter.actions are involved. 

Since a homogeneous atmosphere at common ambient temperatures has 

a height of about 8 kilometers and taking into consideration the 

gyrations of a high energy proton beam around the earth's magnetic 

lines of force, a proton beam having energy gr~ater than 3 bev 

would pass through most of the vertical extent ·of the ·atmospere and 

continue along the geomagnetic lines of force toward the conjugate 

·point on earth. 

where N
0 

T 

A 

The·flux of particles, F, may be represent~d as 

F 
N 

- ...2 AT (1) 

• the number of particles per pulse emitted at the exit, 

- the·pulse time in seconds, and 

- the cross-sectional area of the beam·in cm2• 

At the exit; tb~ flux is therefore 2 .X· u)16 p~~icles/cm2/sec::. 

Since the energy necessary to form:an·ion.pair in· ~i~ is about 

' ' 
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35 electron volts, the beam will generate 57,000 ion pairs 
. 2 

per particle for every gram of air per em (8 meters) traversed, 

that is about 71 ion.pairs are formed per cm3 per:particle·at 

NTP. 

3 
At any instant, the number of ion pairs present per em 

I 

can be determined by the equation: 

where n 

q 

dn 
- = dt 

q - cm2 

3 = the number of ion pairs per em 

the ion pair production rate:J>er second per cm3 

(2) 

a ... 3 the recombination· coefficient in.cm per ion pair 

-6 per second and taken as equal to ·1.6 x 10 . 

Even without considering secondary ionizations resulting 

from nuclear interactions, the computation of. the· ionization as 

a function of height in the atmosphere is quite i~volved. Never

theless, a crude semiquantitative calculation .. is presented to 

indicate the order of magnitu~e of ion concentration-produced by 

a high energy proton beam. 

The beam, as it exits from the.accelerator, is 

divergent with an angle of about 0.4 milliradians and disperses 

further due to multiple scattering. It also becomes attenuated 

·due to nuclear interactions. Thus, the ionization produced per 

unit volume decreases with increasing heights. The rate of 

ionization production, q; at a height corresponding. to an air 

•-------------------------------··· ·------·-·- ~. 
.J 



-4-

density,Jf., may be expressed by the equation: 

where 

q -

N exp 
0 

9
2 

(Z + k)
2 

T 

{_l...x {p - p) 
. N exp ~ gL o 

... 0 i 

9 2 (Z + k)
2 

T 

(3) 

·x 71 x 

fo "'" 
. -3 3 

air density .at NTP which equals 1.293 x 10 grams/em 

f 
. 3 

= air density in grams/em 

Z · = height above ground in centimeters ..--- ....• , .. 

k = distance from beam exit to a virtual point source 

9 = angular sp~ead of the beam upon exit and equal to 

0. 4 milliradians ,-· 
··:~ 

71 = ion pair production per centimeter per particte as 

described above 

L 
2 

a absorption thickness, taken as 120 grams/em 

[Rossi, 1952,. pg. 490] 

p
0 

= atmospheric pressure at 

p .,. atmospheric pressure at 

) ·2 
the surface .in dynes/em 

. 2 
height Z ."in .. dynes/em 

g = acceleration of gravity taken ·as 980 ·~m/sec2· 

Integrating Eq {2) yields: . (' 

n 
p 

·=· · J g/a. · [ (exp 
, · · . · : · , ~ . ( exp 

'· _:· .. -: . 

2. t Jei9> - 1 J . . . ·. 

2 t ~),·+'1 .. 
(4). 
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where n represents the number of ions due to electronic 
p 

collision just after the tail of the·proton beam has passed. 

Eq(4) applies for a given height during the time the beam 

passes. After the beam has left, the ionization production falls 

to zero and the number of ions may be expressed by the equation: 
I 

n = 
n 

p 
1 +an t 

p 
(5) 

In Fig. la and Fig. lb are shown the vertical profiles 

of ionization concentration based.in Eq(2), Eq(4), and Eq(5). 

The NACA standard atmosphere·was assumed •. Ionization due to meson 

production and other spallation reactions may yield total 

ionizations several orders of magnitude greater than indicated. 

However, due to the divergence of the nuclear interaction 

products, this will contribute negligibly to the specific ioniza-

tion density of the main column at higher altitudes. Multiple 

scattering of the primary proton beam.in the atmosphere will 

reduce the ionization concentrations shown in Fig. la and Fig. lb, 

but the effect is not large for protons of high energy. In spite 

of the uncertainties, it appears reasonable that the·proton beam 

·would produce a highly ·ionized coluqm from the·, surface. to. heights 

well above the tropopause.- ........ 

.. · ·: ..,. '.\·- ' .. !: ~ 
'-1', 'I 

"·. ;. 

' . : . 



