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ἂ !ŀƎŜ bƛŜƭǎ .ƻƘǊ μ !ōƴŜǊ {ƘƛƳƻƴȅ μ !Řƛ {ƘŀƳƛǊ μ !ƪƛǊŀ CǳǊǳǎŀǿŀ μ !ƭŀƛƴ !ǎǇŜŎǘ μ !ƭŀƛƴ wŀǾŜȄ μ !ƭŀƛƴ {ŀǊƭŜǧŜ μ !ƭłƴ !ǎǇǳǊǳπDǳȊƛƪ 
μ !ƭŀǎǘŀƛǊ !ōōƻǧ μ !ƭōŜǊǘ 9ƛƴǎǘŜƛƴ μ !ƭōŜǊǘƻ .ǊŀƳŀǝ μ !ƭŜȄŀƴŘŜǊ !ƴŘǊŜŜǾ μ !ƭŜȄŀƴŘŜǊ IƻƭŜǾƻ μ !ƭŜȄŀƴŘŜǊ tǊƻƪƘƻǊƻǾ μ !ƭŜȄŀƴŘǊŜ 
.ƭŀƛǎ μ !ƭŜȄŀƴŘǊŜ ½ŀƎƻǎƪƛƴ μ !ƭŜȄŜƛ .ȅƭƛƴǎƪƛƛ μ !ƭŜȄŜƛ DǊƛƴōŀǳƳ μ !ƭŜȄŜƛ YƛǘŀŜǾ μ !ƭŜȄƛŀ !ǳũŝǾŜǎ μ !ƭŦǊŜŘ YŀǎǘƭŜǊ μ !ƭŦǊŜŘ tŞǊƻǘ μ 
!ƭƻƴȊƻ /ƘǳǊŎƘ μ !ƳƛǊ bŀǾŜƘ μ !ƴŘǊŞ [ǳƛȊ .ŀǊōƻǎŀ μ !ƴŘǊŜŀ aƻǊŜƭƭƻ μ !ƴŘǊŜŀ wƻŘǊƛƎǳŜȊ .ƭŀƴŎƻ μ !ƴŘǊŜŀǎ ²ŀƭƭǊŀũ μ !ƴŘǊŜǿ /ƘƛƭŘǎ 
μ !ƴŘǊŜǿ /Ǌƻǎǎ μ !ƴŘǊŜǿ DƭŜŀǎƻƴ μ !ƴŘǊŜǿ IƻǊǎƭŜȅ μ !ƴŘǊŜǿ {Φ 5ȊǳǊŀƪ μ !ƴŘǊŜǿ {ǘŜŀƴŜ μ !ƴŘǊŜǿ ²ƘƛǘŜ μ !ƴŘȅ aŀǘǳǎŎƘŀƪ μ !ƴƴŜ 
.ǊƻŀŘōŜƴǘ μ !ƴƴŜ /ŀƴǘŜŀǳǘ μ !ƴƴŜ aŀǘǎǳǳǊŀ μ !ƴǘƘƻƴȅ [ŜǾŜǊǊƛŜǊ μ !ƴǘƻƛƴŜ .ǊƻǿŀŜȅǎ μ !ƴǘƻƴ ½ŜƛƭƛƴƎŜǊ μ !ǊŀƳ IŀǊǊƻǿ μ !ǊƛŜƘ 
²ŀǊǎƘŜƭ μ !ǊǘƘǳǊ Iƻƭƭȅ /ƻƳǇǘƻƴ μ !ǊǘƘǳǊ [ŜƻƴŀǊŘ {ŎƘŀǿƭƻǿ μ !ǊǘǳǊ 9ƪŜǊǘ μ !ǎǘǊƛŘ [ŀƳōǊŜŎƘǘ μ !ǳŘǊŜȅ .ƛŜƴŦŀƛǘ μ !ȄŜƭ .ŜŎƪŜ μ .Ŝƴπ
ƧŀƳƛƴ IǳŀǊŘ μ .Ŝƴƻƞǘ ±ŀƭƛǊƻƴ μ .Ŝǩƴŀ IŜƛƳ μ .ƻō ²ƛŜƴǎ μ .ƻǊƛǎ tƻŘƻƭǎƪȅ μ .Ǌƛŀƴ WƻǎŜǇƘǎƻƴ μ .ǊǳŎŜ YŀƴŜ μ .Ǌǳƴƻ 5ŜǎǊǳŜƭƭŜ μ .ǊȅŎŜ 
5Ŝ²ƛǧ μ /ŀǊƭ ²ƛŜƳŀƴ μ /ŀǊƭƻ wƻǾŜƭƭƛ μ /ƘŀŘ wƛƎŜǩ μ /ƘŀǊƭŜǎ .ŜƴƴŜǧ μ /ƘŀǊƭŜǎ CŀōǊȅ μ /ƘŀǊƭŜǎ IŀǊŘ ¢ƻǿƴŜǎ μ /ƘŀǊƭŜǎ IŜǊƳƛǘŜ μ 
/ƘƛŜƴ {ƘƛǳƴƎ ²ǳ μ /ƘǊƛǎǝŀŀƴ IǳȅƎŜƴǎ μ /ƘǊƛǎǝŀƴ ²ŜŜŘōǊƻƻƪ μ /ƘǊƛǎǝƴŜ {ƛƭōŜǊƘƻǊƴ μ /ƘǊƛǎǘƻǇƘŜ WǳǊŎȊŀƪ μ /ƘǊƛǎǘƻǇƘŜ {ƻƭƻƳƻƴ μ 
/ƘǊƛǎǘƻǇƘŜ ±ǳƛƭƭƻǘ μ /ƘǊƛǎǘƻǇƘŜǊ aƻƴǊƻŜ μ /ƘǊƛǎǘƻǇƘŜǊ tŀǇƛƭŜ μ /ƭŀǳŘŜ /ƻƘŜƴ ¢ŀƴƴƻǳŘƧƛ μ /ƭŀǳŘŜ ²ŜƛǎōǳŎƘ μ /ƭŀǳǎǎ Wǀƴǎǎƻƴ μ /ƭƛƴǘƻƴ 
5ŀǾƛǎǎƻƴ μ /ƻǊƴŜƭƛǎ 5ƻǊǎƳŀƴ μ /Ǌƛǎǝŀƴ /ŀƭǳŘŜ μ /Ǌƛǎǝƴŀ 9ǎŎƻŘŀ μ /ȅǊƛƭ !ƭƭƻǳŎƘŜ μ 5ŀƳƛŜƴ {ǘŜƘƭŞ  μ 5ŀƴƛŜƭ 9ǎǘŜǾŜ μ 5ŀƴƛŜƭ DƻǧŜǎƳŀƴ 
μ 5ŀǾŜ ²ŜŎƪŜǊ μ 5ŀǾƛŘ .ƻƘƳ μ 5ŀǾƛŘ 5ŜǳǘǎŎƘ μ 5ŀǾƛŘ 5ƛ±ƛƴŎŜƴȊƻ μ 5ŀǾƛŘ DƻǎǎŜǘ μ 5ŀǾƛŘ IƛƭōŜǊǘ μ 5ŀǾƛŘ WΦ ¢ƘƻǳƭŜǎǎ μ 5ŀǾƛŘ ²ƛƴŜƭŀƴŘ 
μ 5Ŝƴƴƛǎ 5ƛŜƪǎ μ 5ƛŜǘŜǊ ½ŜƘ μ 5ƛǊƪ .ƻǳǿƳŜŜǎǘŜǊ μ 5ƻƴ /ƻǇǇŜǊǎƳƛǘƘ μ 5ƻƴ aƛǎŜƴŜǊ μ 5ƻƴƴŀ {ǘǊƛŎƪƭŀƴŘ μ 5ƻǊƛǘ !ƘŀǊƻƴƻǾ μ 5ƻǳƎƭŀǎ 
WŀƳŜǎ {ŎŀƭŀǇƛƴƻ μ 9ŀǊƭŜ IŜǎǎŜ YŜƴƴŀǊŘ μ 9Ř {ǇŜǊƭƛƴƎ μ 9ŘǿŀǊŘ CŀǊƘƛ μ 9ŘǿŀǊŘ CǊŜŘƪƛƴ μ 9ŘǿŀǊŘ ¢ŀƴƎ μ 9ƭŜƴŀ /ŀƭǳŘŜ μ 9ƭŜƴƛ 5ƛŀƳŀƴǝ 
μ 9ƭƘŀƳ YŀǎƘŜŬ μ 9ƭƛǎŀōŜǘƘ DƛŀŎƻōƛƴƻ μ 9ƭǾƛǊŀ {ƘƛǎƘŜƴƛƴŀ μ 9ƳŀƴǳŜƭ Yƴƛƭƭ μ 9ƳƳȅ bƻŜǘƘŜǊ μ 9ƴǊƛŎƻ CŜǊƳƛ μ 9ǊƛŎ /ƻǊƴŜƭƭ μ 9ǊƴŜǎǘ 
wǳǘƘŜǊŦƻǊŘ μ 9Ǌƴǎǘ LǎƛƴƎ μ 9Ǌǿƛƴ {ŎƘǊǀŘƛƴƎŜǊ μ 9ǝŜƴƴŜ YƭŜƛƴ μ 9ǧƻǊŜ aŀƧƻǊŀƴŀ μ 9ǿƛƴ ¢ŀƴƎ μ Cŀōƛƻ {ŎƛŀǊǊƛƴƻ μ CŀȅŜ ²ŀǧƭŜǘƻƴ μ CŜƭƛȄ 
.ƭƻŎƘ μ CǊŀƴŎŜǎŎŀ CŜǊƭŀƛƴƻ μ CǊŀƴŎƪ .ŀƭŜǎǘǊƻ μ CǊŀƴœƻƛǎ [Ŝ Dŀƭƭ μ CǊŞŘŞǊƛŎ DǊƻǎǎƘŀƴǎ μ CǊŞŘŞǊƛŎ aŀƎƴƛŜȊ μ CǊŜŜƳŀƴ WƻƘƴ 5ȅǎƻƴ μ 
CǊƛŜŘǊƛŎƘ IǳƴŘ μ CǊƛŜŘǊƛŎƘ tŀǎŎƘŜƴ μ DŜƻǊŘƛŜ wƻǎŜ μ DŜƻǊƎŜ ¦ƘƭŜƴōŜŎƪ μ DŜƻǊƎŜǎ tŀƎŜǘ ¢ƘƻƳǎƻƴ μ DŜƻǊƎŜǎ ½ǿŜƛƎ μ DŜƻǊƎŜǎπhƭƛǾƛŜǊ 
wŜȅƳƻƴŘ μ DŜǊŀǊŘ aƛƭōǳǊƴ μ DŜǊǊƛǘ Wŀƴ CƭƛƳ μ Dƛƭ Yŀƭŀƛ μ DƛƭƭŜǎ .ǊŀǎǎŀǊŘ μ DƛƭƭŜǎ Iƻƭǎǘ μ DƛƻǊƎƛƻ CǊƻǎǎŀǝ μ DƻǊŘƻƴ .ŀȅƳ μ DƻǊŘƻƴ 
DƻǳƭŘ μ DǳŀƴƎπ/ŀƴ Dǳƻ μ IŀƛƎ CŀǊǊƛǎ μ Iŀƴǎ !ƭōǊŜŎƘǘ .ŜǘƘŜ μ Iŀƴǎ WǸǊƎŜƴ .ǊƛŜƎŜƭ μ IŀƴǘŀǊƻ bŀƎŀƻƪŀ μ IŀǊŀƭŘ CǊƛǘȊǎŎƘ μ IŀǊǘƳǳǘ 
bŜǾŜƴ μ IŜƛƪŜ YŀƳŜǊƭƛƴƎƘ hƴƴŜǎ μ IŜƛƴǊƛŎƘ IŜǊǘȊ μ IŞƭŝƴŜ .ƻǳŎƘƛŀǘ μ IŞƭŝƴŜ tŜǊǊƛƴ μ IŜƴŘǊƛƪ !ƴǘƘƻƴȅ YǊŀƳŜǊǎ μ IŜƴŘǊƛƪ /ŀǎƛƳƛǊ 
μ IŜƴŘǊƛƪ [ƻǊŜƴǘȊ μ IŜƴǊƛ tƻƛƴŎŀǊŞ μ IŜǊƳŀƴƴ aƛƴƪƻǎǿƪƛ μ IŜǊƳŀƴƴ ²Ŝȅƭ μ IǳƎƘ 9ǾŜǊŜǧ μ Iǳƛ YƘƻƻƴ bƎ μ Lƭŀƴŀ ²ƛǎōȅ μ Lƭȅŀ 

