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I. INTRODUCTION

This experiment is a repeat of an earlier experiment,! but with more sensi-
tive apparatus and in a location with a higher incidence of thunderstorm activity.
The exﬁeri}nént of Ref. (1) was undertaken by Ashby and Whitehead (AW) to
investigate the theory that ball lightning might be associated with the annihilation
of small amounts of antimatter, and it yielded some very interesting but incon-
clusive results. In the course of about 12 months of data taking, four high rate
_bursts of gamma radiation were detected.? These events lasted a few seconds and
had many thousands of counts (16500, 5000, 3700, and > 7700). Unfortunately,
the association of these gamma ray bursts with thunderstorms or ball lightning
was not clearly established, although one of the bursts did occur during a local
thunderstorm in rough coincidence with a lightning bolt striking a flagpole® about
100 yards from the gamma ray detection crystals. A pulse height spectrum taken
for this burst (no spectrum was taken for the other three) exhibited a significant
peak, well above background, the energy of which appeared to be compatible with

_the 511 keV positron annihilation line. While the peak could not be unambigu-
| ously%-lffriblit’ed to positron annihilation, this certainly appeared to be the most

likely source.
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One presumes that these gamma events, should their existence be confirmed,
would be clear evidence for some kind of nuclear interaction. On this point, it is
interesting:- to note that there is some independent evidence of nuclear activity as-
sociated with the lightning discharge.* Of 11,200 lightning-triggered events, excess

. neutrons (i.e., > 2) were observed for 324 triggers, or 2.9 % of the triggers. This is
* to be compared to a measured excess neutron background rate of 1.2 % (101/8400).
' Moreover, the excess in lightning-triggered events over background in the multiple
neutron category (> 3 neutrons) is far beyond any reasonable statistical fluctua-
_tion. It is conceivable that the gamma radiation of Ref. (1) and the neutrons of
Ref. (4) could derive from the same physical process. That being said. however,
the physics that could lead to such bursts of 511 keV gamma rays (and/or neu-
- - trons) remains unexplained. With respect to the gamma bursts, AW concluded?
that, dueto the short time duration of the bursts (a few seconds) their eventé were
inconsistént with the (nuclear) ball lightning theory of Altschuler et al.®> Based
upon the results of subsequent (unpublished) data.®> AW concluded from the lack
of other nuclear radiation that their antimatter annihilation theory was not the
correct explanation either. Cosmic radiation, another possible source, is ruled out
by the duration of the bursts of activity and the number of gamma rays actually

_detected in these bursts.®

" From the above discussion, it is clear that confirmation of the AW gamma
events would be most interesting. An important additional motivation for per-
forming the present experiment was to investigate the hypothesis that ball light-
ning might be cbmprised of a magnetic monopole plasma produced by the lightning
discharge.” One component in the signature of this plasma would be bursts of a
large number of annihilation (511 keV) gamma rays, as appear to have been de-
tected in the AW experiment. In this theory, one would also expect the release of

- neutrons by ball lightning and the presence of an oscillating magnetic field. But

the latter would be much more difficult to detect.



In Ref.(7), the basic physics that would lead to the production of 511 keV
gamma rays (and indirectly, some neutrons) would be monopole catalyzed nucleon

decay e.g.,

p+m—>e++m+n7r,

. w’her_e*the (decaying) proton p would be locally available in the nuclei of the air
mblécu]es, and n indicates an unspecified number of pions, probably two or three.
There would also be an equivalent reaction involving neutron decays. The en-
ergy released by a nucleon decaying inside a nucleus (e.g.. N or O) would tend to
‘fracture the parent nucleus, ejecting a variety of low Z daughter products, includ-

" ing neutrons. As is the case in catalysis reactions, one notes that the monopole

_ survives on the right hand side ofAthe above-equation. thus remaining available
to trigg-er;—sub's‘equent nucleon decays. The energetic (a few hundred MeV, say)

0  24) would generate electromagnetic showers in the

et and_gammas (from =
atmosphere. The et in these showers would come to rest. subsequently annihi-
lating with atmospheric electrons, yielding the 511 keV gamma radiation. In an
attempt to quantify the experimental ramifications of this hypothesis, a number of
EGS calculations® were made to estimate the range of detectability of the 511 keV’

signature. A result of one of these calculations is given in Iig. 1.

