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太陽は莫⼤大なエネルギーを⽣生み出している



太陽が1秒間に放射するエネルギー

3.8×1026  ジュール
＞⼈人類がこれまでに⽣生み出した全エネルギー

太陽はこれまでに50億年年輝き、さらに50億年年輝く

かりに太陽が⽯石炭でエネルギーを発⽣生していると
すると数千年年で燃え尽きる。



この莫⼤大なエネルギーはどう
やって作られるのか？





アインシュタインの業績

光量量⼦子仮説

誘導放出

ボーズ・アインシュタイン凝縮

重⼒力力による時間の遅れ 　← 　⼀一般相対性理理論論

量量⼦子暗号・量量⼦子情報につながるパラドックス

ブラウン運動の理理論論 　→  ⾦金金融⼯工学・数理理ファイナンス

特殊相対性理理論論（今回）



世界⼀一有名な⽅方程式

エネルギー 質量量

光速度度
E = mc2

3⇥ 108 m/s





世界⼀一有名な⽅方程式

エネルギー 質量量

光速度度
E = mc2

3⇥ 108 m/s

質量とエネルギーは、同じものが

違う形で現れたもの



単位のチェック
エネルギー 質量量

光速度度
E = mc2

3⇥ 108 m/s

J = N ·m = kg ·m/s2 ·m = kg ·m2/s2 = kg · (m/s)2



500グラムの物質を完全にエネルギーに
変換したら何カロリー？

約１京カロリー
東京都の消費電⼒力力量量の四ヶ⽉月分以上

⼩小さな質量量が⾮非常に⼤大きなエネルギー
に変換できる。でもどうやって？



物質は分子からできている



分子は原子からできている

水

二酸化炭素

酸素

原子は本当にある
原子は見える



原子の中では、電子が原子核
のまわりを回っている

電子（マイナスの電荷）

原子核（プラスの電荷）



原子核は陽子と中性子から
できている

マイナスに帯電 −1.6×10-19クーロン 質量 9.109×10-31 kg

電気的に中性
1.675×10-27 kg質量

1.673×10-27 kg質量

プラスに帯電
1.6×10-19クーロン

1840倍

水素の原子核



⽔水素原⼦子には３つの同位体がある

陽⼦子の数（原⼦子番号）は同じだが、中性⼦子の数が違う

陽

中 重水素

陽 普通の水素（軽水素）

中

陽

中 三重水素

1H p

D

T

99.9885%

0.0115%

放射性

天然存在比



陽 ＋
陽

中

1.67262×10-27 kg 3.34358×10-27 kg

計 5.01620×10-27 kg 5.00641×10-27 kg

0.00979×10-27 kg軽くなってる！
8.80×10-13 ジュールのエネルギーに変換

E = mc2

核融合反応

陽 陽

中

軽⽔水素 重⽔水素 ヘリウム3

＋ 光子

軽い元素が合体してエネルギーを放出



陽 ＋
陽

中

0.00979×10-27 kg軽くなってる！
8.80×10-13 ジュールのエネルギーに変換

陽 陽

中

軽⽔水素 重⽔水素 ヘリウム3

＋ 光子

1モル(6.02×1023原⼦子)なら

5.90ミリグラム軽く 5.30×1011 ジュール
= 5.30×108 キロジュール



普通の燃焼（化学反応）と比べてみよう

キロジュール/モルC + O2 � CO2 + 407

H2 +
1
2
O2 � H2O + 286キロジュール/モル

炭素

水素

核融合反応はけた違いに効率がいい

核融合反応
+ 530000000 キロジュール/モルp + d ! 3He + �

※ 化学反応でも反応エネルギーの分だけ、ごくわずかだが質量変化がある
※ 原子爆弾・原子力発電所は核分裂反応、水素爆弾は核融合反応、福島第一原発で
起こった水素爆発は化学反応



核融合反応が
恒星(太陽を含む)の
莫大なエネルギー源

⽔水素 ⽔水素

重⽔水素 ⽔水素

ヘリウム3

⽔水素 ⽔水素

ヘリウム4

太陽内部の核融合反応



核融合反応が
恒星(太陽を含む)の
莫大なエネルギー源

1967年年
ノーベル物理理学賞

ハンス・ベーテ



地上に太陽を

核融合エネルギー

＋
中

陽 陽
中

重⽔水素 三重⽔水素 ヘリウム4

陽

中 中

陽

中 ＋ 中

中性⼦子

＋1.70×1012 ジュール/モル海水中に事
実上無尽蔵

リチウムと
中性子の反
応でできる



1 km

1 km

1 km

海水 ＝
世界の石油
埋蔵量の全
エネルギー



核融合エネルギー

•燃料料が海⽔水中に事実上無尽蔵にある
•CO2発⽣生量量が少ない（原⼦子⼒力力・⽔水⼒力力な
み）

•⾼高レベル放射性廃棄物がでない



核融合が難しいのは…

重⽔水素 三重⽔水素

陽

中 中

陽

中



核融合が難しいのは…

重⽔水素 三重⽔水素

＋

中 中

＋

中

プラスの電荷同⼠士で
反発してなかなか近
づかない

＋

中 中

＋

中

中

＋

中

⾼高速（⾼高温度度）にする必要

太陽の中⼼心温度度は1500万度度



⾼高出⼒力力⾼高エネルギーのレーザーを使って
物質を⾼高温⾼高密度度にし、核融合を起こす

レーザー核融合



燃料ペレット　直径約２ミリ

気体の重水素・三重水素
固体の重水素・三重水素

アブレーター
（CH + 2% Si）



四方八方からレーザーを照射

メガ(100万)ジュールのエネルギーを投入



アブレーター層の温度が急速に上昇しプラズマ化

膨張してふきとぶ



ロケットと同じ原理で核燃料が圧縮される

爆縮



核燃料を１億度、密度1000 g/cm3の状態に
水の1000倍、金の50倍

恒星の中心部と同様の高温高密度の状態

17ナノ秒(0.000000017秒)後



核融合反応が起こり、エネルギー生成



レーザー核融合の実現を目指して、1970年代から
ハイパワーレーザーの建設が始まる

• ローレンス・リバモア研究所（米）
• ロチェスター大学（米）
• 大阪大学
• ラザフォード・アップルトン研究所（英）
• National Ignition Facility (NIF) (米)

• Laser Mega-Joule (仏)
など



大阪大学 GEKKO(激光) XII

1983年完成 12ビーム



National Ignition Facility 米国国立点火施設
@ローレンス・リバモア研究所

アメフト場３つ分の大きさ

192本のレーザー
ビームを照射

35億ドル(2800億円)



すべての方向から正確に均一に圧縮しないとい
けない←これが難しい

軽い液体
（油など）

重い液体
（水など）



•高速点火
•間接駆動

これを乗り越えるために



四方八方からレーザーを照射



アブレーター層の温度が急速に上昇しプラズマ化

膨張してふきとぶ



ロケットと同じ原理で核燃料が圧縮される

爆縮



高強度のフェムト秒またはピコ秒
レーザーで点火を助ける



核融合反応が起こり、エネルギー生成



高強度のフェムト秒またはピコ秒
レーザーで点火を助ける

高速点火方式



ILE OSAKA

14

コーンの物理ー電子の加速

dmv

dt
= q(E + v × B)

V

B

v x BE

Laser Intensity Profile in cone target at t=16!