ŀǊ LǘŀƳaƛƪƘŀƛƭƻǾƛŎƘ [ƛŦǎƘƛǘȊ  μ LƳƳŀƴǳŜƭ .ƭƻŎƘ μ LƷƛƎƻ !ǊǘǳƴŘƻ μ LƻǊŘŀƴƛǎ YŜǊŜƴƛŘƛǎ μ LǊŦŀƴ {ƛŘŘƛǉƛ μ LǎŀŀŎ /ƘǳŀƴƎ μ LǎŀŀŎ bŜǿǘƻƴ μ 
{ƛǾŀƴ μ WŀŎǉǳŜƭƛƴŜ .ƭƻŎƘ μ WŀŎǉǳŜǎ {ŀƭƻƳƻƴ IŀŘŀƳŀǊŘ μ WŀŎǉǳƛƭƛƴŜ wƻƳŜǊƻ μ WŀƳŜǎ /ƘŀŘǿƛŎƪ μ WŀƳŜǎ /ƭŀǊƪŜμ WŀƳŜǎ /ƭŜǊƪ aŀȄǿŜƭƭ 

aƛŎƘŜƭ πCǊŀƴœƻƛǎ wƻŎƘ μ WŜŀƴπƳƻƴŘ μ WŜŀƴƛμ WŀƳŜǎ tŀǊƪ μ WŀǊŜŘ /ƻƭŜ μ Wŀǎƻƴ !ƭƛŎŜŀ μ Wŀȅ DŀƳōŜǧŀ μ WŜŀƴ 5ŀƭƛōŀǊŘ μ WŜŀƴ aƛŎƘŜƭ wŀ
Ŝǎ Ǿŀƴ ŘŜǊ ²ŀŀƭǎ μ WƻŜ ²Ŝƛ tŀƴ μ WŜƭŜƴŀ ±ǳőƪƻǾƛŏ μ WŜƭŜƴŀ ±ǳŎƻƪƛŎ μ WŜǊŜƳȅ hϥ.ǊƛŜƴ μ WƻŀƴƴπtƘƛƭƛǇ tƛǉǳŜƳŀƭ μ WƛŀƴπDŞǊŀǊŘ μ WŜŀƴ

μ hΩDƻǊƳŀƴ μ WƻƘŀƴƴ .ŀƭƳŜǊ μ WƻƘŀƴƴŜǎ tƻƭƭŀƴŜƴ μ WƻƘŀƴƴŜǎ wȅŘōŜǊƎ μ WƻƘƴ .ŀǊŘŜŜƴ μ WƻƘƴ /ƭŀǳǎŜǊ μ WƻƘƴ CǊŀƴƪ !ƭƭŜƴ μ WƻƘƴ Iŀƭƭ 
ƛƴ μ WƻƘƴ {ǘŜǿŀǊǘ .Ŝƭƭ μ WƻƘƴ [ŜǾȅ μ WƻƘƴ aŀǊǝƴƛǎ μ WƻƘƴ aƻǊǘƻƴ μ WƻƘƴ tǊŜǎƪƛƭƭ μ WƻƘƴ wƻōŜǊǘ {ŎƘǊƛŜũŜǊ μ WƻƘƴ wƻǿŜƭƭ μ WƻƘƴ {Ƴƻƭ

μ WƻǎŞ /ŀǇƳŀƴȅ μ  WƻƴŀǘƘŀƴ tΦ IƻƳŜ WƻƘƴ ±ƻƴ bŜǳƳŀƴƴ μ WƻƘƴ ²ŀǘǊƻǳǎ μ WƻƘƴ ²ƘŜŜƭŜǊ μ WƻƴŀǘƘŀƴ 5ƻǿƭƛƴƎ μ WƻƴŀǘƘŀƴ YƻƻƳŜȅ μ
ǊŜ μ WƻǎŜǇƘ WƻƘƴ IƻǇŬŜƭŘ μ WƻǎŜǇƘ WƻƘƴ ¢ƘƻƳǎƻƴ μ WƻǎƘ bǳƴƴ μ Wǳŀƴ LƎƴŀŎƛƻ /ƛǊŀŎ μ Wǳƭƛŀ ǊWƻǎŞ 5ŀǾƛŘ 5ƻƳŜƴŜŎƘ μ WƻǎŜ LƎƴŀŎƛƻ [ŀǘƻ
μ WǸǊƎŜƴ aƭȅƴŜƪ μ YŜƴƴŜǘƘ !ǇǇŜƭ μ YŜƴƴŜǘƘ wŜƎŀƴ μ YŜǾƛƴ ¸ƻǳƴƎ μ YƛǊƛƭƭ ¢ƻƭǇȅƎƻ μ YƻƘŜƛ  YŜƳǇŜ μ Wǳƭƛŀƴ {ŎƘǿƛƴƎŜǊ μ WǳƭƛŜƴ .ƻōǊƻũ

ŜǊ μ LǘƻƘ μ YǊƛǎǘŜƭ aƛŎƘƛŜƭǎŜƴ μ YǊȅǎǘŀ {ǾƻǊŜ μ Yǳƴ IǳŀƴƎ μ YǳǊǘ DǀŘŜƭ μ [Ŝ {ƛ 5ŀƴƎ μ [ŜŜ {Ƴƻƭƛƴ μ [Şƻƴ .Ǌƛƭƭƻǳƛƴ μ [Ŝƻƴ bŜƛƭ /ƻƻǇ
.ƛǎƘƻǇ μ [ŜǾ [ŀƴŘŀǳ μ [ƛŜǾŜƴ ±ŀƴŘŜǊǎȅǇŜƴ μ [ƛƴǳǎ tŀǳƭƛƴƎ μ [ƭŜǿŜƭƭȅƴ ¢ƘƻƳŀǎ μ [ƻƠŎ IŜƴǊƛŜǘ [ŜƻƴŀǊŘ !ŘƭŜƳŀƴ μ [ŜǎǘŜǊ DŜǊƳŜǊ μ [ŜǾ 

ǘȊƳŀƴƴ μ [ǳƛƎƛ CǊǳƴȊƛƻ μ aŀƎŘŀƭŜƴŀ IŀǳǎŜǊ ƭμ [ƻǳƛǎ /ŀǳŎƘȅ μ [ƻǳƛǎ ŘŜ .ǊƻƎƭƛŜ μ [ƻǾ DǊƻǾŜǊ μ [ǳ WŜǳ {ƘŀƳ μ [ǳŎƛŜƴ IŀǊŘȅ μ [ǳŘǿƛƎ .ƻ
!ƴƴŜ .ƻǳŎƘƛŀǘ μ aŀǊƛƴŀ IǳŜǊǘŀ μ aŀǊǝƴ YŀǊǇƭǳǎ μ aŀǎŀƘƛŘŜ {ŀǎŀƪƛ μ πμ aŀǊŎǳǎ 5ƻƘŜǊǘȅ μ aŀǊŎǳǎ IǳōŜǊ μ aŀǊƛŀ {ŎƘǳƭŘ μ aŀǊƛŜ

μ aŀǎŀƘƛǘƻ IŀȅŀǎƘƛ μ aŀǘƘƛŜǳ aǳƴǎŎƘ μ aŀǧƘŜǿ IǳǘŎƘƛƴƎǎ μ aŀǧƘƛŀǎ ¢ǊƻȅŜǊ μ aŀǧƘƛŜǳ 5ŜǎƧŀǊŘƛƴǎ μ aŀǳŘ aŀǎŀƘƛǊƻ YƛǘŀƎŀǿŀ 
hǊ μ aƛŎƘŀŜƭ CǊŀƴƪ μ πŘƘƻǊǎǘ μ aƛŎƘŀŜƭ .Ŝƴƭ±ƛƴŜǘ μ aŀȄ .ƻǊƴ μ aŀȄ tƭŀƴŎƪ μ aŀȄƛƳŜ wƛŎƘŀǊŘ μ aŀȊȅŀǊ aƛǊǊŀƘƛƳƛ μ aŜƴƴƻ ±ŜǊ

aƛŎƘŀŜƭ CǊŜŜŘƳŀƴ μ aƛŎƘŀŜƭ IƻǊƴŜ μ aƛŎƘŀŜƭ [ŜǾƛǧ μ aƛŎƘŀŜƭ bƛŜƭǎŜƴ μ aƛŎƘŜƭ .ǊǳƴŜ μ aƛŎƘŜƭ 5ŜǾƻǊŜǘ μ aƛŎƘŜƭƭŜ {ƛƳƳƻƴǎ μ 
aŀƴƴ μ bŀǘƘŀƴ DŜƳŜƭƪŜ μ bŀǘƘŀƴ wƻǎŜƴ μ bŀǘƘŀƴŀšƭ /ƻǧŜǘ μ bƛŎŎƻƭƻ πμ aƛƪƘŀƛƭ [ǳƪƛƴ μ aƛƻ aǳǊŀƻ μ aǳǊǊŀȅ DŜƭƭaƛƪƘŀƛƭ 5ȅŀƪƻƴƻǾ 

ǳȅǳƪƛ {ƻƳŀǎŎƘƛ μ bƛŎƪ CŀǊƛƴŀ μ bƛŎƻƭŀǎ DŀǳŘŜ μ bƛŎƻƭŀǎ Dƛǎƛƴ μ bƛŎƻƭŀǎ wƻŎƘ μ bƛŜƭǎ IŜƴǊƛƪ !ōŜƭ μ bƛƪƻƭŀȅ .ŀǎƻǾ μ bƛǊ aƛƴŜǊōƛ μ bƻō
ŀƴƻǾ μ hƭƛǾƛŜǊ /ŀǊƴŀƭ μ hǎƪŀǊ tŀƛƴǘŜǊ μ tŀǎŎŀƭŜ {ŜƴŜƭƭŀǊǘ μ tŀǎŎǳŀƭ WƻǊŘŀƴ μ tŀǎŎǳŀƭ aǳƷƻȊ μ tŀǘǊƛŎŜ .ŜǊǘŜǘ μ tŀǧȅ LƳƻǘƻ μ hƭŜƎ aǳƪƘ

ǘŜǊ {ƘƻǊ [ŜŜ μ tŀǳƭ .Ŝƴƛƻũ μ tŀǳƭ 5ƛǊŀŎ μ tŀǳƭ IƛǊƛŀǊǘ μ tŜǊƻƭŀ aƛƭƳŀƴ μ tŜǘŜ {ƘŀŘōƻƭǘ μ tŜǘŜǊ IƛƎƎǎ μ tŜǘŜǊ YƴƛƎƘǘ μ tŜǘŜǊ [ŜŜƪ μ tŜ
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Foreword 

Quantum technologies hold the promise of major disruptions in computing, communications and 

sensing. But scientific and technological challenges to their large-scale deployment are still important, 

and it is quite difficult for public decision makers, users, investors, professionals, and the public at 

large to anticipate when these will happen. This is of paramount importance for companies to stay 

competitive, for governments to position their country in this technology race, or for students to make 

decisions about their career. While some quantum devices are already in use with practical impact, 

e.g. sophisticated microscopes taking benefit of the exquisite sensitivity of the spin of point defects 

in diamonds, other technologies will take years if not decades to reach the markets. 