( 

\ 
\ 

-6-

POTENTIAL USES·OF ATMOSPHERIC IONIZED COLUMNS FOR METEOROLOGICAL 

RESEARCH 

' 
The ability to produce an ionized column in the atmosphere 

extending from the ground ·to .levels well beyond the tropopause 

presents intriguing possibilities for studying processes 

' associated with thunders'torms. Some of these are: 

The Triggering £! Lightning. An air-ionizing proton beam 

16 2 with a flux of 2 x 10 ·protons/em /sec traveling at a speed of 

0.98 times the velocity of light directed at a negative charge 

center of a mature thunderstorm .cell, as defined by Byers and 

Braham [1949], would result in an· appreciable deformation of the. 

electric field. ·Under certain conditions, ,this would in~rease the potential 

gradient to values :· .!' exceeding the dielectric strength of air 

and may well initiate a lightning stroke. The use of a vertically 

directed proton beam for triggering lightning was first suggeste~· 

by Ronald L. Martin. 

In experiments involving the ~riggering of lightning, 

protection to the accelerator from a leader or return lightning 

stroke may be obtained by enclosing_it in a Faraday cage which 

.may take the form of an aluminum enclosure. The high energy 

protons would pass through the aluminum with negligible loss, but 

the ions of substantially .lower energy in a lightning stroke would 

be unable to•penettate.the aluminum.enclosure and would pass to 

the ground. . : .. .. • . 
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In recent 'literature [Newman, 1963, and Brook, Armstrong, 

Winder, Vonnegut and Moore, 1961] are reported cases where lightning 

was apparently triggered by the rapid introduction of a conducting 

path between a thundercloud and ground. Newman [Ibid. ] reports 

that lightning strokes were induced by rapidly 'injecting a wire· 

propelled by a rocket into a thundercloud. Brook !S, al [Ibid. ] :: 

discuss the work of G.A. Young .in triggering a lightning stroke 

by .a plume of water particles, which were undoubtedly charged, 

extending from the sea surface to about 70 meters •. The water 

plume was generated by a depth charge tested by the U.S. Navy. 

Brook !S, al [Ibid.] describe a laboratory experiment where an 

arc. discharge was created i~ a strong electric field between a 

sphere and a plane by rapidly introducing a conduct'ing path, in 

this case a wire, to ground. This evidence and theoretical consid-

erations, suggest that a proton beam with the characteristics 

described above may trigger a cloud-to-ground lightning stroke. 

To carry out meaningful experiments, involving lightning 

charges with a proton beam, it is necessary t'o determine the 

location in space and the·magnitude of the el~ctric charge centers 

in the thunderstorm cell. A network of potential gradient recorders 

of the field mill type, such as described by Fitzgerald [1955, 1957], 

and suitable data processing equipment are therefore essential. 

The field mill data may be transmitted to a data.processing cent~r 

where·a computer·would determine continuously the location and 
\ 

magnitude of the charge centers. This information may then be 
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used in controlling and directing the·proton beam from the 

accelerator exit point. 

Also necessary for these experiments is a suitable 

radar for determining the·p~sition in space of the individual 

thunderstorm cells which may be selected for treatment by the 
. ) . 

proton beam. The data provided by the·radar may be used for 

studying the cloud changes in time·and space resulting from the 

proton injection. 

Appropriate-photographic equipment capable-of 

resolving individual lightning strokes are also essential. 

Types of Investigations ~-~ Triggered Lightning Stroke. 

If one assumed that a thunderstorm cell has a radius of one to 

two kilometers, than natural cloud-to-ground lightning would occur 

anywhere in an area of about 10 square.kilometers. ·The advantages 

for meteorological research that would result from lightning 

~ccurring repeatedly in the same·place instead of -randomly · .. - ~ 

distributed over a sizeable area would be. substantial. For 

example, information could be-obtained .on both the·areal and 

temporal distribution of rainfall with respect to the location . 

of the lightning stroke. 

Moore, Vonnegut, Machado·and Survilas [1962] have 

observed increased radar echo ··development followed by heavy rain-

fall within a few minutes after a.lightning flash occurred withi~ 
'. . ' 

a given region. These.authors state that the lightning flash 
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probably contributes to the formation of the·"rain gush", 

by greatly enhancing the rate of coalescence ·of rain droplets. 

This, in turn, modifies the· circulation within the storm cell. 

If the Moore-Vonnegut hypothesis is correct and if a proton beam 

can indeed induce a lightning stroke, then one would expect 
I 

to find a maximum .in the isohyetal (rainfall)·pattern some 

distance downwind. fro~·the proton accelerator. A sufficient 

number of such experiments could. establish, with an acceptable 

level of statistical significance·, whether the Moore-Vonnegut 

hypothesis is valid. If it were valid, then one is tempted to 

argue that a-proton beam can indeed modify the distribution of .. 

ralnfall on the ground. To establish the·magnitude·of this 

effect would require careful consideration, but the economic 

value may be substantial. 