The focused intensity reaches 20 times larger than I0.

Z/"

X/"

Au cone increases the incident laser intensity.

Focused intensity reaches 1020 W/cm2

20 times larger than I0.

ILE Osaka

λ/X

λ/Y

電子の集中レーザー光の集中
ILE OSAKA

!"

Y/

Contour Level: 0-25 

Electron Energy Density ( -1)ne/nc at t=16

B fields, Rel. Electron Energy and Momentum Distributions in Cone Target

ILE  OSAKA

2MeV

Isosurface of |B|=0.06 B0 = 9MG  at  t=16 ,,,,        B0~150MG

X/

Laser E field
B

Laser E field

Sentoku, PoP04

電子加速の機構

2001年に、大阪大学レーザーエネルギー学研究
センターで、高速点火で核融合反応を起こすこ
とに成功

爆縮用
レーザー

9本
1ナノ秒

高速点火用
レーザー

250ミクロン

コアの部分は
密度50～70 g/cm3

温度数百万度
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中性子の発生
を確認



•高速点火
•間接駆動

これを乗り越えるために



金製のこの円筒容器の中に
燃料ペレットを入れる



円筒容器
（ホーラム） 燃料

ペレット
(18K)



燃料ペレット

レーザービームを円筒容器内部に照射



燃料ペレット

レーザービームを円筒容器内部に照射

Ｘ線イメージ



レーザーは内壁でほぼ100%の効率で
Ｘ線に変換される

1000兆ワット/cm2の高強度のＸ線が
均一に燃料を爆縮



間接駆動

爆縮まで17ナノ秒

ナノ＝10億分の1



National Ignition Facility 米国国立点火施設
@ローレンス・リバモア研究所

アメフト場３つ分の大きさ

192本のレーザー
ビームを照射

35億ドル(2800億円)



2012年7月5日 NIF

• 192本の紫外線レーザービーム照射

• 500兆ワットのレーザーパワー

• 185万ジュールのレーザー光エネルギー

• ビーム毎のエネルギー差は1%以内

のレーザーの目標達成



• 全米の消費電力の1000倍！

• 全世界の発電容量の150倍！

• 原子力発電所50万基分！

こんなに使ったら全世界が停電するはずでは？

ペタ＝1015＝1000兆

500兆ワット(0.5ペタワット)のレーザーパワー



エネルギー・パワー・強度度

10 cm
10 cm

10 cm ⽔水

温度を1度上げるのに必要
なエネルギー 
＝ 1 kcal 
＝ 4200 ジュール

10 cm
10 cm

10 cm ⽔水

1 m持ち上げるのに必要
なエネルギー 
＝ 2.3 cal 
＝ 9.8 ジュール



面積 A cm2

時間 t 秒
1秒

1秒あたりのエネルギー
＝パワー（出⼒力力、仕事率率率）

単位：ワット  (W)

単位⾯面積あたりに与えられるパワー  =  強度度（明るさ）
単位：W/cm2

同じエネルギーでも、かける時間によってパワーが違う
同じパワーでも、面積によって強度が違う

1 cm2

エネルギー



消費電力・レーザーのパワー

ワット＝ジュール/秒 ワット×秒＝ジュール

＝単位時間（秒）あたりのエネルギー

185万ジュール÷500兆ワット＝3.7ナノ秒
ナノ=10億分の1

60秒で400メガジュールの電気エネルギーを蓄える
6700キロワット 17,000世帯分の電力

スーパーコンピューター「京」の
使用電力は12700キロワット



185万ジュール ＝ 442 kcal

史上最⼤大のレーザー光のエネルギー

非常に短い時間（NIFの場合ナノ秒）に
集中させることで、莫大なパワー



2012年7月5日 NIF

• 192本の紫外線レーザービーム照射

• 500兆ワット(0.5ペタワット)のレーザー
パワー

• 185万ジュールのレーザー光エネルギー

• ビーム毎のエネルギー差は1%以内
のレーザーの目標達成

ペタ＝1015＝1000兆



いよいよ次の目標は

核融合で生まれた
エネルギー

燃料に与えられた
エネルギー

＞

の実現

2012/9/30まで実験が行われたが 失敗！
今のところ原因はよく分かっていない

コンピューターシミュレーションに問題？



2013年9月にレーザーパルスの時間波形を変えて再挑戦

the hohlraum13–16. Although the hotspot shape changes that result
from these wavelength changes can be predicted to some extent17, in
practice the precise wavelengths needed to achieve the desired (that is,
round) shape are found empirically. For N130927, the choice of
l23.5 2 l30 5 0.7 Å between the 23.5u and 30.0u inner-cone beams was
chosen for azimuthal symmetry control, with Dl23.5–outer 5 9.2 Å and
Dl30–outer 5 8.5 Å (the respective laser wavelength differences between
the 23.5u and 30u inner-cone beams and the outer-cone beams) used for
equatorial symmetry control (see Fig. 1 for beam angles). For N131119,
Dl23.5–outer 5 9.5 Å and Dl30–outer 5 8.8 Å. These wavelength choices
were critical for keeping the hotspot shape under control as the implo-
sion was pushed to higher velocities, because previous experiments had
already shown the tendency for the hotspot to deform into an oblate
toroidal shape when laser power was increased3. There are limits to the
amount of control that can be exerted over the hotspot shape just

through wavelength changes alone, and physical changes to the hohl-
raum may also be required in future experiments to maintain hotspot
(and fuel) shapes that will achieve the desired results.