But the situation is changing fast. When I co-founded the Quantonation investment fund in 2018, 

most of the fundôs presentation was about the promises of quantum, and about the science. Today, 

with 21 seed investments made in startups in Europe and North America, the situation has already 

radically changed since, for the most mature, we are talking about products and customers, and, at 

least, proofs of concepts. Consulting firms are busy assessing future markets, their size keeps increas-

ing and the horizon is getting closer with significant practical achievements not much further down 

the road. Iôm often asked whether there is not too much ñhypeò in the field. I donôt think so, particu-

larly when I am comparing quantum technologies with other sectors. This is the beginning of market 

recognition, for a sector which impact is slowly being assessed properly. 

But to do that, make proper assessments and keep control of the quantum narrative, we need deep 

experts who have a proper understanding of all the facets of the technology, from the fundamentals 

of the science to its applications, including questions about their deployment, their funding, how to 

teach them, and more. It is necessary to be able to mobilize academic experts to provide an opinion 

on the science at the base of the innovation, on the ability to make robust products, but we must also 

be able to imagine their use cases, and scientists alone are not equipped to do so. There is a need for 

a multidisciplinary collaboration involving scientists, engineers and users capable of taking a for-

ward-looking posture. And here enters my friend Olivier Ezratty, the author of this most wonderful 

book ñUnderstanding Quantum Technologiesò, who embodies multidisciplinarity. He has the unique 

ability to listen, question, gather facts, and synthesize his learnings in a book that stands out as unique 

in the whole world, as far as I know. 

I first met Olivier when I started Quantonation back in 2018. From the start I was impressed by his 

extremely methodic approach that he had applied with success on an earlier publication on artificial 

intelligence, and his very unique ambition. The book was first published in French, later in English, 

and it grew with the field he was ñdecodingò to use the title of Olivierôs famous podcast with Fanny 

Bouton on quantum technologies. The book has gone only better with time, with thorough updates 

and new chapters about exciting topics e.g. ñQuantum Matterò in this new edition. Olivier has also 

been among the very first supporters of the not-for profit that I co-founded and chaired, Le Lab Quan-

tique. Le Lab Quantique is proud to promote ñUnderstanding Quantum Technologiesò, an instrument 

that will benefit its ecosystem building mission. 

I am convinced that this book will become a primer for professionals, from scientists to engineers, 

technicians, investors, and also for teachers, students, and the public at large. Weôre all extremely 

lucky to see the second quantum revolution happening before our eyes, science and technology are 

progressing at an amazing pace and it is essential to invent a new model of knowledge sharing, of 

collaboration. Olivier Ezrattyôs book is an indispensable instrument to read this revolution. 

Christophe Jurczak, Partner at Quantonation, Paris and co-founder, Le Lab Quantique 
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Why 

This book is the 5th edition of a book originally compiling a series of 18 articles that I published in 

French between June and September 2018. After two enriched editions in French in 2019 and 2020, 

I switched to English in the fourth, in September 2021 and here we are with an even larger sequel. 

This book is a kaleidoscope for quantum technologies with a 360Á perspective encompassing histor-

ical, scientific, technological, engineering, entrepreneurial, geopolitical, philosophical, and societal 

dimensions. It is not a quantum for dummies, babies, or your mother-in-law book. It mainly targets 

three audiences: information technologies (IT) specialists and engineers who want to understand what 

quantum physics and technologies are all about and decipher its ambient buzz, all participants to the 

quantum ecosystem from researchers to industry vendors and policy makers, and at last scientific 

students who would like to investigate quantum technologies as an exploratory field. For them, this 

book is also the largest review paper they could imagine with over 3,500 bibliographical references. 

ñUnderstanding Quantum Technologiesò bears a lot of specificities compared to the existing quantum 

literature. While being rather technical in many parts, it tries to explain things and translate the com-

plex quantum lingua in other techôs lingua, particularly for IT and computer science professionals. It 

looks at the history of science and ideas and pays tribute to key people, from the past and the present. 

It investigates rarely covered aspects of quantum technologies and quantum engineering like various 

enabling technologies (cryogenics, cryo-electronics, new materials design, semiconductors, cabling 

and lasers), their thermodynamic and energetic dimension and what raw materials are used and where 

they come from. I cover quantum matter and describe how quantum circuits are manufactured. I even 

explain how research works in general and in the quantum realm and its codes. 

It also extensively covers quantum sensing, telecommunications and cryptography. I also crafted a lot 

of precisely documented custom illustrations. Another differentiation is in the tone, relaxed when 

possible and calling out the bs and nonsense when necessary. It is abundant, particularly when media, 

analysts and consultants are fueling the quantum hype. Iôm always puzzled by how they sometimes 

cover vendor news without having a real clue about what they are writing about. It motivated me in 

the first place back in 2015 to start investigating this field. It is always true as quantum technologies 

are more commonplace but are still largely misunderstood by general audiences as well as by many 

IT professionals. One striking example shows up when some folks explain that thanks to quantum 

cryptography, quantum computers will help make cryptography more secure! 

Large vendors and the quantum startups funding craze have elevated quantum technologies to the 

rank of strategic sectors for developed countries. Most governments have launched their national 

quantum plans, starting with Singapore, the UK, China, USA, Germany, Japan, Australia, France, 

Russia, Israel, Taiwan, India and The Netherlands. The worldwide quantum technologies race is on. 

Countries are embattled to acquire or preserve their technological sovereignty, like if it was the last 

chance to achieve it, particularly for those countries who felt they lost the digital battle against the 

USA and Asia (mostly China, South Korea and Taiwan). Also, like many deep techs, quantum tech-

nologies are dual-use ones, with both civilian and military use cases, increasing the strategic stakes. 

While it has not yet reached the volume and funding of other sectors such as artificial intelligence or 

the digital cloud, the quantum startups and small business ecosystem continues to expand worldwide. 

In this book, I mention about 550 such companies in many different categories (hardware, software, 

telecommunications, cryptography, sensing, enabling technologies, services). In most cases, hardware 

are in the deep techs realm if not in hard tech territory, with many still at an applied research stage 

with a rather low technology readiness level. Being still very uncertain, this market remains quite 

open to opportunities for scientists and creative innovators, while in other markets like with semicon-

ductors and large consumer Internet players, the game looks like it is less open. 
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Quantum technologies are also surrounded by a fair share of hype. A few scientists, their laboratoryôs 

communication department, startups and large vendors frequently exaggerate the impact of their work. 

Many companies also integrate ñquantumò into their positioning if not branding in many fancy ways. 

Either in a totally artificial way, or based on using technologies from the first quantum revolution. 

Transistors, lasers and image sensors are quantum, so most digital technologies can claim to be quan-

tum. As a consequence, we must learn to distinguish the old (first quantum revolution related) from 

the new (second quantum revolution related). However, even stronger bs shows up elsewhere, with 

false science-based quantum medicine and other charlatanism. I showcase it in a unique section ded-

icated to quantum hoaxes and scams, starting page 1015. 

This book has another flavor. It is the result of an unprecedented human adventure at the heart of the 

quantum ecosystem. I started the journey back in 2016. I had then decided to select the theme of 

quantum computing for my usual techno-screening activities, ranging from preparing conferences 

and training to writing educational ebooks for professionals. I was joined by my friend Fanny Bouton 

to run a popularization conference on quantum computing in Nantes. She brought and still brings a 

different perspective, including some science fiction derived inspirations. This led to the conference 

Le quantique, c'est fantastique on June 14th, 2018 (video) and to numerous subsequent presenta-

tions. On top of that, we launched two series of podcasts (in French) covering quantum tech news and 

with interviews with researchers, entrepreneurs and also users. We also worked on gender balance 

and contributed as early as possible to this sector feminization and attract new talents1. Fanny took 

an interesting turn in 2020, starting to work on OVHcloudôs startup program. She plays a key role to 

embark this European cloud vendor in the quantum adventure and now leads this effort. We both went 

from a role of observer to a very different one. 

In this journey that is still going on, weôve had the opportunity to meet with top researchers and 

entrepreneurs, first in France, and then internationally. It started with Alain Aspect (IOGS), Philippe 

Grangier (IOGS), Daniel Esteve (CEA), Patrice Bertet (CEA), Maud Vinet (CEA), Tristan 

Meunier (CNRS Institut N®el), Eleni Diamanti (CNRS LIP6), Iordanis Kerenidis (CNRS IRIF), 

Pascale Senellart (CNRS & UPS C2N and Quandela), Elham Kashefi (CNRS LIP6 and VeriQloud), 

Alexia Auff¯ves (CNRS Institut N®el in Grenoble and now MajuLab in Singapore), Philippe Duluc 

and Cyril Allouche (Atos), Xavier Waintal (CEA), Robert Whitney (CNRS LPMMC), Th®au Pe-

ronnin (Alice&Bob), Georges-Olivier Reymond and Antoine Browaeys (Pasqal) and many others 

afterwards. We also toured almost all quantum startups in France. And of course, Christophe 

Jurczak from Quantonation and Le Lab Quantique, who kindly wrote this book foreword. 

Our outreach then expanded internationally, particularly in Canada, the USA, the UK, Austria and 

The Netherlands. I had the opportunity to discuss with Artur Ekert, Peter Knight, Tommaso 

Calarco and many startup founders, from PsiQuantum, IQM, ParityQC, ProteinQure, Qiliman-

jaro, Qblox, Jay Gambetta from IBM and Rainer Blatt from AQT. It is not enough. I want more! 

In short, during these years, we have been "embedded" in the scientific and entrepreneurial ecosystem. 

We also applied one of Heisenberg's principles derivatives, namely that a measurement device may 

influence the measured quantity. It was and remains a beautiful adventure with real people, passions, 

convictions, ups and downs, and in the end, a nice result with French and European research and 

entrepreneurship in quantum technologies that are more dynamic and better positioned than a few 

years ago. And the adventure is just beginning! 

 

1 With a one-day training session with Roland Berger and Axelle Lemaire in April 2019, with high school students at Magic Makers in 

September 2019, with young people and parents at the Startup4Teens event in February 2020, and a debate in early March 2020 with 

Alexia Auff¯ves, Elham Kashefi and Pascale Senellart hosted by Fanny Bouton and organized at Talan, another event with a dominant 

female audience of all ages in the Tech4All event organized by Ecole 42 and Digital Ladies in March 2020, each time in partnership 

with the association Quelques Femmes du Num®rique ! (Some Digital Women). 

https://www.youtube.com/watch?v=jodfhQOvwww
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You may wonder why this book is free and what is its business model. I have published all my books 

like this since 2006 and fared well so far (on entrepreneurship, artificial intelligence and other tech-

nology and science related topics). 