II. EXPERIMENTAL APPARATUS

The appara.tus for this experiment was installed in KIVA II at the Langmuir
Laboratory for Atmospheric Research. This KIVA is a buried Faraday cage lo-
cated at an elevation of 3280 m at the top of South Baldy Peak in the-Magdelena
_ Mountains of the Cibola National Forest. At this location. the mean incidence of

thunderstorms is ~ 50/summer.

.-~ The electric power feeding this KIVA goes through a 7 kVA isolating trans-
N~ S

former. The electronics racks in the KIVA are then fed through a second isolat-

ing transformer. After the second isolation transformer. the ac power then went

through a UPS followed by a Waber surge protector. The racks themselves, as well
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Figure 1. This EGS calculation used as input 43590 e* launched at y = 0 along the positive
y-axis with an energy of 250 MeV. These e¢* caused showers. and the histogram consists of
the numher et annihilations at rest, which total 127284, binned versus position on the y-
axis. (The pair production process of the electromagnetic shower results in a final number of
et annjhilations that exceeds the initial number of e*’s launched.) The rate of annihilation
in flight is not a major factor here; it was calculated to be ~ 15% of that at rest. Also, due
to center of mass motion, the gammas from annihilations in flight would not be expected to
register at 511 keV in a detector at rest in the lab frame, but rather would contribute to an
increase in the level of the general background rate. It is interesting to observe that the peak
of the histogram falls at ~ 400 m, consistent with the range of a 250 MeV" electron in air. As
expected, other calculations indicate that the peak moves to smaller y with lower initial et
“energy and towards larger y with higher initial e* energy. It should be observed, however, that
- if one takes the 1/r? range factor into account, the expected counts/event continues 1o rise with
decreasing range until one gets well within the expected 511 keV photon range of 140 m.

as all of the experimental apparatus, were electrically insulated from the interior
of the KIVA Faraday cage.

Two large Nal(T¢) crystals (of hexagonal cross section. 5 inches face-to-face
and 16% inches long, each hermetically sealed in a 0.02 inch stainless steel can)®
. -were <1_1,sEd -as gamma ray detectors. The crystal assemblies were mounted inside
an ah?‘r’hinurﬁk “top hat” that was installed over a porthole in the roof of the KIVA

as an integral part of the Faraday cage. The top hat was 6 feet high. 18 inches in

diameter. and 0.09 inches thick. Thus, the gamma detectors were above ground



al

level and had an unimpeded 360° exterior “view.” Since the .09 inch thickness
aluminum of the top hat comprises 2.5% of a radiation length, it caused no serious
degradation of the gamma ray detection capability. In the course of the experiment,
two triggered lightning discharges actually struck the KIVA about 3 meters from
“the top hat.!® The fact that there were no anomalous electrical or electronic glitches
. assoc_igted with these discharges is a clear demonstration of the efficacy of the
eléct;ic;.I shieldixig and filtering. It should also be mentioned here that the only
power outages due to lightning were of short duration (one or two seconds). The
UPS, which senses the loss of ac power in a fraction a cycle. kicked in {as advertised)
;‘ndvthere was no impact either on the electronic apparatus or on the computer;

‘data taking was continuous during all storms.

Each Nal crystal was viewed by a 2 inch photomultiplier tube. The PMT signal
was amﬁiﬁéd and split as shown in Fig. 2. One signal path entered a 1024 channel
pulse h’e‘lgiit~ analyzer (a LeCroy 3001 qVt), the output of which went directly to
- an on-line z-y display as well as (via appropriate interfaces) to a Macintosh SE

computer.