We used a gold hohlraum of 5.75-mm diameter and 9.425-mm
length, which are typical values in most high-foot cryogenic D–T
implosion experiments (Fig. 1). The same hohlraum geometry was
used during the NIC for most of the low-foot shots. As is typical for
the high-foot series, the hohlraum was filled with helium gas of 1.6 mg
cm23 density (as compared with 0.96 mg cm23 for the NIC), the pur-
pose of which is to restrict and delay ingress of gold plasma from the
inside wall of the hohlraum, which can impede laser beam propaga-
tion. The plastic capsule at the centre of the hohlraum for N130927 and
N131119 respectively had outer-shell radii of 1.1315 and 1.1241 mm
and inner-shell radii of 0.9365 and 0.9303 mm (Fig. 1). Layered on the
inner surface of the capsule shell for N130927 and N131119 were 71.4
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Figure 1 | Indirectly driven, inertially confined fusion target for NIF.
a, Schematic NIF ignition target showing a cut-away of the gold hohlraum and
plastic capsule with representative laser bundles incident on the inside surface
of the hohlraum. b, X-ray image of the actual capsule for N130927 with D–T

fuel layer and surrounding CH (carbon–hydrogen) plastic ablator. c, X-ray
radiation drive temperature versus time for the NIC low-foot implosion and the
post-NIC high-foot implosion.

Table 1 | Measured and derived implosion performance metrics
Quantity N131119425 TW

1:9 MJ N130927390 TW
1:8 MJ

N13092725 N13092726 N130927 (sim.)

Y13–15 (neutron) (5.2 6 0.097) 3 1015 (4.4 6 0.11) 3 1015 — — 7.6 3 1015

Tion (keV) D–T 5.0 6 0.2 4.63 6 0.31 — — 4.2
Tion (keV) D–D 4.3 6 0.2 3.77 6 0.2 — — 3.9
DSR (%) 4.0 6 0.4 3.85 6 0.41 — — 4.1
tx (ps) 152.0 6 33.0 161.0 6 33.0 — — 137
P0x, P0n (mm) 35.8 6 1.0, 34 6 4 35.3 6 1.1, 32 6 4 — — 32
P2/P0x 20.34 6 0.039 20.143 6 0.044 — — —
P3/P0x 0.015 6 0.027 20.004 6 0.023 — — —
P4/P0x 20.009 6 0.039 20.05 6 0.023 — — —
Ytotal (neutron) 6.1 3 1015 5.1 3 1015 — — 8.9 3 1015

Efusion (kJ) 17.3 14.4 — — 25.1
rhs (mm) 36.6 35.5 34.4–42.3 35.7–36.0 32.2
(rr)hs (g cm22) 0.12–0.15 0.12–0.18 0.13–0.19 0.1–0.14 0.15
Ehs (kJ) 3.9–4.4 3.5–4.2 3.7–5.5 3.71–4.56 4.1
Ea (kJ) 2.2–2.6 2.0–2.4 2.0–2.4 2.0–2.5 2.8
EDT,total (kJ) 8.5–9.4 10.2–12.0 10.0–13.9 10.92–11.19 13.4
Gfuel 1.8–2.0 1.2–1.4 1.04–1.44 1.28–1.31 1.9

Lines 1–9 for columns 2 and 3 are directly measured quantities; others are derived from the data. Columns 4–6 show results from two data-driven models and simulation, respectively.
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tx the hotspot number density can be calculated:

n~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Efusion

7:04|10{13 svh iVhstx

s

For N130927, n 5 8.1 3 1024–1.2 3 1025 cm23, a value that also pro-
vides the hotspot mass density (assuming a pure D–T hotspot, with
average atomic mass number !A~2:5 for D–T), rhs 5 34–50 g cm23;
the hotspot mass, mhs 5 rhsVhs 5 6.4–9.4mg; and the areal density,
(rr)hs (Table 1).

A number of quantities describing the implosion energetics now
straightforwardly follow. The hotspot pressure can be obtained from
Phs~ !Zz1ð ÞrhsTion=!A (!Z~1 for D–T), yielding Phs 5 126–152 Gbar.
The hotspot energy is then Ehs~(3=2)PhsVhs (Table 1). The fraction,
fa, of a-particle energy deposited into the hotspot can be calculated
from a classic formula23

fa~1{
1

4 rrð Þhs

"
rla

# $z 1

160 rrð Þhs

"
rla

# $3

where the a-particle stopping range can be found from24

rla~
0:025T5=4

e

1z0:0082T5=4
e

ð3Þ

in base units of centimetres, grams, and kiloelectronvolts. For N130927,
fa5 0.68–0.82. The energy deposited in the hotspot by a-particles is
Ea5 faEfusion/5, recalling that one-fifth of the D–T fusion energy is
emitted in the form of a-particles (the remaining a-particle energy is
deposited into the cold fuel). We note that, using the values found in
Table 1, Ea/Ehs < 0.56. These energies fully describe the hotspot, but part
of the implosion energy was used to compress the remaining cold D–T
fuel and so we must examine the fuel to get a full picture of the implosion
energy balance.

Because the D–T hotspot is formed by ablating the inner surface of
the cold D–T fuel as electron conduction transports heat from the
forming hotspot into the fuel, we can calculate the amount of D–T
fuel remaining after the hotspot has formed because we know the

initial amount of D–T ice layered onto the inside of the capsule,
m0 5 186mg (for N130927): mfuel 5 m0 2 mhs 5 176–179mg. The cold
D–T fuel mass forms a shell surrounding the hotspot with volume
Vfuel~(4p=3) r3

out{r3
hs

% &
, where rout is the unknown outer fuel radius.

Because mfuel~4p
Ð

rfuelr
2 dr and the measured DSR provides a way

to obtain the fuel density, rfuel, from rrð Þfuel~
Ð

rfuel dr, by assuming a
fuel profile we can solve for both the fuel layer thickness, rout 2 rhs, and
density rfuel (Methods). We find that

rout{rhs~2s~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mfuel

2p rrð Þfuel
{r2

hs

r
{rhs ð4Þ

with a Gaussian density profile

r(r)~(rr)fuel
exp½{(r{r0)2=2s2$ffiffiffiffiffi

2p
p

s

where r0 is the radius of peak fuel density. For N130927, rout 2 rhs 5
14.7–15.3mm, rfuel 5 385–402 g cm23 and Vfuel 5 (3.0–3.2) 3 105mm3.
The fuel outer radius from these arguments, rout 5 50.8mm (at 50%
rfuel), is close to that obtained directly from the down-scattered neutron
image (Fig. 2), where P0 5 55.4mm (at 17% of maximum intensity). By
this time of peak compression, the D–T fuel density has increased by a
factor of more than 1,500. The fuel density is not required for calculating
the fuel energy, but it can be used to estimate the adiabat of the fuel (at
bang-time) assuming that the cold fuel and the hotspot are isobaric
(Pfuel < Phs), in which case we find that a~Pfuel=PF<Phs=0:0021r

5=3
fuel 5

2.9–3.3 for N130927—the fuel adiabat in flight is lower than this range of
values. The fuel density is also needed to calculate the X-ray losses through
the fuel.