I favor distribution breadth over revenue. It makes knowledge easily accessible to broad audiences, 

particularly with students. Also, being distributed in digital format, books are easy to correct and 

update. It is quite practical when you mention hundreds of people and organizations, and deal with 

complicated scientific matters. Afterwards, I sell my time in a rather traditional way with speaking, 

training and consulting missions. The business model is simple: the (very) long version is free and 

the (too) short versions are charged. Since the people who donôt have time usually have money and 

the other way around, it works quite well even if it may be counterintuitive in the first place. 

A complex domain in search of pedagogy 

After having swept through many areas of science and deep techs, I can definitively position quantum 

physics and quantum computing at the complexity scale apex. Quantum physics is difficult to appre-

hend since relying on counter-intuitive phenomena like wave-particle duality and entanglement, and 

on a mathematical formalism that is not obvious to most people, including IT specialists and devel-

opers, one of the key audiences for this book. It is still an open challenge to translate this scientific 

field lingua into natura language for most people, even with a strong engineering background. 

Thereôs the rehashed famous quote from Richard Feynman who pointed out that when you study 

quantum physics, if you think you understood everything, you are making a fool of yourself. Alain 

Aspect confirms this, always expressing doubts about his own understanding of the quantum entan-

glement phenomenon that he experimented with photons in his famous 1982 experiment. 

Explaining quantum computing is thus a new and difficult art. When reading quantum physics books, 

you discover a mathematical formalism and many terms like observables, degeneracy, gentle meas-

urement, Hermitian operators and the likes and wonder how they relate to the physical world. Some-

times, it takes quite a while before being able to make this connection! On the other hand, you hear 

simplistic descriptions of quantum physics, noticeably on superposition and entanglement, and quan-

tum computing, some coming from quantum computing vendors themselves2. 

Once you think you understand it after having created a mental view of how it works, your explana-

tions become quickly inaccessible for the profane. How do you avoid this side effect? Probably with 

finding analogies and use more visual tools to explain things than too much mathematics. I try this in 

many sections of this book, but, still, mathematics are useful in many parts. Also, to make sure it does 

not lose its scientific soundness in the process, many parts of this book have been fact-checked and 

proof-read by quantum scientists. Iôd say, not enough. Youôll be the judge. 

This book frequently responds to questions like what, why, where and how? Particularly with linking 

theory, maths and the real world. Has Mooreôs empirical law really stalled? What being ñquantumò 

means for a product or technology? Why are we using this convoluted mathematical formalism? Do 

we really have objects sitting simultaneously at two different locations? Why parallel opposite vectors 

in the Bloch sphere are mathematically orthogonal? Why and where density matrices are useful? What 

are pure and mixed states describing in the physical world? Why superposition and entanglement are 

the two sides of the same coin? Why do we need to cool many qubit types? How are cryostats work-

ing? What is the energy consumption of a quantum computer? How much data sits in quantum regis-

ters? How is data loaded in a quantum program? What data is generated by quantum algorithms and 

how is it decoded? Are quantum computers made for big data applications? How can you compare 

such and such quantum computer technology? Is Shor algorithm a serious threat for cybersecurity? 

When will we have a ñrealò quantum computer? Have we really achieved quantum supremacy? 

 

2 See the interesting point in What Makes Quantum Computing So Hard to Explain? by Scott Aaronson, June 2021. 

https://www.quantamagazine.org/why-is-quantum-computing-so-hard-to-explain-20210608/
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And on and oné What is the real speedup of quantum algorithms? Are the case studies from D-Wave 

and the like real production grade applications? Will a quantum Internet replace the existing Internet? 

Why do many physicists dislike D-Wave and say it is not quantum? Can quantum telecommunications 

enable either faster than light communications or high-throughput data links? How are classical com-

puting technologies competing with quantum computers? Why are quantum random number genera-

tors not that random? Are the Chinese going to kill us (metaphorically) with their (not so) huge R&D 

investments in quantum technologies? Can Europe take its fair share in this new market? Oh, and if 

Iôm in an organization... what should I do? Am I late in the game by doing nothing? 

To properly address this broad laundry list of questions, this book is positioned above the average 

media coverage of quantum computing, as well as analyst reports, and below classical scientific pub-

lications that are generally largely inaccessible to non-specialists, or to specialists from other domains. 

A new technology wave 

Quantum computing stays on top of the various applications of the second quantum revolution. Quan-

tum sensing is more exotic and fragmented, and quantum telecommunications and cryptography are 

less fascinating. Why is quantum computing becoming an important topic? Firstly, because large IT 

companies such as IBM, Google, Intel and Microsoft are making headlines with impressive an-

nouncements that we must, however, take with a grain of salt, with a lot of hindsight, and decipher 

calmly. Thereôs also the obvious impact of Peter Shorôs factoring algorithm. It drives fuzzy fears on 

the future of Internet security and for your own digital privacy. 

Above all, it is linked to the broad impact that quantum technologies could have on many scientific 

fields and digital markets. It may theoretically make it possible to solve problems belonging to classes 

of complexity that even the largest giant supercomputers will never be able to tackle with. Then, the 

hype builds exaggerated stories on how quantum computing will for sure fix climate change, predict 

the weather, cure cancer, and other miracles. 

The other reason for this sudden interest is that we are still at the beginning of the story. New leaders 

will show up. A new ecosystem is being built. This in a field where there are still enormous scientific 

and technology challenges to overcome. It is a land of opportunities for science, technology and in-

novation. To resume quantum physics, we are in a highly indeterministic world. 

It is quite difficult to evaluate the feasibility of large-scale quantum computing. For most scientists, 

we are still many decades away from it. Some believe it will never show up. Others are more opti-

mistic. The main enemy is quantum decoherence and qubits errors happening during computing, and 

which are difficult to avoid and correct. The plan is to fix that with quantum error corrections and 

logical qubits made of physical qubits. It then becomes, at least, a physical scalability issue with a 

bunch of complex engineering issues related to cooling, cryo-electronics, cabling, classical compu-

ting, miniaturization, as well as fundamental thermodynamic and energetic dimensions. 

It is a very interesting living case study of how mankind builds upon scientific progress and addresses 

the most difficult challenges around. For this respect, it is on par with controlling nuclear fusion. 

Reading guide 

Here is a tentative to prioritize which parts of this book you could read according to your business 

and scientific level. 

Physicists can find a state-of-the-art tour covering all dimensions of quantum technologies beyond 

the field they already master. 

Computer scientists, engineers and students in various scientific fields are the core target audience 

for this book, as it presents, popularizes and contextualizes the various scientific, mathematical and 

engineering concepts used in quantum technologies. 
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The required mathematical and computer basics level is at the bachelorôs degree level for most parts. 

Afterwards, it can also depend on your age since many of these concepts were not in current programs 

a couple decades ago unless you were already specialized in quantum physics. Non-technical and 

decision-makers can still read the sections dealing with usages as well as with how countries are 

faring and societal issues. 
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Figure 1: Understanding Quantum Technologies parts and audiences relevance. (cc) Olivier Ezratty 2021-2022. 

Hereôs another view of the table of contents showcasing the overall logic between the lower ç phys-

ics è layers and the upper hardware, software and solutions layers. 

 
Figure 2: how the topics covered in Understanding Quantum Technologies are related with each other. (cc) Olivier Ezratty. 
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At last, letôs mention one of the reasons why a curious mind may like quantum technologies: they 

encourage you to explore many scientific disciplines, even human and social sciences, like a scientific 

Pandoraôs box. 

 
Figure 3: the many scientific domains to explore when being interested in quantum technologies. ¢ƘŀǘΩǎ ǿƘȅ ȅƻǳΩƭƭ ƭƻǾŜ 

this book if you are a curious person. (cc) Olivier Ezratty, 2021-2022. 

If you have some scientific background, youôll play in familiar territory but if youôve had your degree 

a couple decades ago, this overview will provide you with some interesting intellectual upgrades. On 

top of that, learning quantum science is probably more efficient than Sudoku or crosswords to train 

your brain muscle as it ages! 

First and second quantum revolutions applications 

Quantum physics has been implemented since the post-war period in almost all products and technol-

ogies in electronics, computing and telecommunications. 

This corresponds to the first quantum revolution. It includes transistors, invented in 1947, which 

use the field effect and are the basis of all our existing digital world, photovoltaic cells which rely on 

the pairs of electron holes created by incident photons, and lasers which also exploit the interaction 

of light and matter and are used in a very large number of applications, particularly in telecommuni-

cations and optical storage (CD, DVD and the likes, which are now mostly outdated). 

 
Figure 4: first and second quantum revolution definition and related use cases. (cc) Olivier Ezratty, 2020-2022. 
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Many medical imaging solutions rely on various quantum effects, including nuclear magnetic reso-

nance imaging (MRI). LEDs are also based on quantum effects. The GPS is relying on atomic clocks 

synchronization. Quantum dots used in high-end LCD displays and Smart TVs also use variations of 

the photoelectric effect. The list is long, and we will not detail all these use cases! 

The second quantum revolution covers the technologies combining all or part of the ability to con-

trol individual quantum objects (atoms, electrons, photons), use quantum superposition and/or entan-

glement. We owe the names of the first and second quantum revolutions to Alain Aspect, Jonathan 

Dowling and Gerard Milburn in 20033. The first and the two following ones created it simultaneously 

and independently. In the United States, the paternity is attributed to the latter, while in France, it is 

attributed to the former! Who knows why? 

The scope of the second quantum revolution covers various recent applications of quantum physics 

that integrate quantum computing, quantum telecommunications, quantum cryptography and quan-

tum sensing. Said simply, itôs about improving our digital world performance and security, and to 

increase the precision of all sorts of sensors. 

¶ Quantum computing is the broad domain of using quantum physics to find solutions to various 

computing problems. It includes various computing paradigms like gate-based computing, quan-

tum annealing and quantum simulations. Hundred pages are covering this topic in this book. 

¶ Quantum cryptography is a mean of communicating inviolable public cryptography keys thanks 

to quantum physics phenomena and rules, like photon entanglement and the no-cloning theorem. 

It relies either on fiber optic communications or on space links with satellites as China has tested 

with its Micius satellite since 2017. Post-quantum cryptography is a different field which is 

intended to replace current classical cryptographic solutions with new solutions that are supposed 

to be resistant to attacks carried out by future quantum computers. It is not belonging to the second 

quantum revolution per se but is rather a consequence of it. 

¶ Quantum telecommunications enables distributed computing, connecting quantum computers 

enabling qubit to qubit distant entanglement, and, potentially, quantum sensors, which can be 

implemented to improve their accuracy. This field still in the making could become the base for 

a very secure quantum Internet and quantum cloud infrastructures. We cannot exploit it to transmit 

classic information faster than today4. However, it can be used to distribute quantum processing 

on several quantum processors. It could provide a mean to ñscale-outò quantum computers, when 

itôs becoming difficult to ñscale-inò. This requires a lot of engineering, particularly to convert 

solid qubits into photon qubits and share entanglement resources. 

 

3 See Speakable and unspeakable in quantum mechanics by John S. Bell, June 2004 edition (289 pages) which contains a preface by 

Alain Aspect on the second quantum revolution, dated February 2003, pages 18 to 40. We find the expression in Quantum technology: 

the second quantum revolution by Jonathan P. Dowling and Gerard J. Milburn, June 2003 (20 pages) as well as in Quantum Technology 

Second Quantum Revolution by Jonathan Dowling, 2011 (60 pages). Dowling's writings make a very large inventory of various quan-

tum technologies embedded in this second quantum revolution. The Second Quantum Revolution: From Entanglement to Quantum 

Computing and Other Super-Technologies by Lars Jaeger, 2018 (331 pages) is a broader overview of the different sides of the second 

quantum revolution. 

