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雷の高エネルギー放射と核反応
•雷がDD 反応で中性子? (Shah et al. 1985, Nature)  
•Terrestrial Gamma-ray Flash (TGF) の発見 
• 天文衛星が発見した、地球方向から到来するミリ秒ほ
どの強烈なガンマ線バースト。地上で発生した雷に伴
い、雷雲から宇宙に向かって駆け上がる電子が生じ、
その制動放射ガンマ線と考えられる。 

•TGFのガンマ線スペクトルは >10 MeV まで到達 
• 大気窒素と光核反応 (対生成より1桁小さい)が可能？

Hard x-rays and/or gamma rays have also
been detected in thunderclouds and at ground
level from natural and triggered lightning
strokes (2–5). Acceleration of electrons to
high energies in electric fields above thunder-
storms was predicted in 1925 by Wilson (6),
and this runaway process was recently shown
(7) to be capable of avalanche multiplication,
making its variants (8–10) good candidates
for the TGF parent process.

Runaway breakdown is one of several
candidate mechanisms for the production of
red sprites and blue jets, transient luminous
events (TLEs) in the upper atmosphere above
thunderstorms (11). The production of upward-
going, relativistic electrons, necessary for TGFs,
is not necessary for sprites, a few of which
have been observed in high-altitude electric
fields of the opposite polarity (12); other sorts
of breakdown such as streamer formation (13)
may be at work in sprites. There is no direct
evidence linking TGFs to any of the family
of TLEs. In 1996, Inan et al. (14) reported a
burst of radio noise (Bsferic[), typical of light-
ning, at Palmer Station, Antarctica, from the
direction of CGRO_s position during one of
the BATSE TGFs. This sferic showed posi-
tive cloud-to-ground polarity and a slow tail,
features typical of sprite-producing lightning.
Recently, sferics were seen with five out of
six additional BATSE TGFs for which data
were available at Palmer (15).

The high-energy electron beams that cause
TGFs may also produce some secondary
phenomena if they escape the atmosphere and

travel along field lines in the magnetosphere:
They may interact in the magnetically conju-
gate point of Earth_s atmosphere (16), may
populate the inner radiation belt (17), and
may be directly detectable from satellites.

BATSE recorded somewhat less than one
TGF per month, when a trigger criterion was
met on board (1) that initiated data collection
at high time resolution in four energy chan-
nels, the highest of which collected all pulses
above 300 keV. The spectra were consistent
with power laws having photon indices be-
tween j0.6 and j1.5 (18). Interpreted as
bremsstrahlung, this result suggested electron
energies of È1 MeV or higher, but could not
distinguish between that and much higher
energies; only by observing the cutoff of the
bremsstrahlung at high energies can the max-
imum electron energy be determined.

The Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI) (19) is a
NASA Small Explorer spacecraft designed
to study x-rays and gamma rays from solar
flares. It was launched on 5 February 2002,
into an orbit of inclination 38- and of altitude
600 km, which covers most of Earth_s
thunderstorm zones and reaches geomagnetic
latitudes up to È50-. RHESSI_s germanium
detectors (20) detect photons from any direc-
tion in the sky and record each photon individ-
ually, so that no on-board trigger is necessary.

We present 86 TGFs from 6 months of
RHESSI data, two near the beginning of the
mission (April and May 2002) and four recent
(July to October 2004). Data are available

from the entire mission, and the analysis is
ongoing. The RHESSI TGFs range from 0.2
to 3.5 ms in duration and contain from 17 to
101 detected photons. Sometimes two RHESSI
flashes are detected from a single geographic
region, either during one satellite pass (in one
case 15 s apart) or separated by a full space-
craft orbit (about 96 min). These clusters sug-
gest activity from a single storm.

Figure 1 shows the position of RHESSI
during each of the TGFs. The color scale in
the top plot is the product of the time spent
above each position and the sensitivity to
TGFs at those times, giving the number of
TGFs expected at each position if they were
uniformly distributed on the globe. When the
spacecraft passes through Earth_s inner radia-
tion belt at the South Atlantic Anomaly, no
data are taken. RHESSI_s TGFs, like BATSE_s,
congregate where lightning (bottom plot) is
common; note the region of central Africa
that has the highest rate of lightning and the
tightest cluster of RHESSI TGFs. There is a
notable lack of TGFs in the southern United
States, where RHESSI_s magnetic latitude is
highest and there is a lot of lightning, despite
theoretical expectations that it should be easier
to accelerate electrons upwards at high alti-
tudes when Earth_s magnetic field is further
from horizontal (21, 22). With only 6 months
of data, however, it is premature to declare
that TGFs do not occur in this region.