As the hotspot is compressed to high temperatures, the primary
energy loss mechanism is bremsstrahlung X-ray emission because
the D–T hotspot is optically thin to these X-rays. The bremsstrahlung
energy loss is calculated to be24

Ebrems (kJ)~5:34|10{34n2
hs

ffiffiffiffiffi
Te

p
Vhstx

in base units of centimetres, kiloelectronvolts and seconds. For N130927,
Ebrems 5 2.3–4.5 kJ, the low end of which is nearly equivalent to the
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Figure 3 | Yield and energetics metrics for shots on the NIF. Total fusion
yield is plotted versus shot number (that is, time). Shots 110608–130331 are
low-foot shots. Shots 130501–131119 are high-foot shots. The bars showing
total yield are broken into components of yield coming from a-particle self-
heating and yield coming from compression. The black dashes denote the
energy delivered to the D–T (fuel plus hotspot) with error bars (black vertical

lines, 1s) as calculated from the model of ref. 25. The plot shows that, even with
the uncertainty in our results, shots 130927 and 131119 both yielded more
fusion energy than was delivered to the D–T. Inset, ratio of self-heating yield to
compression yield versus generalized Lawson criterion (GLC). All error bars,
1s.
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and, respectively, 69.3mm of cryogenic D–T ice that was held at 0.8 K
below its triple point for a shot temperature of 18.6 K, like all high-foot
D–T shots. This ‘mini-quench condition’ generally produces an ice
layer with fewer ice cracks than that produced by a full quench18.
Characterization of the capsule surface showed a roughness typical
of implosion capsules for NIF, and characterization of the D–T ice
showed a roughness well within requirements. The very high quality of
the D–T ice layer on N130927 was probably not a significant factor in
its performance because the third-best shot on the NIF (N130812) had
an ice layer that was somewhat worse (with greater surface roughness)
than average. The quality of the D–T layer for N131119 was between
the qualities of the layers for N130812 and N130927.

Table 1 shows the key measurements and performance metrics for
NIF shots N130927 and N131119. Key measured quantities are the
neutron yield, Y13–15, in the 13–15-MeV energy band around the char-
acteristic 14.1-MeV D–T fusion neutron energy; the burn-averaged ion
temperature, Tion; the neutron and X-ray burn widths, respectively tn

and tx; the down-scatter ratio (DSR); and the time of peak neutron
brightness, or ‘bang-time’, tb. On the NIF, Y13–15 is an average of many
diagnostics, including four neutron time-of-flight (NToF) detectors19,
numerous radiochemical activation measurements20 and a magnetic
recoil spectrometer21. The temperature Tion is directly related to the
temporal spread obtained from the full-width at half-maximum of the
NToF detectors. A temporal c-ray history gives tn (for the high-foot
experiments, tx and tn are consistent to within their errors). The DSR
comes from measuring, via NToF and the magnetic recoil spectro-
meter, the number of neutrons scattered into the energy range 10–
12 MeV, and is directly related to the areal density of the cold D–T fuel,
(rr)fuel < 20.3f 3 DSR (where f depends upon the amount of ablator
mass remaining but is typically 0.95 6 0.05 (ref. 21 and B. K. Spears,
personal communication)). Other diagnostics such as X-ray imaging
and neutron imaging (Fig. 2) give information on the shape of the
implosion.

In what follows, we will use the aforementioned observables, which
are measured over the duration of the fusion burn, to infer the amount
of energy that was deposited into the D–T (both fuel and hotspot), to
make a comparison with the amount of energy generated from fusion.
The details of the analysis will focus on N130927; the results for
N131119, which exceeded the performance of N130927, are quoted
in Table 1. The analysis outlined in this letter uses an essentially one-
dimensional ‘onion-skin’ picture with a hotspot of uniform density

and temperature surrounded by the fuel (with Gaussian or uniform
radial density profile), although the observed three-dimensional hot-
spot shape information is used to obtain the hotspot volume. Also, an
assumption of approximately equal ion and electron temperatures,
Tion < Te, is made and can be justified post hoc using an expression
for the electron–ion collision time after the hotspot density is obtained.
Analytical and simulation results based on less simplified assumptions
are also quoted in Table 1 for comparison with what is detailed below.

By analysing the observed hotspot shape (Fig. 2) in terms of Legendre
modes (equatorial view, lines 6–9 of Table 1) and Fourier modes (polar
view), where the hotspot perimeter, as defined by the 17%-of-peak-
brightness contour, is given by

Rhs hð Þ~P0 1z
X?

‘~2

P‘
P0

! "
P‘ cos hð Þ

" #

ð2Þ

where P‘(cos h) is the Legendre function, we obtain the hotspot volume,
Vhs (Methods), and the effective spherical radius, rhs 5 (3Vhs/4p)1/3.
(We note that there is no absolute reference for the X-ray or neutron
images, and so mode ‘5 1 is not included in the shape description.
However, ‘5 1 and m 5 1 motions can be obtained from the NToF
detectors.) The total neutron yield, Ytotal, can be calculated from
Ytotal 5 Y13–15exp(4DSR), which accounts for the neutrons produced
but then scattered out of the measured 13–15-MeV energy band by
the cold and dense D–T fuel. Because for D–T fusion reactions the
energy per fusion is known (14.1 MeV per neutron and 3.5 MeV per
a-particle), Efusion, the total fusion energy produced, can be calculated
from Ytotal.

From the measured Tion, the D–T reaction rate per unit volume, Æsvæ,
can be calculated using standard formulae22 (Methods). For N130927,
Æsvæ 5 4.75 3 10218–1.03 3 10217 cm3 s21 The range of values is dri-
ven by the measurement uncertainty in Tion. The reported Tion values
are actually averages over several detectors. The observed spread in the
individual detector Tion interpretations indicates some motional
broadening contribution, which suggests that the lower temperature
is more representative of the thermal temperature. Throughout this
Letter, the uncertainty ranges given for values for all quoted quantities
are driven by the uncertainty in Tion.