The computer, under the control of a LabVIEW program. scanned the Nal
crystals every 30 s and checked whether the 511 region significantly exceeded back-
grqﬁnd, which was ~ 7K counts/30 s. If so, then the 30 s spectrum of that crystal
. was flagged, and that 30 s spectrum of each crystal was stored for subsequent anal-
ysis. Integrated spectra for the entire run (one for each crystal) were also stored
at the end of each run: The run duration was optional, varying from less than an

hour to several days, depending upon the weather and other activities.

The signal along the other path was amplified and fed to a T120/N discrimina-
tor; it then went through a low pass filter (~ 0.05 s time constant) to a 3-pen chart
. recorder. The amplifier gain and the discriminator output pulse width were ad-
justed ?f;-that the discriminator threshold matched the gVt threshold and the trace
indicated on the chart recorder (a running average dc level) vielded a record of the

real-time rate of the Nal pulses over the qVt threshold. This threshold was equiv-
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Figure 2. Experimental Apparatus. There were two Nal(T{) crystals. Only one channel

. is depicted in the figure, the second feeding in at the points labelled #2. LPF denotes low

- pass filter and MS a matched splitter. Two pens of the chart recorder plotted the total rates
above threshold in the two Nal(T¥¢) crystals, and the third pen plotted the total output of the
field mill. The qVt’s were read out via a LeCroy 2301 qVt CAMAC interface through Kinetic
Systemns 3988 GPIB Crate Controller and a National Instruments GP1B-422CT (IEEE 488RS-
422 contréller) by a LabVIEW program resident in the Macintosh SE computer. The Techtronix
604 monitor (z-y display) could be manually switched, as shown, to display the pulse height
spectrum residing in either gVt. A 50 Mbyte hard disk (HD) with removable cartridges was
used for data storage and program backup.

alent to about 230 keV gamma energy in the Nal crystals. and the total rate above
threshold per qVt was about 1500/s. (The general background rate at 3280 m.
the Langmuir ele;ra,tion, was about four times that at the 100 m SLAC elevation.)
The maximum analyzed gamma energy of the gVt was ~ 1.9 Me\V. Higher energy
gammas, of course, went into the overflow bin, which was also recorded with each
spectrum. Energy calibration of the Nal detectors was done using the 511 keV
and 1275 keV lines of a Na?? source and the 1.46 MeV line of natural K*C in the

environment. With these parameters, events such as those seen by AW would

be unambiguously observed on the chart recorder trace. well above the running

- background.!!

FoF this >e'>xperiment Langmuir Laboratory furnished a field mill,'? which was
set up to measure the atmospheric electric field strength at the surface of the earth

about 100 meters from the top hat gamma detectors. The electrical signal from



the field mill passed through two signal conditioners to remove lightning induced
transients, and then was recorded on one of the three pens of the chart recorder,

as indicated in Fig. 2.

Langmuir Laboratory also made available the data from its field change meter.!3

- The sensing element of this device was a disk of 12.5 cm dia. mounted under a
) ré_in -shield outside the cupola of the main Langmuir Laboratory building. The
voltage induced on this disk by the atmospheric electric fields was fed to an ampli-
fier for subsequent data processing. Thus, the device was effectively ac coupled to
the atmospheric electric field, measuring the displacement current associated with
electromagnetic activity in the atmosphere; the decay constant of this coupling was
\ ~ 0.03 s. Samples of the outpuf voltage were continuously fed into a shift register
~at a rate of one sample per 0.455 ms. Large changes of the electric field were
used to Hé{;elép a trigger causing the transfer of 2000 shift register samples into
permané_r’ft computer storage for subsequent analysis. Hence, the data set recorded
with each trigger spanned 0.91 s. To be assured that nothing was missed prior to
the trigger (€.g., stepped leader activity), 25% of this data set (500 samples) was
devoted to samples recorded in the shift register just prior to the initiating trigger.
The remaining 1500 samples were taken following the trigger. Several gain settings
were available. Triggering times were also recorded to enable time correlation with

other data.

In order to monitor the location and character of the lightning discharges, Lang-

muir Laboratory had installed several video cameras, each viewing the KIVA II
lacation from a different angle.!* However, due to the frequent incidence of low
cloud base at the KIVA, this technique was often ineffective. Some raﬁging infor-

- mation was possible through “flash to bang” timing, but it was not always feasible
to unambiguously associate specific thunderclaps with an observed lightning dis-

- ‘charge signal — especially during periods of high thunderstorm activity.
. .