With its high energy resolution and broad
energy range, RHESSI is able to study the
spectra of TGFs in detail. Figure 2, left panel,

Fig. 1. RHESSI position during each recorded TGF, plotted over (i) the expected distribution of observed TGFs if the population were evenly distributed
over the globe, with the scale in fraction of maximum exposure (top); and (ii) long-term lightning frequency data (29), with the scale in flashes per
square kilometer per year (bottom).
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shows count energies versus arrival time for
the largest TGF. The center panels show four
representative lightcurves, and the right pan-
el shows the summed energy spectrum of the
whole population. The background gamma-
ray spectrum has been subtracted.

The position of the high-energy cutoff sug-
gests that the energy of the electrons respon-
sible for the bulk of the bremsstrahlung is on
the order of 20 to 40 MeV. The spectrum is
reminiscent of that seen once at ground level by
Dwyer et al. (5) from triggered lightning. The
right panel of Fig. 2 also shows the expected
signal from isotropic, thin-target bremsstrahlung
of 35-MeV monoenergetic electrons. This is not,
of course, a realistic model, but it demonstrates
that the correct electron spectrum will be ex-
tremely hard. The dashed curve is the model
spectrum itself, and the solid curve is its con-
volution with the instrumental response for com-
parison with the data. An unmodeled excess at
several MeV is apparent, which is expected for
beamed TGFs viewed along the beam axis,
due to the peaking of the bremsstrahlung cross
section at high energies and small angles (23).

The flattening of the spectrum below 200
keV is consistent with absorption in mate-

rials surrounding the detectors. The BATSE
data down to 25 keV were consistent with a
power law when corrected for the instrumen-
tal response (18). These results suggest that
TGFs occur relatively high in the atmosphere
and are probably not from the same source
that produces gamma rays seen on the ground
(4, 5). Assuming that the intrinsic TGF spec-
trum does not rise suddenly just where the
atmospheric cross sections rise below 100 keV,
and assuming that all the photons come from
a single altitude, we can constrain that alti-
tude to be 925 km by noting that the lowest
RHESSI energy point shown (about 60 keV)
does not have an extra e-folding of absorp-
tion compared to the points at several hun-
dred keV. Monte Carlo simulations of electron
and gamma-ray propagation in the atmo-
sphere will produce stronger altitude con-
straints and address other scenarios that might
fit the data, such as a hard electron spectrum
below 25 km combined with a softer spectrum
at higher altitudes. Future orbiting detectors
sensitive to lower energies (È10 keV) would
give even better constraints, due to the much
higher cross sections for atmospheric absorp-
tion at lower energies.

The TGFs that make up the composite
spectrum may have different spectra (18). Al-
though each TGF has too few photons for a
good spectral fit, the mean photon energy
for each TGF can be compared (Fig. 3). The
smooth curve is a larger set of artificial TGFs,
each one having the mean spectrum in Fig. 2
and the same number of counts as one ran-
domly selected real TGF. The width of this
curve indicates that some, but not all, of the
spectral variation we see is due to the small
number of photons per TGF. Nemiroff et al.
(18) and Feng et al. (24) found that BATSE
TGF spectra evolved from hard to soft within
each flash, and that the bursts were somewhat
longer at low energies. We see both effects in
the RHESSI flashes, but at a low level; more
detailed analyses will be forthcoming.

Individual photons greater than 10 MeV ap-
pear in 60 of the 86 TGFs. Summing all the
TGFs, we find 47 photon events that exceed
one detector_s threshold of È18 MeV and 9
photon events that, because they deposited ener-
gy in more than one detector, we can be certain
were above 20 MeV. The expected values of
these numbers at normal background rates
would be 16.5 and 2.8 photon events, respec-
tively. The electron accelerator responsible for
TGFs may thus work to higher energies than
any other natural accelerator in Earth_s atmo-
sphere or magnetosphere. If the acceleration is
by a DC electric field, it requires a potential
drop of at least 30 MV (higher when taking
frictional energy losses into account). This is
comparable to predicted potentials between
cloudtops and the ionosphere (25).