For a 50:50 D–T mix the fusion power density is _DT~7:04|
10{13n2 svh i in joules per cubic centimetre per second, where n is the
yet-unknown number density of the fusing region. From Efusion, Vhs and
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Figure 2 | X-ray and neutron images of the hotspot at bang-time.
a, Equatorial (side-on) and polar (top-down) views of the hotspot shape for
N130927. Kapton is the filter material in the imaging system that allows
transmission of X-rays with energies of more than 6 keV. b, As in a, but for
N131119. In these X-ray images, the contour shown in white is taken at the
17%-peak-brightness level (the colour scales show the brightness in arbitrary
units) and is used to obtain a description of the shape in Legendre modes

(equatorial view) and Fourier modes (polar view). c, Three-dimensional
reconstructions of the hotspots. d, Superposition of direct (13–17 MeV) and
down-scattered (6–12 MeV) neutron images from N130927 and N131119.
(X-ray image analysis courtesy of N. Izumi, S. Khan, T. Ma and A. Pak of the
NIF Shape Working Group; neutron image analysis courtesy of D. Fittinghoff,
G. Grim, N. Guler and F. Merrill of the NIF Neutron Imaging System Working
Group.)

LETTER RESEARCH

2 0 F E B R U A R Y 2 0 1 4 | V O L 5 0 6 | N A T U R E | 3 4 5

Macmillan Publishers Limited. All rights reserved©2014

爆縮時のホットスポット

X線 中性子再現図



レーザー核融合をめざして開発
された高出力高エネルギーのレ
ーザーは核融合以外の研究にも
使われはじめている



１億度、密度1000 g/cm3の状態に
水の1000倍、金の50倍

恒星の中心部と同様の高温高密度の状態

1000億気圧



１億度、密度1000 g/cm3の状態に
水の1000倍、金の50倍

恒星の中心部と同様の高温高密度の状態

星の内部を研究する実験室

実験室宇宙物理学

1000億気圧



• 恒星の構造や中心部の状態

• 惑星の構造や中心部の状態

• 宇宙化学

• 超新星爆発

実験室宇宙物理学

1849個の太陽系外惑星が見つかっている(2014/11/2現在)
地球の内部は地震波で調査。この方法は他の惑星には使えない。

星間物質や生命の起源



すべての方向から正確に均一に圧縮しないとい
けない←これが難しい

軽い液体
（油など）

重い液体
（水など）

超新星爆発でも同様の不安定性が生じる

核融合用レーザーで研究できると期待



恒星や惑星の内部の状態を知るには、高温高圧
高密度の極限状態の物質の

• 状態方程式（温度と圧力と密度の関係）

• オパシティ（不透明度）

• 核融合反応の進む速さ

理想気体なら　圧力＝定数×密度×温度　だが…

核融合燃料がどのように爆縮されるかにも関係

核融合反応の量に対して、星の温度と明るさが
どれぐらいになるかを知る鍵



想像されている⽊木星の内部…はっきり分かっていない

　　木星や土星に地面はあるか？
　　　　　天王星の中心部はダイアモンドか？

底では300万気圧

底では3600万気圧

これ（地面）があるかは状態方程式しだい
木星の寿命も状態方程式しだい



これまでは理論計算するしかなかった
状態方程式によって答が大きく異なる

木
星
の
コ
ア
の
質
量

÷
地
球
の
質
量

木星の重元素の質量÷地球の質量

レーザーによる実験がはじまっている



10.400 !m /ns per fringe for quartz. Postprocessing of the
VISAR images using Fourier transform methods determines
the fringe position to "5% of a fringe; the resulting veloci-
ties are measured to around 1% precision since shock speeds
are high enough to cause multiple fringe shifts. The probe
source was an injection-seeded Q-switched yttrium-

aluminum garnet laser, operating at a wavelength of 532 nm
with a pulse length of !25 ns. Streak cameras with temporal
windows of between 3 and 10 ns were used to detect the
reflected probe signal. The time resolution of the VISAR and
streak camera system was !40 ps.

Shock velocities in aluminum "UsAl# and deuterium "UsD#
represent the primary experimental observables for the
impedance-matching calculations. These velocities must be
taken immediately before and after the shock wave crosses
the Al-D2 interface for the impedance-matching condition to
apply; otherwise, corrections must be made for shock un-
steadiness effects as was done in the experiments using the
unsteady convergent geometry.28–31 To address this issue, we
developed an approach53 to measure both UsAl and UsD at
shock breakout using the continuous time-resolved readout
provided by the VISAR combined with a quartz witness
plate mounted on the Al pusher $see Fig. 2"a#%. The VISAR
simultaneously measures both the quartz "UsQ# and deute-
rium "UsD# shock velocities at breakout from the aluminum
$see Figs. 2"b# and 2"c#%; subsequent unsteadiness in the
shock velocities does not affect the results since it is only the
velocity at breakout that is required "shock accelerations at
breakout varied between −0.2 and −4.2 km /s ns#. Then, us-
ing the previously established relationship $see Fig. 2"d# and
discussion below%, UsAl is determined directly from the mea-
sured UsQ. This provides an entirely VISAR-based
impedance-matching measurement and avoids the larger er-
rors typically incurred by a transit time measurement. In
these single shock measurements there is no need to use EOS
models or hydrodynamic codes to correct the observables, as
was done to account for the density profile of the Al flyer in
the magnetic-flyer experiments,26,27 or the shock steadiness
and curvature effects, as was done in the convergent geom-
etry experiments.28–31

The linear relationship between UsAl and UsQ was estab-
lished in a previous set of experiments53 for the range 200
# PQ#1500 GPa, as shown in Fig. 2"d#. The Al-quartz data
were best fit with UsAl=a0+a1"UsQ−$#, where $=20.57,
a0=21.14 km /s, and a1=0.91. The uncertainty in this fit is
given by %UsAl= $&a0

2 + "UsQ−$#2&a1
2 +a1

2%UsQ
2 %1/2, where &a0

=0.12, &a1=0.03, and %UsQ is typically !1%. The resulting
%UsAl is also !1% because the uncertainty of the linear fit
"over 23 data points# is significantly less than the uncertainty
of a single data point. It is important to emphasize that the
quartz thus serves only as a calibrated gauge; no details
about its high-pressure properties "such as its release behav-
ior# are required beyond this correlation between single
shock velocities in aluminum and quartz.