4 But..." Entangled states cannot be used to communicate from one point to another in space-time faster than light. Indeed, the states 

of these two particles are only coordinated and do not allow to transmit any information: the result of the measurement relative to the 

first particle is always random. This is valid in the case of entangled states as well as in the case of non-entangled states. The modifi-

cation of the state of the other particle, however instantaneous it may be, leads to a result that is just as random. Correlations between 

the two measurements can only be detected once the results have been compared, which necessarily implies a classical exchange of 

information, respectful of relativity. Quantum mechanics thus respects the principle of causality". Source: https://fr.wikipe-

dia.org/wiki/Intrication_quantique. 

https://www.amazon.fr/Speakable-Unspeakable-Quantum-Mechanics-Philosophy/dp/0521818621
http://www.phys.lsu.edu/~jdowling/publications/Dowling03.pdf
http://www.phys.lsu.edu/~jdowling/publications/Dowling03.pdf
https://nanohub.org/resources/13075/download/2011.11.16-Dowling-QIQC.pdf
https://nanohub.org/resources/13075/download/2011.11.16-Dowling-QIQC.pdf
https://www.springer.com/gp/book/9783319988238
https://www.springer.com/gp/book/9783319988238
https://fr.wikipedia.org/wiki/Intrication_quantique
https://fr.wikipedia.org/wiki/Intrication_quantique
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¶ Quantum sensing makes it possible to measure most physical dimensions with several orders of 

magnitude better precision than existing classical sensing technologies, even existing atomic 

clocks. It is a vast scientific field that is the subject of numerous research projects and industrial 

solutions. It includes ultra-precise atomic clocks5, cold atom accelerometers and gyroscopes that 

use atomic interferometry, SQUIDs (superconducting based) and NV center magnetometers. 

Microgravimeters measure gravity 

with extreme precision, enabling 

discoveries of underground anoma-

lies like holes, water and various ma-

terials. This domain also includes 

various advanced medical imaging 

systems with higher precision and 

non-destructive imaging and meas-

urement tools6 . A dedicated section 

of this book is covering quantum 

sensing, starting page 565. The di-

versity of quantum sensing solutions 

or prospect solutions is staggering.  
Figure 5: various quantum sensing use cases. Source: EU and US Air Force, 2015. 

Why quantum computing? 

The main goal for using quantum computing is to solve complex problems that are and will stay 

inaccessible to classical computers. This happens when these problems solutions scale exponentially 

in computing time on classical machines. Problems that scale polynomially on classical hardware are 

not very interesting for quantum computing. The promise of quantum computing is to address this 

need. But a big warning and legal disclaimer: it is still a promise! We are still far off from delivery. 

 
Figure 6: simplified view of the quantum computing theoretical promise. Before delivering this promise, quantum computers may bring 

other benefits like producing better and more accurate results and/or doing this with a smaller energy footprint. (cc) Olivier Ezratty, 2022. 

 

5 See for example this NIST work on an atomic clock based on rubidium, the element most frequently used in atomic clocks. NIST 

Team Demonstrates Heart Of Next-Generation  Chip-Scale Atomic Clock, May 2019. 

6 See Quantum camera snaps objects it cannot 'see', by Belle Dume, May 2018. This is a variant of Diffraction Free Light Source for 

Ghost Imaging of Objects Viewed Through Obscuring Media by Ronald Meyers, 2010 (22 pages). Yanhua Shih (University of Mary-

land) US Army Research Laboratory, has been working on the subject since 2005. Quantum Imaging by Yanhua Shih, 2007 (25 pages). 

Also, see Quantum Imaging - UMBC (47 slides). 

(cc) Olivier Ezratty, 2022
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https://bioengineer.org/nist-team-demonstrates-heart-of-next-generation-chip-scale-atomic-clock/
https://apps.dtic.mil/dtic/tr/fulltext/u2/a593199.pdf
https://www.newscientist.com/article/dn13825-quantum-camera-snaps-objects-it-cannot-see/
https://apps.dtic.mil/dtic/tr/fulltext/u2/a593199.pdf
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https://arxiv.org/abs/0707.0268
http://boydnlo.ca/rochesterarchive/www2.optics.rochester.edu/workgroups/boyd/archive/Quantum%20Imaging/Assets/presentations/2-UMBC.pdf
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Quantum computing promise 

Typical exponential problems are combinatorial optimization searches and chemical simulations. 

Their size is usually expressed in a number of items like a number of steps for solving a travelling 

salesperson problem. Exponential problems are said to be "intractable" because their computation 

time evolves in crazy proportions with their size. 

It starts with various optimization problems such as the above-mentioned traveling salesperson prob-

lem, with its contemporary equivalents applied to product delivery or autonomous vehicles routing. 

Today, you optimize your route with Google Maps or Waze, based on traffic conditions. Traffic con-

ditions are variable and your actual journey time is not always what was planned nor optimal. 

With fully autonomous fleets, it may theoretically be possible to optimize the individual path of each 

and every vehicle based on their departure and destination locations. Conventional algorithms could 

work with a limited number of vehicles, but beyond a few hundred vehicles and trips, traditional 

computing capacities would be largely saturated. Quantum computing may then come to the rescue! 

Secondly, we have physics and molecular simulations, themselves governed by quantum mechanics 

equations. It usually boils down to finding the minimum energy configuration of a system, in order 

to simulate the interaction of atoms in molecules, complex crystal structures or even how magnetism 

works in various materials. This deals with both classical chemical engineering and biochemistry. 

Rest assured, this will not go so as far as to simulate an entire living being or even a cell. It will 

already be a fantastic feat when we are able to simulate some simple de-novo protein folding in a 

better way than what AlphaFold 3 from DeepMind is doing today, the next step being protein inter-

actions simulations7. 

A third area for quantum computing is the training and inferences of machine learning models and 

neural networks. It is now within the reach of conventional computers equipped with GPGPUs (gen-

eral purpose GPUs) such as Nvidia's V100, A100 and H100 and their tensor processing specialized 

units, optimizing matrices-based operations. Quantum advantage is less obvious in this field, partic-

ularly since machine learning must usually be trained with a lot of data. Nowadays, however, using 

quantum computing for machine learning happens to potentially bring another benefit: creating better 

solutions instead of creating it faster. 

 
Figure 7: typical quantum computing use cases where a quantum speedup brings clear benefits. ¢ƘŜǎŜ ŀǊŜ ǎǘƛƭƭ άǇǊƻƳƛǎŜǎέ ǎƛƴŎŜ ǘƘŜ 
capable hardware to implement many of these solutions with a quantum speedup remains to be created and it may take a while up 

to several decades!  (cc) Olivier Ezratty, 2020. 

 

7 The competition from classical machine learning is still significant and growing. See Scientists are using AI to dream up revolutionary 

new proteins by Ewen Callaway, Nature, September 2022. 
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Finally, you canôt avoid integer factorization, which is of particular interest to the NSA and their peers 

to break RSA-type public-key encryption security. Weôll dig 

into this in details starting page 787. 

Other applications are investigated for different markets such 

as finance, insurance and even marketing. Many businesses 

have complex optimization problems to solve. Like with most 

technology-driven disruptions, businesses will progressively 

discover quantum computing use case as its market and related 

skills grow. 

In extreme cases, computing times on conventional computers 

for exponential problems, even with the most powerful supercomputers of the moment, would exceed 

the age of the Universe, i.e. 13.85 billion years. 

Most of these promises are dependent on the ability to create large scale and fault-tolerant quantum 

computers, which are years if not decades away. In the interim, we may end-up having quantum 

systems able to deliver other benefits like producing better and more accurate results and/or doing 

this with a smaller energy footprint, but not with a real exponential speedup. 

Mooreôs law limitations 

Moore's empirical law application, or ñMore than Mooreò as its successor is now labelled, would 

have a marginal impact, dotted in the graph. First of all, it has been slowing down since 2006, and 

even if it did not slow down, it would not bring the capacity to solve exponential problems. Compu-

tation times for exponential problems would remain exponential despite the supposed doubling of 

machine power every 18 months to two years. The addition of a single qubit theoretically doubles 

quantum computers power, both in terms of internal memory space and computing parallelism capac-

ity8. 

In comparison, quantum computers could theoretically, one of these days, solve these same problems 

within a reasonable time span on the scale of a human life, in hours, days, weeks or months. Reason-

ableness obviously depends on the nature of the problem to be solved. 

The main benefit of quantum computation is to modify the time scales for solving a problem and turn 

problems whose classical solution requires some exponential time into quantum solutions requiring 

at most some polynomial time. It can become useful when the size of the problem is large, sometimes 

with only about fifty items in a combinatorial optimization search! Quantum computation also makes 

it possible to gain space, particularly memory, to perform these calculations. 

However, the scientific and technological barriers to overcome to make this real are still immense. 

Some of these use case promises may even be frequently oversold. 

Meanwhile, quantum computing is not a ñjack of all tradesò solution. It is not a replacement tool but 

more a complement to current High-Performance Computers (HPC). Many, if not most of todayôs 

classical computing problems and software are not at all relevant use cases for quantum computing. 

From an economy historical perspective, the consequence is that quantum computing wonôt probably 

be a Schumpeterian innovation. It will not entirely replace classical legacy technologies. It will com-

plement it. Itôs an incremental instead of being a replacement technology. You probably wonôt have a 

quantum desktop, laptop or smartphone to run your usual digital tasks although quantum technologies 

can be embedded in these devices like quantum sensors and quantum random number generators. 

 

8 One could though argue that adding a single functional qubit to a quantum computer appears to be exponentially difficult with the 

number of qubits. 

ñBuilding a quantum com-

puter is a race between hu-

mans and nature, not between 

countriesò 

Lu Chaoyang, China 

December 2020. 
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Quantum computers will be hidden from users and sit in cloud data centers, like Nvidia GPGPUs 

racks. This will be even amplified by the progress we can anticipate with wireless telecoms. 

When quantum computers will scale after 2030, weôll probably use 6G or 7G networks with even 

better latency and bandwidth! Of course, itôs still hard to anticipate the usages brought by quantum 

computers when they will scale. 

Letôs still boil in the fact that, as weôll see later, quantum computers are not excellent to handle big 

data not for real-time computing. This makes it less relevant to use a local quantum processor, as it 

makes sense today to have local neural networks capacities to handle your in-camera image recogni-

tion processing and voice recognition in smartphones. Less data means more relevance for distant 

quantum computation done in the cloud. 

Classical computing technology developments 

How are we currently making progress with conventional computing? We rely on a few known tech-

niques, some of which have not yet been fully explored. 

Multi-core architectures enable parallel processing but with limits formalized by Amdahl's law, 

which describes the upper limits of parallel computing systems acceleration. 

We have the ongoing sluggish increase of transistors density in processors coupled with so-called 

Domain Specific Architectures using ad-hoc circuits like tensors (matrix multipliers) used to run 

specialized algorithms like neural networks. One key technology development is to make sure 

memory is as close as possible to processing units. 

Neuromorphic processors mimic biological neurons features with integrated memory and pro-

cessing using memristors9. They can be implemented with spintronics electronics, that imitate how 

brain cells work with their own memory10. 

         
Figure 8Υ 5ŜƴƴŀǊŘΩǎ ǎŎŀƭŜ ǿƘƛŎƘ ŜȄǇƭŀƛƴǎ ǘƘŜ ŘŀǊƪ ǎƛƭƛŎƻƴ phenomenon where all CMOS chipsets components cannot be used 

simultaneously. Compilation (cc) Olivier Ezratty. 