III. DATA

~ The apparatus was in place over a period of 55 days, and was actually recording

data for 77% of this time (1012 hours). (In clear weather, data were generally not

taken, except for some background runs; data were generally taken all night under

. computer control, but without an operator in the KIVA.) During this 55 days,

- e

 there was a total of 29 storms, where the presence of a storm was defined as a

foul weather field in excess of 5000 V/m, as registered by the field mill. Although

it was difficult to obtain exact information (the KIVA had no observation port),

“about five of these storms passed close enough to the top of South Baldy to have

" had lightning discharges within 1 km of the I\IVA (Fig. 1 indicates that energetic

posztrons tend to range out at ~ 400 m, and we note that the attenuation length

of a 511-keV photon at an elevation of 3300 m is ~ 140 m.)! During these storms.
it is estjmated that about a dozen discharges were within ~ 500 m of the top hat
detectors. In particular, five of these discharges were certifiably1® within 100 m of

the KIVA.

In analyzing the data, a candidate event was defined as a flagged 30 s spectrum

in at least one of the crystals.!” The criterion of significance for flagging and saving

‘a spectrum was an on-line operator-specified number of standard deviations of

.

counts in the 511 keV region above the mean number of background counts. Four
sigma was a typical setting for this parameter, which implied an excess count
number equal to 4\/’m = 335 counts. Thus, all candidates for “fittable lines”
were recorded for scrutiny.!® An event was defined as a 30 s spectrum with a

“fittable” 511 keV line in coincidence with a 4 ¢ rate increase indicated in both of

- the chart recorder traces. Using only the criterion of a fittable 511 keV line above

background (~ 500 counts/30 s) would lead to a detectability threshold of ~ 6%

. -of the (mean) number of counts/burst (8200) recorded by AW. However, it should

be ke;} in mind that the detector of this experiment had an acceptance solid angle

of ~ 8 times® that of Ref. (1). Hence, the apparatus of this experiment has the

capability to detect signals at a level of ~ 1% of the mean detected AW events.



- Spréaqa out evenly over 4

Including the requirement of a significant rate increase in the indicated rate on the
chart recorder as part of the event criterion results in an effective “signal threshold”
that is a function of signal duration, requiring a greater number of counts if the

signal duration is longer than about two seconds.’® For example, a signal burst
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-~ AW evyents), would need ~ 1050 counts to yield a 4 0 augmentation in the chart

" radioactivity is consistent with the presence of the 609 keV gamma line of Bi

‘recorder trace, that is, a gamma ray count level of ~ 13% of the mean event

count reported by AW.! (Again, including the larger solid angle of this experiment

reduces this threshold effectively to ~ 2% of the mean of the AW events. Using

this stricter criterion (both a fittable line on one 30 s spectrum and two coincident

argumented chart recorder traces), the data of this experiment yielded no events.

-That is, there was no evidence for any excess 511 keV activity associated with the

lightning discharge or with thunderstorm activity.? Thus. for a sample size of a

dozen nearby lightning discharges, the AW results remain unconfirmed.

- Radioactive washdown

It was observed that when there was extensive precipitation (> 15 min, say)

9
1. on these occa-

at the KIVA, there was clear evidence of radioactive washdown
smns the general background rates in the counters increased by amounts of up to

30% After the storm passed, this activity decayed away with a time constant of

o~ 1 hr. A number of fits to the most prominent line of the washdown radioac-

tivity were made. Typically, for the integrated data of one of these storms. a fit
of a Gaussian line shape to the most prominent peak yielded a centroid located at
608.7 + 6.6 keV with a (standard deviation) width of ~ 35 keV, cons_istent with
the Nal resolution. The centroid value and the post storm decay lifetime of this

:214

. . . . 9
The existence of such radioactive washdown is well documented.?3 Its presence was

also ohg’x_érvéd by AW.! This data also furnished an additional check on the energy

calibration of the Nal crystals.