To estimate the global average rate of TGFs,
we need RHESSI_s footprint for TGF detection.
Although RHESSI has a line of sight to the
horizon at 2700 km, only an extremely bright
flash at that distance would be detected above
background. Assuming that TGFs are isotropic
emitters and equally luminous, and consider-
ing the dynamic range of our events, we esti-
mate an effective footprint of radiusÈ1000 km.
Then the observed TGF rate of 86 events in
183 days corresponds to È50 events per day
summed over the latitudes RHESSI covers.
Upward beaming of the photons would reduce
the radius of detectability. One model predicted
a È100-km beam (21), in which case the true
global rate could be two orders of magnitude
higher. Even 5000 TGFs per day is only 0.1%
of the global lightning rate, which the space-
based Optical Transient Detector recently mea-
sured to be 44 T 5 per second (26). We cannot
rule out an even larger population of TGFs
below RHESSI_s detection threshold.

The average number of relativistic elec-
trons in each flash can be estimated. Assuming
monoenergetic 35-MeV electrons (Fig. 2), an
average photon energy of 2.5 MeV, thick-target
bremsstrahlung, isotropic emission, a distance

Spectrum (all events)Scatter plot (1 event) Lightcurves (4 events)

Fig. 2. (Left) Scatter plot of energy versus time for the brightest RHESSI
TGF. (Center) Histograms of count rate versus time for the brightest,
longest, faintest, and shortest (clockwise from upper left). RHESSI TGF

detected so far. (Right) Summed energy spectrum of all the RHESSI TGFs,
shown with the expected instrumental response (solid curve) to isotropic
thin-target bremsstrahlung from 35 MeV electrons (dashed line).

Fig. 3. Distribution of average energy for the
RHESSI TGFs (histogram) along with a simula-
tion assuming that each TGF has exactly the
spectrum shown in Fig. 2.
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2ミリ秒

太陽観測衛星 RHESSI が検出したTGF位置と雷の発生頻度
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冬季雷雲のマッピング観測

富士山

乗鞍岳

珠洲
金沢
小松

和田 湯浅榎戸北陸沿岸の 
冬季雷雲は 
雲底が低く 
絶好の観測対象 

柏崎
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2月6日 14:00 JST 
（ひまわり8号) 
冬型の気圧配置

観測サイト 
Gamma-ray Observation of  
Winter THundercloud  
（GROWTH) Collaboration

62 第 5章 検出器の設置と較正

5.2.3 冬季観測2016

冬季観測 2016では検出器を一新し、金沢・小松、能登、そして柏崎の 3地点で観測体制を整
えた。実際に設置した検出器を図 5.8に示す。また作業と運用ログを表 5.5、検出器のコンフィ
ギュレーションを表 5.6に示した。設置作業には金沢大学の米徳氏・澤野氏、金沢大学附属高
校の渡會氏、金沢泉丘高校の米口氏、小松高校の木村氏、サイエンスヒルズこまつ「ひととも
のづくり科学館」の北野氏、東京学芸大学 鴨川研究室の皆様、金沢大学能登学舎の皆様、東京
電力ホールディングスの押見氏ほか多くの方々にご協力いただいた。

BGO

信号処理系

ルーター

カメラ用治具

図 5.8: FY2016検出器の構成.

金沢・小松への展開

今年度は昨年度より観測期間を長くして機会をうかがうため、10月中旬に展開を行った。し
かし展開直前の本郷での屋外試験中に、気温が 10月としては異例の 30℃超えとなり、FPGA

などが 70℃に達した。FY2016の信号処理系はFPGAの電源を落とすことができないため、検
出器自体に冷却機能を取り付ける必要が出てきた。そこで 10月中旬の展開は予定通り行い、11

月の初旬に冷却機能の改修 (4.6.1項を参照) を行うこととした。検出器は bgo-sakuraiのみを
搭載したシンプルなものとした (図 5.8)。金沢大学を除いてネットワークは携帯回線を使用し、
ルーターと Raspberry Piは有線 LANで接続した。通信容量の関係でデータの送信は行わず、
SSH通信はできる状態としておき、雷活動のあった日のデータを手動でダウンロードする方式
とした。FPGA/ADCボードからRaspberry Piへのデータ送信はシリアル通信を使用した。
10月 10日の金沢大学への設置を皮切りに、12日から 14日にかけてほか 4ヶ所の設置作業を