 

9 One famous work with neuromorphic processor is the Loihi project from Intel. See Intel's Neuromorphic Chip Gets A Major Upgrade 

Loihi 2 packs 1 million neurons in a chip half the size of its predecessor by Samuel K. Moore, IEEE Spectrum, October 2021. 

10 See the review paper Quantum materials for energy-efficient neuromorphic computing: Opportunities and challenges by Axel Hoff-

mann, Julie Grollier et al, April 2022 (24 pages). 
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The heat barrier limits our capacity to increase processor clock speed beyond 5 GHz. It can reach 6 

GHz with liquid cooling11. 

This is due to the end, in 2006, of Robert Dennard's (1932, American) scale established in 1974. 

According to this scale or rule, as the transistors density increased, the power consumed per unit area 

of the chipsets was stable. This happened since the transistors voltage and current could decrease with 

their density, while increasing the clock frequency. Starting with 65 nm integration, this rule was 

broken. It comes from an unwanted leakage current between source and drain regions caused by de-

pletion areas interpenetration. Thatôs why, among other phenomena, your laptop computer is also 

heating your legs when you use it in public transportation or in your coach12. 

The transistors current leaks started to grow and power consumption soared. This is what prevents 

the growth of processors clock. At the beginning of the 2000s, Intel planned in its roadmaps to raise 

their CPU clock frequency up to 20 GHz. 

Intel then stopped play-

ing this game and instead 

entered the multicore 

realm. However, in June 

2021, Intel released a 

new microprocessor for 

high-end laptops running 

at a 2.9 GHz base clock 

but with a 5 GHz turbo 

mode for a single core, 

the 4-core i7-1195G7, 

etched in 10 nm, and 

with a 28W TDP13. 

 
Figure 9: how CMOS ŎƘƛǇǎŜǘǎ ŎƭƻŎƪ ǿŀǎ ǎǳǇǇƻǎŜŘ ǘƻ ƛƴŎǊŜŀǎŜΧ ŀƴŘ ŘƛŘƴΩǘΦ {ƻǳǊŎŜΥ High Performance 

Computing - The Multicore Revolution by Andrea Marongiu (41 slides), 2019. Additions: Olivier Ezratty. 

The semiconductor demand switched in 2007 towards low-power multi-functions chipsets for 

smartphones. This opened a boulevard for Arm core-based processors and growth for corporations 

like Qualcomm. 

The available computing power per consumed kW increased steadily, doubling every 1.57 years be-

tween 1946 and 2009, according to Jonathan Koomey's empirical law enacted in 2010. However, 

this doubling slowed down to 2.6 years after 2000, due to the end of Dennard's scale. 

There are many techniques used to optimize classical computing footprint, particularly around 

memory management, with making sure memory is as close as possible to computing, including in-

memory processing14. After 2006, transistors density still continued to increase.  

However, the end of Dennard's scale led to the rarely mentioned dark silicon phenomenon. As the 

chipsets get too hot, it becomes difficult to use it entirely. Various methods are then combined to 

circumvent this inconvenience: on-demand cores or functions deactivations according to usage needs, 

a shutdown of certain portions or cores, a voltage drop, or a selective clock frequency adjustment. 

 

11 See on this subject Minimum Energy of Computing, Fundamental Considerations by Victor Zhirnov, Ralph Cavin and Luca Gam-

maitoni, 2014 (40 pages) which compares the energy efficiency of living things and electronics. 

12 Another phenomenon is the tunnel effect happening at the thin grid oxide level, that is reduced with using high-dielectric constant 

oxides (ñhigh k dielectricò). 

13 Thermal dissipation power. 

14 See Energy Efficient Computing Systems: Architectures, Abstractions and Modeling to Techniques and Standards by Rajeev Murali-

dhar et al, July 2020 (35 pages) which makes a good inventory of the various ways to save energy with classical computing. And 

Processing-in-memory: A workload-driven perspective by S. Ghose et al, IBM Research, 2019 (19 pages). 

http://algo.ing.unimo.it/people/andrea/Didattica/HPC/SlidesPDF/01.%20The%20Multicore%20Revolution.pdf
http://algo.ing.unimo.it/people/andrea/Didattica/HPC/SlidesPDF/01.%20The%20Multicore%20Revolution.pdf
https://www.intechopen.com/books/ict-energy-concepts-towards-zero-power-information-and-communication-technology/minimum-energy-of-computing-fundamental-considerations
https://arxiv.org/pdf/2007.09976.pdf
https://users.ece.cmu.edu/~saugatag/papers/19ibmjrd_pim.pdf
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This is what is used in the Arm core-based processors of smartphone chipsets, whose cores do not use 

the same clock rates, in the so-called big.LITTLE architectures created in 2011, and replaced with the 

more flexible DynamIQ architecture in 2017 15. 

 
Figure 10: some of the key CMOS density technical challenges to overcome by the semiconductor industry. One source: Reversible Circuits: 

Recent Accomplishments and Future Challenges for an Emerging Technology by Rolf Drechsler and Robert Wille, 2012 (8 pages). 

To lower transistors density below 10 nm, etching systems using extreme ultraviolet are required, 

coming from ASML. Etching resolution depends on the wavelength of the light used to project a 

mask on a photoresist. 

 
Figure 11: current CMOS scaling solutions adopted by the semiconductor industry. (cc) Olivier Ezratty with uncredited image sources. 

Lowering the transistors size requires increasing this frequency to decrease the wavelength, and thus 

go from the current deep ultra-violet to extreme ultra-violet. It took more than 10 years to develop 

these EUV lithography systems. It is in production since 2019 in TSMC and Samsung 5 nm nodes 

fabs. One of key benefits of EUV etching is to reduce the usage of the costly multiple patterning 

process to improve lithography resolution. 

 

15 There are many other techniques to improve classical processors energy efficiency. See for example Energy Efficient Computing 

Systems: Architectures, Abstractions and Modeling to Techniques and Standards by Rajeev Muralidhar et al, AWS and Melbourne 

University, July 2020 (35 pages). 
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ASLMôs latest EUV lithography generation is dubbed High-NA (for high numerical aperture). A bit 

like in photography, High-NA optics will convey more light onto masks and silicon targets and will 

be required for nodes under 3 nm. It requires both new UV optics but also new light sources. And the 

EUV machines are much bigger and costly. These machines will be deployed around 2024. The gen-

eration after High-NA would be Hyper-NA but even ASML is doubting it will be economically via-

ble16. 

For a while, scientists warned about undesirable quantum effects appearing below 5 nm nodes, with 

a tunnel effect showing up in the thinner grid oxide. But it didnôt prevent going down to 5 nm and 

then below dimensions. TSMC started producing 2 nm chipsets in 2022, combining EUV etching 

with the traditional FinFET technology that has been in use for more than 10 years. They are expecting 

to mass-product 2 nm chipsets by 2025, thanks to nanowires and nanosheets techniques17. In July 

2021, Intel even announced a new density scale using angstrom sized transistors, with 20¡ and 18¡ 

by 2025 (meaning... about 2 nm, given 1 ¡ = 0,1 nm). 

 
Figure 12: the various CMOS transistor technologies used as density increased. 

In May 2021, IBM announced it had prototyped 2 nm nanosheet-based chipsets, manufactured by 

Samsung, and also using EUV lithography18. 

As far as integration is concerned, two other limits must be taken care of, such as Rolf Landauer's 

(1927-1999, researcher at IBM in 1961) principle which defines the minimum energy required to 

erase a bit of information. It is a very low theoretical barrier contested by some physicists. And it can 

be circumvented as we will see with the technique of adiabatic and reversible computing that is cov-

ered page 766. Finally, there is a limit coming from the reticles size, these optical systems used in 

lithography whose size is physically limited, especially optically. Itôs explained in below illustration 

in Figure 13, coming from ASML, the world leader in semiconductor lithography. This limit has been 

reached with the largest recent processors. 

The largest single-die processors of 2020 were the Nvidia A100 with its 54.4 billion transistors etched 

in 7 nm, superseded closely in size by the Graphcore GC200 with its 59.4 billion transistors and 

1,472 cores, launched in July 2020 and the Nvidia H100 launched in 2022 with 80 billion transistors, 

consolidating two adjacent 4 nm chipsets in a single package. 

Cerebras (USA) nevertheless launched in 2019 an amazingly large 21.5 cm x 21.5 cm square pro-

cessor, fitting in an entire 300 mm wafer, which circumvents the reticle size limit by being etched in 

several runs, for its 84 main processing units connected by metal layers. The second version of this 

chipset launched in 2021 contains 2,6 trillion transistors and 40 GB of cache SRAM memory and has 

a memory bandwidth of 20 PB/s, allowing it to significantly accelerate neural networks training. 

 

16 See Hyper-NA after high-NA? ASML CTO Van den Brink isnôt convinced, Bit Chips, September 2022. 

17 See Beyond CMOS, Superconductors, Spintronics, and More than Moore Enablers by Jamil Kawa, Synopsys, March 2019 (43 slides), 

a good presentation describing the various ways to improve the power of components including cold CMOS, semiconductors operating 

at liquid nitrogen temperature levels (-70ÁC) and superconducting Josephson effect based transistors. 

18 See IBM Introduces the Worldôs First 2-nm Node Chip by Dexter Johnson, IEEE Journal, May 2021. 

https://bits-chips.nl/artikel/hyper-na-after-high-na-asml-cto-van-den-brink-isnt-convinced/
https://www.tauworkshop.com/2019/slides/Beyond%20CMOS%20%20TAU%20rev%202.0.pdf
https://spectrum.ieee.org/nanoclast/semiconductors/nanotechnology/ibm-introduces-the-worlds-first-2nm-node-chip.amp.html
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Figure 13: reticle used in photolithography and its related optics, explaining the size limitation of dies in semiconductor manufacturing. 

This massive Cerebras chipset, shown in Figure 14, burns about 15 kW/h which are evacuated by a 

specific water-cooling system. Manufacturing techniques generate defects and more than a couple 

percent of the 850,000 processing units are defective and are short-circuited during software execu-

tion19. In September 2022, Cerebras announced its own Wafer-Scale Cluster computer using up to 

192 15U rack CS-2 systems. It is competing aggressively against Intel/Nvidia and AMD-based su-

percomputers that are currently dominating the HPC landscape. 

Quantum computing may make it possible to overcome the various limitations of current CMOS 

processors for certain tasks. However, it will not replace them at all for tasks currently performed by 

today's computers and mobile devices. 

 
Figure 14: the impressive Cerebras wafer-scale chipset. Source: Cerebras. 

 

19 With its D1 chipset presented in July 2021, Tesla chose another approach. Engraved in 7 nm, it has a computing capacity of 22.6 

TFLOPS FP32, with 50 billion transistors and a 400W TDP. It contains 354 computing units with 1,25 MB SRAM per unit. They 

assemble these D1 in 25-chipsets tiles, consuming 15 kW, exactly like a Cerebras chipset. 
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Typically, video and audio compression and decompression are not relevant tasks for quantum com-

puting. They are usually carried out in specialized chipset processing units, known as DSPs (for dig-

ital signals processing). Similarly, applications handling very large volumes of data are not suitable 

for quantum computing for a whole host of reasons that we will study, mainly because data loading 

speed into qubits is quite low, whatever the qubit type. 