Bead Lightning

During a storm on the evening of August 9, 1991, one of the lightning discharges
was visually observed (by the author and G. Hacker) to evolve into bead lightning.
The discharge was east of the main laboratory building by an estimated 1 km

- (flash to bang). Using a topological map, this placed the discharge at a range
" of 2.5.km southeast of the Nal detectors at KIVA II. Unfortunately, due to its
location this flash was not in the field of view of the video cameras viewing the
KIVA.?* While this discharge was clearly evident on the field mill trace, no 511 keV
_signal associated with this discharge was flagged for either of the Nal detectors.
nor was there any discernible increase in the overall rates as recorded on the chart
‘ recorder. But it should be kept in mind that 2.5 km is beyond the detection range
- (of even a large burst) of 511 keV gamma rays. However. the Langmuir field change
meter was ‘tal\;ing data at the time, and the observed waveform of that discharge
is included as Fig. 3. The waveform clearly exhibits a five stroke discharge (Five
strokes ig éonéistent with the flickering of the flash as observed by the author.)
spanning about 100 ms followed by five surges of much longer duration. It is
likely that these slow, post-flash surges are associated with a continuing current
in combination with further electric breakdown in the cloud and may have some
relevance to the appearance of the bead lightning. Further analysis of this event
was not carried out, but this waveform is included here for the sake of general
interest in the belief that it is the first electric field waveform ever recorded for

bead lightning.
IV. SUMMARY and CONCLUSIONS

This experiment searched for gamma ray activity associated with thunderstorm
activity. In particular, it was designed to confirm the presence of gamma ray bursts
E -consistent in energy with the 511 keV line associated with eTe™ annihilation, as

report?& by A;Ashby and Whitehead.! In the course of the data taking, an estimated
“twelve lightning discharges took place within a range of 500 m from the gamma

ray detectors.

10
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Figure 3. Bead lightning waveform. One can see that this flash is comprised of five strokes.
As described in the text, one fourth of the data in this trace comes prior to the first stroke.
The upper trace is the amplified output. The exponential decay after each stroke, due to the
(effective) ac coupling of the amplifier to the atmospheric electric field is clearly in evidence.
The lower trace is the same data after a computer process called “dedrooping.” which removes
the instrumental convolution effects of the ac coupling.

No evidence for such 511 keV gamma ray bursts was observed at a “signal
level” a factor of ~ 50 below the mean count level of the events of Ashby and
-Whit%ﬁé?ad». - Hence, one concludes that the probability of such events must be
< 10% per lightning discharge. While this result may seem inconclusive. it does

at least furnish a proof that such gamma radiation is not a common feature of the

11



lightning discharge. Unfortunately, the present experiment did not have enough
nearby lightning discharges to examine the probability of 511 keV gamma events
at the 2% level (per lightning discharge), which would enable a comparison to the

neutron data.? Hence, this result, through negative, is not inconsistent with the

_ positive indication of lightning induced neutron events. To resolve this question, an

- experimental study, preferably in conjunction with neutron detection, of a larger

- e .

- data sample would be needed.
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of the KIVA. The decision to launch was based on the field mill voltage.'?

The actual launch trigger was pneumatically actuated from inside the KIVA.

11. The chart recorder gain was adjusted so an average count rate of 1000 counts/s
would yield a pen displacement of 0.5 inch. The mechanical linkage of the

_chart recorder was the frequency response limit. The effective output rate

P

of the pén trace is three (independent) samples per second, which implies
about 500 counts/sample when recording the background (~ 1500 counts/s
and a mean pen displacement of 0.75 inches). For each chart recorder sample,
~ then, one sigma equals v/500 2 22 counts. An event that would augment
the general background rate by 1000 counts/s (or 330 counts/sample) would
‘be_ a 150 effect in each augmehted sampie (~ one half an inch on the chart

recorder trace - easily visible above the normal statistical fluctuations).