IV. DATA REDUCTION

A. Impedance-match analysis

IM "Refs. 54 and 55# is the calculational procedure used
to extract the deuterium particle velocity "UpD#, pressure
"PD#, and compression "'D# from the experimental observ-
ables: UsAl and UsD. This requires knowing both the principal
Hugoniot and the release curves of the standard material
"Al#. We have constructed an IM method using a best fit to
high-pressure Al data which allows errors in both the Hugo-

Aluminum

Quartz
“witness plate”

Laser
Drive

D2

Window

VISAR

D2

QuartzQuartz

(b)(b)

(a)(a)

(c)(c)

(d)(d)

D2

QuartzQuartz

FIG. 2. "Color# "a# Sketch of the target used for single shock
measurements. "b# A line VISAR data record showing simultaneous
shocks in D2 and quartz. "c# Sample shock velocity history in deu-
terium and quartz with dotted lines representing measurement er-
rors. The shock velocity in aluminum immediately before breakout
is then determined from the measured shock velocity in quartz im-
mediately after breakout using the previously determined experi-
mental fit shown in "d# "Ref. 53#.
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method described in Sec. IV B. These adjustments result in
very small corrections to data from other experiments using
liquid samples. For example, the data from Z, taken at !0
=0.167 g /cm3 becomes stiffer by around 1% in compress-
ibility. However, the data from nonliquid samples, which
have considerably larger differences in initial density, un-
dergo around 5% changes in compressibility. Data from solid
deuterium samples28,29 !!0=0.199 g /cm3" become softer41

while data from gas samples30 !!0=0.153 and 0.134 g /cm3"
appear stiffer. Note that, by necessity, pressures are also
changed slightly by this correction. The values of the re-
quired "C0 corrections for each experimental point are listed
in Table I along with the final adjusted pressure !PDcorr

" and
compression !#Dcorr

".
Below 110 GPa, the data reported here are consistent with

all previously reported IM results which show a stiff re-
sponse for deuterium. The inferred 4.0–4.5-fold deuterium
compression disagrees with four data points from the Nova
absolute data in the range 50$ PAl$100 GPa which show a
softer response. Above 110 GPa the centroid of our data
exhibits a softening up to fivefold compression, remaining
between 4.5 and fivefold compressions up to above 200 GPa.
This is systematically stiffer than the sixfold compression
observed in the Nova radiography experiments. After cor-
recting for initial density effects, several convergent-
explosive points cluster between 100 and 110 GPa, with one
point29 suggesting a softening to #=4.5. No published

FIG. 6. !Color" Raw data for D2 impedance-match experiments
with Al as the standard. Data are from Knudson et al. !Ref. 27".
!open red triangles", Belov et al. !Ref. 28", Boriskov et al. !Ref. 29"
!inverted black solid triangles", Grishechkin et al. !Ref. 30" !open
green squares, with two points overlapped on this plot", and this
work !open blue circles". The solid !dashed" curve is a prediction
from the Ross !Sesame72" model when impedance matched to our
best fit Al impedance-match model. This plot provides the closest
comparison of raw experimental observables among all the
impedance-match experiments.

FIG. 7. !Color" Us versus Up data for the deuterium principal
Hugoniot. Impedance-match results from Knudson et al. !Refs. 26
and 27" !red triangles", Belov et al. !Ref. 28", Boriskov et al. !Ref.
29" !inverted black solid triangles", Boriskov et al. !Ref. 31" !in-
verted black open triangles", Grishechkin et al. !Ref. 30" !open
green squares", and this work !solid blue circles". Absolute Hugo-
niot measurements are from Da Silva et al. !Ref. 23" and Collins et
al. !Refs. 24 and 25" !gray diamonds". Solid !dashed" curve shows
the Hugoniot predicted by the Ross !Ref. 10" !Sesame72 !Ref. 8""
model. Error bars for the impedance-match data represent the
quadrature sum of the random and systematic errors in the
impedance-match analysis.

FIG. 8. !Color" Pressure versus compression for single shock
measurements of the deuterium Hugoniot. Impedance-match results
from Knudson et al. !Refs. 26 and 27" !red triangles", Belov et al.
!Ref. 28", Boriskov et al. !Ref. 29" !inverted black solid triangles",
Boriskov et al. !Ref. 31" !inverted black open triangles", Grishech-
kin et al. !Ref. 30" !open green squares", and this work !open blue
circles". Absolute Hugoniot measurements are from Da Silva et al.
!Ref. 23" and Collins et al. !Refs. 24 and 25" !gray diamonds". Solid
!dashed" curve shows the Hugoniot predicted by the Ross !Ref. 10"
!Sesame72 !Ref. 8"" model. For proper comparison, impedance-
match data from all experiments have been !i" analyzed using the
same Al model !as described in this paper" and !ii" normalized to
the initial density of !00=0.174 g /cm3 used in this experiment.
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NIFではダイアモンドを5テラパスカルに圧縮
（5千万気圧）

LETTER
doi:10.1038/nature13526

Ramp compression of diamond to five terapascals
R. F. Smith1, J. H. Eggert1, R. Jeanloz2, T. S. Duffy3, D. G. Braun1, J. R. Patterson1, R. E. Rudd1, J. Biener1, A. E. Lazicki1, A. V. Hamza1,
J. Wang2, T. Braun1, L. X. Benedict1, P. M. Celliers1 & G. W. Collins1

The recent discovery of more than a thousand planets outside our
Solar System1,2, together with the significant push to achieve inertially
confined fusion in the laboratory3, has prompted a renewed interest
in how dense matter behaves at millions to billions of atmospheres of
pressure. The theoretical description of such electron-degenerate mat-
ter has matured since the early quantum statistical model of Thomas
and Fermi4–10, and now suggests that new complexities can emerge at
pressures where core electrons (not only valence electrons) influence
the structure and bonding of matter11. Recent developments in shock-
free dynamic (ramp) compression now allow laboratory access to this
dense matter regime. Here we describe ramp-compression measure-
ments for diamond, achieving 3.7-fold compression at a peak pres-
sure of 5 terapascals (equivalent to 50 million atmospheres). These
equation-of-state data can now be compared to first-principles density
functional calculations12 and theories long used to describe matter pres-
ent in the interiors of giant planets, in stars, and in inertial-confinement
fusion experiments. Our data also provide new constraints on mass–
radius relationships for carbon-rich planets.

Mass–radius data for extrasolar planets combined with equation-of-
state (EOS) models for constituent materials reveal that matter at pres-
sures of several terapascals is quite common throughout the Universe1,2,13.
At several terapascals, matter is approaching an atomic-scale pressure
(for example, the quantum-mechanical ‘pressure’ that counteracts the
electrons’ Coulomb attraction in a Bohr atom), at which material struc-
ture and chemistry, and even the properties of atoms themselves, are
expected to change11. Recent density functional theory (DFT) calculations
predict that in several materials electrons become localized at terapascal
conditions, with structural and electronic complexity unexpected from
quantum statistical models (such as that of Thomas and Fermi)12.