As its use cases will be different, it is hard to anticipate the IT landscape that will emerge with pow-

erful quantum computers when they show up. Even with the advent of quantum computers, Ray Kur-

zweil's singularity predictions, which rely on the ad vitam extension of Moore's empirical law, will 

need to be adjusted! 

Unconventional computing 

In a dedicated part starting page 754, we will evaluate some the other avenues considered to overcome 

the current limitations of classical computing, which may provide some power or efficiency gains 

positioned between classical and quantum computing. These belong to the broad category of ñuncon-

ventional computingò. 

This includes superconducting computing operating at low temperatures (investigated in the USA 

and Japan), digital annealing computing (proposed by Fujitsu), reversible and/or adiabatic com-

puting that could reduce energy consumption and circumvents Dennardôs scale end, probabilistic 

computing as well as different breeds of optical computing. 

I also delve into some of the inner workings of supercomputers and specialized processors to better 

understand their strengths and weaknesses. When comparing quantum computers to classical com-

puters, we are better off with knowing both sides of the equation, not just the loud new kid in town! 

These are sort of backup solutions, should science fail to create scalable quantum computers. It will 

also complement quantum computing used in the context of hybrid computing. Interestingly, some 

unconventional computing avenues, such as superconducting electronics, are potential enabling tech-

nologies for scaling certain types of quantum computers. 

However, at this point, none of these solutions seem positioned to solve intractable problems although 

some of these are claiming they have this capacity, which is quite hard to fact-check at large scales. 

 
Figure 15: various unconventional computing approaches besides quantum computing. (cc) Olivier Ezratty with uncredited images. 
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The history of technology is about exploring multiple branches. Some do not succeed. Some help 

each other. Also, some can suddenly wake up after being frozen for decades. The game is open! 

 

Why... key takeaways 

Á All existing digital technologies are already quantum and belong to the first quantum revolution including transis-
tors, lasers and the likes, leveraging our control of light-matter interactions with large ensembles of quantum objects 

(electrons, atoms, photons). The second quantum revolution is about using a variable mix of superposition, entan-

glement and individual quantum objects. It usually contains quantum computing, quantum telecommunications, 

quantum cryptography and quantum sensing. 

Á Quantum technologies are at the crossroads of many scientific domains encompassing physics, mathematics, com-
puting, social sciences and the likes. It creates new educational and pedagogy challenges that must be addressed in 

innovative ways and customized according to various audiences. This book targets broad audiences with some 

technical background, including computer science engineers. 

Á Quantum computing promise is to solve so-called intractable problems whose computing complexity grows expo-

nentially with their size. These canôt be solved with classical computing, whatever happens with Mooreôs law. But 

weôre not there yet since there are many challenges to scale quantum computers beyond what can be done today. 

In the interim, some marginal improvements will come with noisy intermediate scale computers, including better 

and more precise solutions in various domains. 

Á Other new technologies may compete with quantum computing, belonging to the broad ñunconventional compu-
tingò category. Only a very few of these could also bring some exponential computing capacity. Most others bring 

other benefits compared with classical computing like in the energy consumption domain. Some of these technol-

ogies like superconducting electronics and adiabatic/reversible computing could also be helpful as enablers of 

quantum computing scalability. 

Á This book is unique in its shape and form. It covers quantum technologies with a 360Á approach. Itôs more scientific 

than most publications, outside research review papers. Itôs a good appetizer for those who want to investigate the 

matter whatever the angle. 
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History and scientists 

After having set the stage, weôll make an history detour to discover the origins of quantum physics. 

As any scientific and technological endeavor, itôs above all a great human story. I pay tribute here to 

the many scientists who, step by step, made all this possible and are still working on it for those who 

are still in this world. 

Nanoscopic physics. Quantum physics deals with atomic and sub-atomic level particles and with the 

interactions between electromagnetic waves and matter. It differs from classical Newtonian physics, 

which predictably governs the dynamics of macrophysical objects, beyond a few microns and up to 

the size of planets and stars. Classical physics is governed by Newton's laws for matter, by Maxwell's 

laws for electromagnetic fields and associated forces and by statistical physics which describes con-

tinuous media such as gases and fluids and from which the principles of thermodynamics are derived. 

When the speed of objects becomes close to the speed of light or when we reach large objectôs mass, 

the theory of relativity comes in, explaining the curvature of space-time and modelling the impact of 

gravity. It helps describing extreme phenomena such as black holes or neutron stars. It allows us to 

interpret the History of the Universe, but not entirely. But relativistic electrons are also hidden in our 

bodyôs atoms and in many elements on earth as weôll quickly discover with the weird field of relativ-

istic quantum chemistry. 

 

Figure 16: high-level classification of the branches of physics. (cc) Olivier Ezratty, 2020. 

The fourth domain of physics in this quadrant is the quantum fields theory. It describes the physics of 

high-speed elementary particles, such as those observed in particle accelerators like quarks and the 

famous Higgs boson. Richard Feynman is one of the founders of quantum electrodynamics, a subset 

of quantum field theory. 

In a way, quantum physics was a mean to unify classical matter physics and electromagnetic waves 

physics. It helps describe how matter was organized at the atomic and electrons levels and how these 

interacted with quantized electromagnetic waves, aka photons, including visible light. 

Unification still in the making. Physics is still not yet complete nor unified. Some observable phys-

ical phenomena still resist it. We do not know how to explain the origins of gravitation and we are 

still looking for the dark matter and energy that would explain the cohesion of galaxies and the Uni-

verse current expansion. Scientists would like to explain everything, but some knowledge may never 

be accessible such as the shape and form of the Universe before the Big Bang. 

newtonian
physics

relativistic
physics

quantum
physics

quantum fields 
theory

speed

mass

theories of everything



Understanding Quantum Technologies 2022 - History and scientists / Why quantum computing? - 19 

The so-called theory of everything (ToE) or unification theory sought after by some physicists would 

be a formalism unifying all the theories of physics and in particular relativity, gravity and quantum 

physics. This very serious field of physics is still in the making20. Numerous proposals emerge and 

sorting it out is not easy21. 

Connecting the dots. This part will help you memorize whoôs who in the History of quantum physics 

and quantum computing. It will also cover some important science basics such as the Maxwell and 

Schrºdinger equations that Iôll try to explain in laymanôs terms, at least for readers having basic sci-

ences knowledge. Explaining quantum computing inevitably starts with some quantum physics 101 

explanations. Some of its basics, although sometimes quite abstract, must be understood. I still always 

try to connect the dots between quantum physics and quantum computing from a practical basis. Itôs 

a vast puzzle. Iôll add its pieces one by one and even though the puzzle may not be fully completed, 

youôll get a picture enabling you to become fairly well educated on quantum computing. 

Experiments and theories. Quantum physics took shape in 1900. Like almost all sciences, it is the 

result of the incremental work of many scientists with interactions between experimentation, theories 

and mathematical creativity. Sometimes, quantum physics is better explained with its underlying 

mathematical models than with incomplete physical interpretations. Representation models such as 

the broad field of linear algebra plays a key role to describe quantum states and their evolution in 

space and time. Linear algebra is also an essential tool to understand how quantum computer qubits 

are manipulated and measured. Even if we can trace the beginning of quantum physics to Max 

Planckôs 1900 quanta discovery, it was based on earlier work from many other scientists who devised 

about the particle or wave nature of light, on the discovery of electromagnetism and atoms. Quantum 

physics is a human adventure that brought together immense talents who confronted each other and 

evolved step by step their understanding of the nanoscopic world. New generations of scientists have 

always questioned the state of the art built by their predecessors22. Physicists conducted numerous 

experiments, build theories and then verified it experimentally, sometimes with several decades of 

latency. They also had to pour philosophy into their work to interpret the deep significance of their 

discoveries, and quantum physics was not an exception. Despite its constant enrichment, quantum 

physics has shown an astonishing robustness to stand the test of time and with extreme precision. 

Misrepresentations. Many quantum physics scientists are famous even for general audiences, even 

though their work has been overly simplified. Schrºdinger's famous cat and Heisenberg's indetermi-

nacy principle are commonplace... even when their underlying details are quite different from their 

related clich®s. Schrºdinger's key work is his non-relativistic particles wave equation, not the 10 lines 

he wrote in 1935 on his eponymous cat thought experiment that is usually grossly misinterpreted! 

 

20 The American-Japanese physicist Michio Kaku estimates that some theory of everything will be finalized by 2100. See Michio Kaku 

thinks we'll prove the theory of everything by 2100, April 2019. Michio is at the origin of string theory. He defines very well the 

connection between the different branches of physics and this theory of everything in A theory of everything?. But for many reasons 

too long to explain here, he happens to be very optimistic in his prediction! 

21 This is the case of the Wolfram Physics Project launched in April 2020 by Stephen Wolfram, a prolific Anglo-American physicist, 

mathematician and computer scientist. Building on his 2002 book "A new kind of science", the author's idea is to explain everything, 

the world, physics, the universe, whatever, with cellular automata, graphs and fractals. The world would be discrete on a small scale, 

including time. His Physics Project focuses on the unification of physics with the same set of tools. See the hundred pages presentation 

of the project, the white paper which contains a section on quantum physics. Physicistsô views on this theory are more than circumspect. 

The paper does not develop a theory that would be verifiable with an experimental approach as was the case for quantum physics 

(superposition, wave function, wave function collapse, atomic transition spectral lines, ...). Wolframôs theory was critically analyzed in 

2002 by Scott Aaronson in a 14-page review, particularly about his Bell's inequalities interpretation, and in A New Kind of Science by 

Cosma Rohilla Shalizi of Carnegie Mellon University, who does not mince his words. The same ñhammer/nail explains everythingò 

approach was created by a team of scientists who describe the Universe physics laws self-learning capabilities with a giant neural 

network approach, in The Autodidactic Universe by Stephon Alexander, Jaron Lanier, Lee Smolin et al, 2021 (79 pages). 

22 Max Planckôs cynically explained in 1950 the evolution of science with the death of old generation of scientists: "A new scientific 

truth does not triumph by convincing its opponents and making them see the light, but rather because its opponents eventually die and 

a new generation grows up that is familiar with it". 

https://futurism.com/the-byte/michio-kaku-theory-everything-2100
https://futurism.com/the-byte/michio-kaku-theory-everything-2100
http://p-i-a.com/Magazine/Issue6/MichioKaku.htm
https://www.wolframscience.com/nks/
https://writings.stephenwolfram.com/2020/04/finally-we-may-have-a-path-to-the-fundamental-theory-of-physics-and-its-beautiful/
https://writings.stephenwolfram.com/2020/04/finally-we-may-have-a-path-to-the-fundamental-theory-of-physics-and-its-beautiful/
https://www.wolframcloud.com/obj/wolframphysics/Documents/some-quantum-mechanical-properties-of-the-wolfram-model.pdf
https://scottaaronson.com/papers/nks.pdf
http://bactra.org/reviews/wolfram/
https://arxiv.org/pdf/2104.03902.pdf
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Like life in general, science is a great relay race, with many players. Hundreds of other less-known 

contributors have also grown the field and must be recognized. Sometimes, genius scientists were so 

prolific than we forget their contributions. This is the case of John Von Neumann who is better-known 

for his ñVon Neumann modelò that is the cornerstone of classical computing and for his contribution 

to the development of EDVAC in 1949, the first stored program-based computer, rather than for his 

huge contribution to quantum physics mathematical formalism with density matrices and quantum 

measurement. It depends on the field you are working in, classical computing or quantum physics. 