The availability of repetitive· lightning strokes at 

a known location would factlitate the placement of the fixed 

instrumentation necessary to obtain the simu~taneous photographic, 

electrical, magnetic, spectroscopic, and met~orological data 

needed in the formulation of a good physical model of lightning. 

The location of spectrographic equipment close to the lightning 

flash would aid materially not only. in obtaining .data on the line 

spectra, but also on the continuous radiation from lightning 

at 3000 Angstroms and below·where the intensity levels are 

ordinarily low. .Information of this latter type would aid in 

determini~g quantitatively the~ozone production associated with 

a lightning flash. Further, it would be feasible to locate ozone 
'· . 
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detection equipment on the ground for this pu~pose. 

As pointed out by Prueitt [1963] and Salanave [1963), 

the temperature in a lightning flash is of the-order of tens of 

thousands of degrees above ambient. It should, th~refore, be 

possible to follow this heated column by means of infrared 

detecting equipment. ~o infrared detectors located on a suitable 

base line tracking the heated column would.provide measurements· 

on the·position in space -of points on the heated column·over a 

given time interval. These data .may be translated into wind 

speeds and directions as a function of height. Valuable 

information on the circulation within a thunderstorm cell 

would thus be provided. 

Atlas [1958] among others has _observed lightning 

strokes by means of radar from the top:of thunderclouds extending 

into the upper portion of the atmosphere. With-a-proton beam 

having sufficient energy to reach into the Qigh atmosphere, it 

is not unreasonable to expect lightning strokes s_imilar to thos~ 

observed by Atlas. 
f 

Clarence [1963] discusses the generation of 

whistlers by an upward jet of electrons, -originating from runaway 

electrons in the thundercloud, i.e., electrons which have been 

accelerated to several hundred Mev. If the·ionization.produced 

by the·proton beam, in combination with the electric~field above 

the thundercloud gives.rise to such an electron· jet; then it may be 

possible, if other atmospheric condition.s are suitabte, to generate 

.and study the whistler phenomenon. 
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Clouds in the Thunderstorm Building Stage. A proton beam of 

suitable energy and an appropriate number of particles may serve 

to decrease lightning frequency, if injected into a thunderstorm 

cell in the building stage. In this stage, when the magnitude-of 

the charge center is small, a proton beam of relatively fewer 
I 

particles to ~roduce a weadly ionized path may serve to dissipate 

the charges in th~ clou~ without an accompanying flash, and, the~by, 

prevent the development _of well-defined charge centers. The 

effect on the life cycle of the storm which would result from 

suppressing the development of well-defined charge centers is 

problematical, since we do not know ~nough about the·role played 

by electric fields in the-raindrop coalescence process 

[Fletcher, 1962]. 

~ Weather Cumulus !E& Stratus Clouds. Interesting studies 

in cloud physics could be carried out by injecting a proton beam 

of suitable-characteristics into stratus or fair weather cumulus 

clouds, thus bringing.about a rapid redistribution of the changes. 

within them. Although such clouds are formed.primarily by thermo-

dynamic and hydrodynamic·processes, the occurrence of a.measurable 

effe.ct on the cloud circulation pattern, such as ·a change in the 

growth or dissipation rate, would.provide valuable information 

on cloud dyn~ics •. :· ' •. ~. I • 
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CONC·LUSIONS 

It has been pointed out that a high energy proton 

beam, or sim~larily~ a high energy electron beam, injected into 

the atmosphere would create an ionized path from the ground to 

high levels. The artificial creation of an ionized path would 

assist materially in the ·investigation in a number of atmospheric 

processes, such as the·physics of the lightning strokes, the 

relation between raindrop coalescence and electric.fields, the 

determin~tion of wind proviles to high levels in the vicinity of 

a thunderstorm, and possibly other high atmospheric phenomenon, 

such as whistlers, air glow, .and aurorae •. 

A lightning stroke triggered by a beam of high energy 

particles would have many advantages in studying.atmospheric 

phenomenon, since it could be produced repeatedly at a known 

position in space. This ·would allow simultaneous photographic, 

electrical, magnetic, spectroscopic, meteorological, and 

chemical measurements to afd in the formulation of a physical 

model of the lightning processea 

Only a few of the.possible studies which can be carried 

out with a tool of this type have been enumerated. Others will, 

no doubt, think of many other.areas of investigation by this means. 

It appears that the:us~~of energetic particles i~jected into the 
: ..... . 

atmosphere may open up·a new.p~ofitable·area for meteorological 

research. 
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Ion.Concentration as a Function of Height-

10, 20, and 30 microseconds after Exit of 

Proton Beaui.'s Leading Edge. 
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