Experimental access to multi-terapascal conditions is now possible
with dynamic ramped compression. Dynamic compression is necessary
to achieve atomic-scale pressures, conditions far beyond those acces-
sible in static experiments14. Ramp compression produces less dissipa-
tive heating, thus enabling higher compression and lower temperature
than does shock compression15. However, ramp compression is unstable
relative to a shock because sound velocities typically increase with pres-
sure, so precise control of the applied pressure-loading history is required
to achieve high pressures without shock formation.

The National Ignition Facility, a 2-MJ laser designed to create ther-
monuclear fusion in the laboratory3, offers the energy and control nec-
essary to ramp compress matter to several terapascals. Here we describe
ramp-loading measurements on carbon to 5 TPa, with stress, density
and sound speed determined for the entire compression path. These
unprecedented conditions provide experimental constraints on the car-
bon EOS at pressures more than thirty times that of previous static-
compression measurements, and where state-of-the-art DFT coincides
with modern versions of the quantum-statistical Thomas–Fermi model,
originally developed early in the past century to describe matter at extreme
compressions.

In these experiments, 176 laser beams deliver a total peak power of
2.2 TW, with accuracy of better than 1% in power and 0.02 ns in time,
over a duration of 20 ns. The light hitting a target (indirectly) creates an

ablatively driven pressure wave in the sample (Fig. 1), and—because pres-
sure scales as the 7/8th power of the laser intensity16—the pressure is
controlled to better than 1%. Samples consist of nanocrystalline dia-
mond, shaped with steps so that the pressure-wave transit across four
different thicknesses is recorded for each experiment. Response of the
sample is characterized by velocity interferometry (VISAR), which records
the velocity of the sample’s free (back) surface as it is engulfed by the
pressure wave (Fig. 1). Iterative Lagrangian analysis is used to translate
these velocity data into a stress–density relation that quantifies the load-
ing path (Fig. 2)17. These data are absolute—not referenced against a

1Lawrence Livermore National Laboratory, PO Box 808, Livermore, California 94550, USA. 2Department of Earth and Planetary Science, Department of Astronomy and Miller Institute for Basic Research in
Science, University of California, Berkeley, California 94720, USA. 3Department of Geosciences, Princeton University, Princeton, New Jersey 08544, USA.
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Figure 1 | Velocity interferometry for ramp compressed diamond. Top,
the temporally resolved velocity interferometry record. Bottom, derived
free-surface velocity ufs versus time. The target (inset) consists of a gold cylinder
(hohlraum) 6 mm in diameter by 11 mm long, inside which the 351-nm-
wavelength laser light (purple beams) is converted to X-ray energy that is
absorbed by the diamond sample attached to the side of the hohlraum. The
X-rays ablate and ramp-compress the sample, and the free-surface velocity
is recorded for four thicknesses of diamond: 140.0mm (red line), 151.7mm
(blue line), 162.6mm (black line) and 172.5mm (green line) (see Methods).
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standard—which is important for quantifying the EOS and bench-
marking condensed-matter theories in the terapascal regime.

In detail, we initiate loading with a shock wave of approximately 0.1 TPa,
before the onset of the main ramp compression (Fig. 1). Such pre-ramp
loading of diamond produces a more fluid-like (strength-free) state18,
which is important for reducing the dissipative heating that can limit
compression. Longitudinal stress (Px)—not pressure—is shown in Fig. 2,
because our one-dimensional loading method creates a uniaxial strain
that relaxes towards an isotropic state.

A typical record (Fig. 1) shows a free-surface velocity profile ufs(t),
characterized by an initial shock to 4.1 km s21, followed by a fast rise and
plateau at 7.2 km s21, and subsequent ramp compression to 46.6 km s21

(3.7 TPa). Our analysis yields the Lagrangian sound speed (CL) and Px

as functions of density r from the measured ufs(t) (Fig. 2)17. In all, three
experiments yielded CL(r) and Px(r) to peak stresses of 2.7 TPa, 3.7 TPa
and 5 TPa, respectively. CL decreases abruptly at ufs 5 4.1 km s21, cor-
responding to a longitudinal stress of Px, limit 5 0.11 TPa, which we inter-
pret to be the dynamic strength (elastic limit) of diamond. This also shows

up as the slight deviation in the stress–density relation near 0.11 TPa
(Fig. 2, inset). Hydrodynamic simulations indicate that the rapid rise
and plateau in ufs(t) at 7.2 km s21 corresponds to a reverberating com-
pression wave within the intermediate Au layer (Fig. 1).

These new data are compared to several carbon EOS models in the
multi-terapascal regime (Fig. 2, Extended Data Fig. 1, Extended Data
Table 1, and Methods). A cold curve derived from first-principles DFT12

is in good agreement with a Mie–Grüneisen reduction and extrapola-
tion of shock-Hugoniot data collected to 2 TPa. Also shown are the cold
curve formulations from Vinet19 and Birch–Murnaghan20 each fitted to
existing diamond anvil cell data21,22. (Even at these extreme pressures,
the differences between the room-temperature isentrope and isotherm
and the cold curve (0 K) are indistinguishable on this scale, so for con-
sistency, we refer below simply to the cold curve.) For reference, the
Hugoniots calculated from both DFT (solid red line) and a Mie–Grüneisen
model (solid orange line) are shown in Fig. 2b. The DFT Hugoniot pre-
dicts carbon to be liquid and much less compressible than the DFT cold
curve for stresses above about 1 TPa. The differences between the cold
curves (grey band) and Hugoniots (orange band) in Fig. 2b illustrate
the uncertainties in using prior data for extrapolating the carbon EOS
into the terapascal regime.

The cold curve calculated by DFT shows a sequence of phase transfor-
mations: diamond to BC8 (body-centred cubic Ia!3) (at ,0.99 TPa), BC8
to simple cubic (at ,2.7 TPa)12, which are apparent in stress–density curves
as stress plateaus corresponding to increased densities (Fig. 2b). No such
stress plateaus are apparent in our data. Although phase-transformation
kinetics can smooth such features23, determining whether or not these
phase transformations occur will require further work24. Metadynamics
calculations for carbon do indicate that the diamond-to-BC8 transition
kinetics may be quite slow25.

Static compression and elasticity measurements21,22 up to their highest
pressures (0.15 TPa) are indistinguishable from the DFT cold curve and
standard EOS model fits to the data (Vinet and Birch–Murnaghan). How-
ever, when extrapolated to 5 TPa these models differ by about 20% in
density (Fig. 2 and Fig. 3, inset). Our data lie between these cold curve
calculations.