行った。設置の様子を図 5.9に示した。各検出器は設置場所の要請に従い、固定治具やコンク
リートブロックへの取り付けを行った。また 10月 31日から 11月 2日にかけて冷却機能の実装
を行った。10月中旬の設置以降、問題は生じておらず、順調にデータを取得し続けている。

45 cm

35 cm

•低コストで高性能な放射線測定
器を開発し多地点に展開 
•Raspberry Pi 3 で駆動できる
FPGA-ADC ボード等を開発 
•学術系クラウドファンディング
でスタートし科学研究費獲得へ
BGOは理研仁科センター 
櫻井研からお借りしました

9.5 cm9.5 cm

ADC/FPGA
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(1) 雷放電に伴う下向き TGF の検出

6

専用の測定装置
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•2017年2月6日 17:34:06 
(日本時間) に柏崎で雷が発生。 

→ 放射線イベントを同時検出 
•雷観測ネットワーク (JLDN) 
に加え、佐藤ら (北大)の電波 
観測で雷の発生を確認。 ➖

+

雷の発生点
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(1) 雷放電に伴う下向き TGF の検出
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(1) 雷放電に伴う下向き TGF の検出
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 TGF が発生した痕跡
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(2) 指数関数で減衰するガンマ線残光
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(2) 指数関数で減衰するガンマ線残光
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(3) 電子-陽電子対消滅線の検出

およそ35秒ほど遅れて、雷の発生点の
下流に設置した検出器で放射線が増大!
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対消滅ガンマ線
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雷で生じる光核反応

光核反応

γ + 14N → 13N + n

ベータプラス崩壊
13N → 13C + e+ + ν 
(p → n + e+ + ν)

(大気分子) 
窒素  
14N

高速中性子

ガンマ線

陽電子 

ニュートリノ

陽子7個 
中性子7個

不安定な 
放射性同位体　 

13N

陽子7個 
中性子6個

炭素同位体　 
13C

陽子6個 
中性子7個

半減期 10分下向きTGF
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高速中性子 陽電子
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中性子と陽電子が残すガンマ線の痕跡
高速中性子 陽電子

(大気分子) 窒素 14N

即発ガンマ線

窒素同位体 
15N

中性子捕獲

炭素同位体 
14C

準安定 (半減期 5730年) 
年代測定に使われる

(n,p)反応

電子

対消滅

0.511 MeV

ガンマ線残光 対消滅ガンマ線
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雷の光核反応としての解釈と定量的評価
• 雷に同期した数ミリ秒以内の強烈な放射線 
➡ TGF と継続時間、エネルギーが一致。地上で検出した稀な例。 

• 時定数 40-60 ミリ秒で指数減衰する <10 MeV のガンマ線残光 
➡ 高速中性子の大気中での弾性散乱と熱化、中性子捕獲と(n,p)反
応を解析的に解くと、時定数 56 ミリ秒の指数減衰になる。 

➡ 中性子を捕獲した窒素からの即発ガンマ線は <10 MeV 

• 落雷から35秒ほど遅れた 0.511 MeV の対消滅ガンマ線 
➡ 35秒は、落雷点から検出点まで風速 17 m/s での移動時間 
➡ 対消滅線の強度と、大気中での散乱で生じる連続成分の比から 
Geant4 を使ったシミュレーションで発生源は >80 m 上空 

➡ 上空に窒素13N の雲があるとして観測条件から推定した光核反
応の量は 4x1012個で、理論予想の 1011-15 個と一致。

冬季雷のガンマ線で光核反応が生じることを観測的に解明
詳細は Enoto et al., Nature (2017) Methods 参照
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まとめ

• 雷が作り出した強力なガンマ線が、大気中の窒素原子核と光核反応
を起こすことを地上での放射線計測で観測的に発見した。 

• 北陸の冬季雷雲では光核反応による窒素の放射性同位体 13N が陽
電子を放出しながら10分ほど漂うため、対消滅線が検出される。 

• 炭素、窒素の同位体が雷で作られることが解明され、他の生成経路
と比較して雷の寄与が大きいか、といった研究が重要になる。

英国物理学会(IOP) Physics World 誌によ
る Top 10 Breakthrough 2017 に選定。
（他には中性子星連星合体による重力波など）