12. The calibration factor of the field mill was 9300 V/m for each volt of out-
put. The fair weather field is defined as negative (electric gradient pointing
downward), and the foul weather field is defined as positive (electric gradient
pointing up). Operation of the field mill was verified daily using a charged

(by rubbing with a cloth) teflon rod.

| 13 W. Rison, S. Hunyady, and C. B. Moore. In preparation.

14. The primary mission of these video cameras was a Langmuir Laboratory ex-
" periment to evaluate a certain type of lightning arrester. but the Laboratory
kindly made the video recordings available as possible supplementary data

for this experiment.

15. This estimate, which is defived from the Photon Attenuation Length Graphs,
Particle Data Group, Phys. Rev. D, 45, Part II, 111.21 (1992) also takes

into account the reduced atmosphere density (72%) at 3300 m.
¥. - .

16. Of these, two were the triggered lightning discharges which hit the KIVA (A
third rocket launch failed to trigger a lightning discharge.): one hit a lightning

arrester located ~ 20 m to the east of the top hat: one hit a tree at ~ 100 m
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17.

range at an azimuth of ~ 70°; and the fifth appeared (by video observation)

to have struck South Baldy southwest of the top hat at a range < 100 m.

It is ﬁossible that an event could occur while one of the qVt’s was being
scanned. In this case, only one of the 30 s stored qVt data sets would
register an increased gamma ray rate; the qVt being scanned is turned off
“diiring the scanning process. The scan time for a qVt is ~ 3 s, yielding a
dead time of ~ 10% in each qVt for the 30 s data collecting period. The

qVt’s were scanned one at a time; hence, one qVt was always actively taking

~data. (The data going into both chart recorder traces was always active,

18.

since these followed a path parallel to the qVt’s and hence were independent
‘of the state of the qVt’s.) Also, since the qVt scans were done in direct
sequence, the data sets in the two qVt’s had ~ 90% overlap in real-time.
Hence, it would be likely (but not assured) that a putative (flagged) event
wo.urld~ai)pear in both of the 30 s stored qVt data sets.

“Fittable line” means that the signal was large enough to yield a fittable
511 keV line shape above a 30 s background spectrum. By taking simulated

511 keV data samples with a Na®? source, it was determined that the “min-

~ imum detectable signal” in the form of a fittable 511 keV\’ line on top of a

19.

- 30 s background spectrum was on the order of 500 counts. A fittable line

could not be discerned with < 400 counts in the spectral line. When there
were > 500 counts in the spectral line, fittability was unambiguous. improv-
ing rapidly as the number of counts in the line was increased. Thus, taking
lo = /7000 = 84 counts, an excess of 500 counts amounts to a6 o effect,

well beyond a simple 4 o statistical criterion.

Typically (in order not to be inundated with paper), the chart recorder was
not run at a speed sufficiently high ( > 60 mm/min) to enable a short se-
qténce of samples to be independenly discerned in the recorder trace. Thus,
as discussed in the text, requiring a significant bump in the chart recorder

trace as part of the event criterion tended to raise the event detectability
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threshold for events whose counts would be spread out over a period exceed-

ing ~ 2s.

20. The number of candidate events associated with flagged 30 s spectra was

consistent with the number expected from Poisson statistics.

21. The initial source of this radioactivity is the natural U3¢ in the ground, which
~&xhales Rn???-into the atmosphere.?? Subsequently, in the atmosphere the de-
cay chain Po?18 — a + Pb21 Pb2 — 5~ 4+ Bi?1 takes place, where Po?*®,
Pb2'4 the Bi?' have half lives of 3.0 m, 26.8 m and 19.3 m, respectively.

" These three elements are washed down by the rain. There is also a small

contribution to radioactive washdown from the daughter products of Th?32,

22, C.E. Junge, Air Chemistry and Radioaéiivity, (Academic Press. NY, 1963).

) Chépf 3

23. A: Katase, Y. Narahara, Y. Ishihara, K. Tanoka, and H. Matsuvama. Jour.
'Nucl. Sci. and Tech. (Japan), 19, 918 (1952).

24. The flash was recorded in the whole sky video camera. Unfortunately the
resolution of this instrument was inadequate to reveal any information on

the beading of the discharge.
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