Also consistent with the DFT cold curve are the gradient-corrected
(TFD-W) and the gradient-and-correlation-corrected (TFD-Wc) Thomas–
Fermi–Dirac EOSs between about 2 TPa and 5 TPa (Fig. 2)9. This agree-
ment is notable because the statistical-atom model considers neither
crystal structure nor orbital information, whereas DFT includes both.
This agreement may be partly fortuitous, because carbon might not yet
be in its densest crystal structure at these pressures, and the deviation
of statistical-atom theories is towards predicting densities that are sys-
tematically too low.

Our ramp data achieve higher density than the shock Hugoniot, con-
sistent with temperatures being lower for ramp compression versus shock
compression15,26. Moreover, these new data are somewhat less compress-
ible than cold-isothermal compression calculations with DFT over most
of the pressure range studied, and modern Thomas–Fermi–Dirac for-
mulations (TFD-W and TFD-Wc). We expect that the overlap of the
ramp compression data with the older uncorrected Thomas–Fermi–
Dirac data in the 2–3 TPa regime is fortuitous. Sample temperature, mate-
rial strength18 and phase transformation kinetics23 can each cause a less
compressible stress–density path with respect to the cold curve, so these
data should be considered an upper bound for such comparison. Indeed,
further study is needed to obtain a better understanding of the differences
between theory and experiment and to develop measurement techniques
(such as for temperature and structural determination) with which to
explore this new extreme matter regime.

The experimental techniques developed here provide a new capability
to experimentally reproduce pressure–temperature conditions deep in
planetary interiors. Carbon is the fourth most abundant element in the
cosmos and has a potentially important role in many types of planets,
both within and outside the Solar System. One proposed group of super-
Earth exoplanets (1–10 Earth masses in size) are those enriched in carbon,
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Figure 2 | Ramp compression stress and sound velocity measurements.
a, Lagrangian sound velocity CL versus density. b, Longitudinal stress Px versus
density. Three experiments (pink, light-green and grey lines) yield CL data
and their average (dark blue line), which are used to determine Px–density17

(dark blue line in b). Error bars, 1s. Model comparisons include DFT (solid
red line)10 and Mie–Grüneisen (solid orange line) Hugoniots (density
correction discussed in Methods); cold curves from DFT12 (red dashed line),
statistical-atom models (TF, TFD, TFD-W and TFD-Wc as green dotted, short
dashed, long dashed and solid lines)9, and Vinet19 (grey dot-dashed line)
and Birch–Murnaghan20 (grey dashed line) EOS fits to static data21,22.
Pressure-scale-corrected21 static diamond anvil cell (DAC) data22 are green
circles. Shaded regions between cold curves (grey) or Hugoniots (orange) show
roughly the range of uncertainty in the EOS in this terapascal regime. Central
pressures for Earth, Neptune and Saturn are shown for reference. The inset
highlights the differences in the models at low pressure.
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レーザーを使って極限状態
の物質を研究する時代が始
まっている



レーザーのパワーの記録の例

NIF 1.25ペタワット(1996年)

1.5ペタワット(2012年)韓国

阪大 1ペタワット(2002年)

核爆弾を除けば、

人工的に作れる最大のパワー

ナノ(10-9)秒

30フェムト(10-15)秒

ペタ＝1015＝1000兆



1ペタワットのレーザー光を集光すると…

波⻑⾧長（おおざっばにいって1ミクロン）ぐらいのサイズ
まで集光できる 1015 W ÷ (10-4 cm)2 = 1023 W/cm2 

実際の記録(2008年年) 2×1022 W/cm2 

地球表⾯面での太陽光 0.075 W/cm2 

太陽の全エネルギーを約１平⽅方メートルの
⾯面積に集中させたのと同程度度



Canberra Deep Dish Communications ComplexSolar cooker



• レーザーを使った素粒子加速器(10 GeV)

• アト秒レーザー
• 核物理研究
• 超高強度レーザー

ヨーロッパの新しい⼤大規模レーザープロジェクト

Extreme Light Infrastructure (ELI)

最終⽬目標は 200ペタワット, 1025～1026 W/cm2 

太陽の全エネルギーを約１平⽅方センチの⾯面
積に集中させたのと同程度度



超新星爆発のエネルギー 　1038  W
>  銀河系のすべての星の合計

超新星の半径 　10  km  =  106  cm
1038  W  ÷  (106  cm)2  =  1026  W/cm2  

宇宙を探してもまれにしか存
在しないエネルギー強度度！

素粒子物理の基礎研究が
期待されている



真空は真に空か
から

素粒子物理・宇宙物理の最も根源的な疑問の１つ



＋ー

次から次へと（仮想の）電⼦子と陽電⼦子のペアが
誕⽣生しては⼀一瞬で消えている

陽電⼦子…電⼦子の反粒粒⼦子（ガンの診断(PET)にも使われている）

⽣生まれてもすぐ⼀一瞬(0.001アト秒=10-‐‑‒21秒ぐ
らい)で消えるので⾒見見ることができない

＋ー

※物理現象の最小時間単位は5×10-44秒（プランク時間）という説が有力



ー＋

2×1026  W/cm2程度度のレーザーの電場があると…

電⼦子と陽電⼦子は引き離離されて、本物の電⼦子と
陽電⼦子になる

電場



＋

超超超⾼高強度度のレーザー光の中で電⼦子や陽電⼦子は⾼高エネルギーの
ガンマ線を放出

電場

ガンマ線がまた電⼦子と陽電⼦子のペアを作り出す

ー＋



＋

超超超⾼高強度度のレーザー光の中で電⼦子や陽電⼦子は⾼高エネルギーの
ガンマ線を放出

これが繰り返し起こって電⼦子と陽電⼦子が
次々と⾶飛び出し、真空が破壊される！

電場

ガンマ線がまた電⼦子と陽電⼦子のペアを作り出す

ー＋

と予想されている



++ --

レーザー

複数の光子を
一気に吸って
イオン化

++ --

加速された電子が
他の原子に衝突

原子をイオン化

イオン化が次々に起こ
り、高エネルギーの電子
がたくさんできる

ガラスの中では



2×1026  W/cm2程度度のレーザーをつかえば、真
空がまるで物質のように破壊されると、予想さ
れている（光の強度度の物理理的限界）

この予想を実験
で確かめられる
かも



レーザーを使って極限状態
の物質と真空を研究する時
代が始まろうとしている