You won't find here inventors or entrepreneurs a la Steve Jobs or Elon Musk, even though the found-

ers of startups like D-Wave, IonQ, Rigetti and PsiQuantum are among the entrepreneurial pioneers of 

this burgeoning industry, all being high-level scientists with a PhD! 

Hall of fame. The History of 20th century quantum physics is embodied in the mythical Fifth Solvay 

Conference in 1927, held at the Institute of Physiology in Brussels. It brought together the greatest 

mathematicians and physicists of the time including almost all the historical founders of quantum 

physics with Max Planck, Albert Einstein, Niels Bohr, Louis de Broglie, Erwin Schrºdinger, Max 

Born, Werner Heisenberg and Paul Dirac23. All this happened as the foundations of 20th quantum 

physics theories were fairly well laid out. 17 of its 29 participants got a Nobel Prize, 6 of which before 

the congress (names underlined in green) and the others afterwards (in blue). It was probably one of 

the largest concentrations and density of scientific brains per square meter in the history of mankind!  

 
Figure 17: the famous Solvay 1927 conference photo with its 17 Nobel prizes (6 back then, and 11 after the conference). Photo 

credit: Benjamin Couprie, Institut International de Physique de Solvay. 

Solvay conferences on physics are held every 3 to 4 years since their creation in 1911 by the entre-

preneur and chemist Ernest Solvay. The 1927 congressôs topic was electrons and photons, which are 

at the heart of quantum physics. Half of these conferences are dedicated to quantum physics, the other 

on different branches of physics. The 28th edition was held in May 2022 and gathered a contemporary 

hall of fame of quantum scientists from quantum physics to quantum information science. 

 

23 Only fathers and no mother! Marie Curie was present but was not specialized in quantum physics. She worked on radioactivity. 
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The major contributions of early scientists in quantum physics are generally arranged in chronological 

order, with some indication of who influenced whom. 

Precursors 

We begin with the classical physicists and mathematicians of the 18th and 19th centuries who laid the 

scientific groundwork that allowed their 20th century successors to formalize the foundations of quan-

tum physics24. 

 
Figure 18: precursor scientists who laid the ground particularly in the electromagnetic fields and mathematics domains. 

Itôs roughly organized in scientific contributions chronological order. 

 

Thomas Young (1773-1829, English) was one of the great sciences and arts poly-

maths of his time, working in optics, medicine, linguistics, Egyptology and music. He 

determined that light behaved like a wave, which he proved with the double-slit ex-

periment around 1806, illustrated in Figure 19, that now bears his name. When reduc-

ing the size of both slits, it generates interference fringes creating alternating light and 

dark zones related to the wave nature of light. We had to wait till Albert Einsteinôs 

work in 1905 to determine that light was also made of particles. 

His experiment used red filtered sunlight going through a first slit. Contemporary experiments use 

coherent laser light sources. This experiment is one of the cornerstones leading much later to the 

creation of the electromagnetism theory by James Maxwell. 

The slit experiment was imple-

mented with electrons in 1961, 

with a similar result, illustrating 

the electron wave-particle dual-

ity, devised first by Louis de 

Broglie in 1924. It was then also 

done with atoms in 1991 and 

with various molecules starting 

in 2002. 

Thomas Young also worked on 

the principles of refraction and 

human trichromatic vision as 

well as in fluid mechanics, in-

cluding on the notion of capillar-

ity and surface tension. 

 

Figure 19: the double-slit experiment principle (cc) Olivier Ezratty, sources compilation. 

As an Egyptologist, Thomas Young contributed to the study of the hieroglyphs of the famous Rosetta 

Stone, which was later used by Jean-Fran­ois Champollion to decipher the whole stone texts. 

Champollion was then sponsored and helped by a certain Joseph Fourier. Yes, the mathematician! 

 

24 I do not always indicate the source of the diagrams used in this text. These are part of common scientific knowledge that are now in 

the public domain. 
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William Rowan Hamilton (1805-1865, Irish) was a mathematician and astronomer. 

He invented around 1827 a set of new mathematical formulations of the laws of phys-

ics incorporating electromagnetism. In quantum mechanics, we often speak of Ham-

iltonians or Hamiltonian functions. These are mathematical operators used to evalu-

ate the total energy of a system of elementary particles including their kinetic and 

potential energies. This energy is evaluated over time. 

Schrºdinger's 1926 wave equation describes the evolution of a systemôs Hamiltonian over time. 

Among other domains, this concept is used in analog quantum computing with quantum simulators 

and quantum annealers, like with D-Waveôs systems. Weôll have the opportunity to cover this in detail 

in this book, starting page 278. 

Hamilton is also behind the creation of quaternions in 1843 which generalize complex numbers, with 

using i, j and k as imaginary numbers with É Ê Ë ÉÊËρ. It can be used to compute three-

dimensions rotations and have some applications in quantum computing like for the representation of 

two-qubit entanglement and of single qubit gates from the Pauli group, in topological quantum com-

puting. This is an exotic domain that we wonôt cover in this book. 

 

Niels Henrik Abel (1802-1829, Norwegian) is a prolific mathematician at the origin 

of the so-called Abelian groups. His work focused on the semi-convergence of nu-

merical series, sequences and series of functions, the convergence criteria of gener-

alized integrals, the notion of elliptic functions and integrals (used in cryptography) 

and the resolution of algebraic equations including his proof of the impossibility of 

solving general quintic equations. 

He died way too early at the age of 26 from tuberculosis while visiting Paris and meeting his fianc®e! 

Along with William Rowan Hamilton, Charles Hermite and Emmy Noether, he is one of the main 

ósuppliersô of the mathematical foundations used in quantum mechanics. 

The adjectives "Abelian" and "non-Abelian" are associated with anyons, the quasiparticles that are 

the basis of topological quantum computing. 

Why do these concepts of quantum mechanics invented long after his death refer to this mathemati-

cian? Mainly because the distinction between Abelian and non-Abelian is linked to their commutative 

mathematical representation. A system with A and B is Abelian when A*B = B*A or non-commutative 

and non-Abelian when A*B is not equal to B*A. The most common non-commutative operations are 

non-square matrices multiplications. The multiplication of a matrix (p x q) * (q x p) will give a matrix 

(p x p) whereas in the other direction, (q x p) * (p x q) will generate a matrix (q x q), q and p being 

here numbers of rows and/or columns. 

Non-commutativity is frequently found in quantum physics and particularly with quantum measure-

ment. The order in which quantum objects properties are measured may influence the results because 

the used measurement operators are non-commutative. In some cases, though, operators are commu-

tative, like with the Measurement-Based Quantum Computing (MBQC) technique that we will have 

the opportunity to describe later when dealing with photon-based quantum systems. 

 

Charles Hermite (1822-1901, French) was another prolific 19th century mathemati-

cian. He worked on numbers theory, quadratic forms, the theory of invariants, orthog-

onal polynomials, elliptic functions and algebra. His main works were concentrated 

on the 1848-1860 period. We owe him the notion of Hermitian functions and matri-

ces, which are widely used in quantum physics and quantum computing. A Hermitian 

matrix is composed of real numbers in the diagonal and can be complex in the rest, 

and is equal to its transconjugate. 
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Namely, their transpose matrix whose value of complex numbers has been inverted (i becomes -i and 

vice-versa). 

Quantum measurement op-

erations in quantum phys-

ics and computers are de-

fined by Hermitian matri-

ces. 

 

Figure 20: how a Hermitian matrix is constructed. 

Achille Marie Gaston Floquet (1847-1920, French) was a mathematician who developed mathe-

matical analysis in the theory of differential equations. His name is used in Floquet codes (quantum 

error correction codes) and we also find him in the physics of quantum matter. 

 

James Clerk Maxwell (1831-1879, Scottish) created in 1865 the theory of electro-

magnetic fields, combining an electric field and a magnetic field orthogonal to the 

direction of wave propagation as in the diagram below, and moving at the speed of 

light. This theory explains light-light interactions such as reflection, diffraction, re-

fraction and interferences. Maxwell's work built on and improved the formalism from 

Faraday, Gauss, and Amp¯re. 

Maxwell's equations illustrate that when they 

are constant, electric, and magnetic fields are 

independent, and in variable regime (with a 

wavelength ɚ), it becomes interdependent (%ᴆ 

and "ᴆ ), one generating the other and vice-

versa, hence the notion of electromagnetic 

waves and fields. 

 

Figure 21: electromagnetic wave electric and magnetic fields 
components. 

In Maxwell's equations, the electromagnetic field is represented by an electromagnetic tensor, a 4x4 

matrix whose diagonal is zero and whose half of the components describe the electric field and the 

other half the magnetic field. These four dimensions correspond to space (3) and time (1). 

In fact, there are four main Maxwell equations25: 

¶ The Maxwell-Gauss equation describes 

how an electric field is generated by elec-

tric charges. At each point in space, the 

electric field is directed from positive to 

negative charges in directions depending 

on the charges space position. 

 
Figure 22: Maxwell-Gauss equation describing the electric field created 

by electric charges. 

¶ The Maxwell-flux equation states that a 

magnetic field is always generated by a di-

pole with positive and negative charges 

that are connected and inseparable. Math-

ematically, this translates into the fact that 

the divergence of the magnetic field is 

zero and that there is no magnetic mono-

pole. 

  
Figure 23: Maxwell-flux equation. 

 

25 See these well done and visual explanations of Maxwell's equations: A plain explanation of Maxwell's equations. 

ὃ  ὃᶻ

transposed matrix
Hermitian matrix

matrix equals its transconjugate

electric field
charges 

distribution

vacuum dielectric 
permittivity

divergent, 
measures field 

variation 
orientation

magnetic field

closed surface

surface integral

surface vector derivative 

ÄÉÖὄ π

https://www.fiberoptics4sale.com/blogs/electromagnetic-optics/a-plain-explanation-of-maxwells-equations


Understanding Quantum Technologies 2022 - History and scientists / Precursors - 24 

¶ Namely, that there is no magnetic field line that escapes to infinity as we have with an electric 

field. 

¶ The Maxwell-Faraday equation describes 

how the variation of a magnetic field creates 

an electric field. This is the principle used in 

electric alternators. The rotational operator 

using a nabla sign  ɳcorresponds to a differ-

ential vector operation. It is equal to the first 

derivative of the magnetic field over time. 

 
Figure 24: Maxwell-Faraday equation connecting the magnetic and 

electric fields. 

¶ The Maxwell-Ampere equation states that 

magnetic fields are generated by electric cur-

rents or by the variation of an electric field. 

This interdependence between magnetic 

fields and varying electric fields explains the 

circulation of self-sustaining electromagnetic 

waves. On the left of the equation is the rota-

tional magnetic field. 

 
Figure 25: Maxwell-Ampere equation connecting magnetic field to 

electric field 

As with Schrºdinger's equation, Maxwell's equa-

tions have several variations, which may be con-

fusing. Maxwell first published twenty equations 

with twenty unknown variables in 1865. In 1873, 

he reduced them to eight equations. In 1884, Oli-

ver Heaviside (1850-1925, English) and Willard 

Gibbs (1839-1903, American) downsized the 

whole stuff to the four partial differential vector 

equations mentioned above. These four vector 

equations are reduced to two tensor equations for 

electromagnetic waves propagated in vacuum.  
Figure 26Υ aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ ƛƴ ǾŀŎǳǳƳΦ 

The non-interaction with other elements explains 

the independence in this equation between elec-

tric and magnetic fields. 

Maxwell predicted that electromagnetic waves 

were travelling at the speed of light. 

Electromagnetic waves were only experimentally 

discovered after Maxwell's death, by Heinrich 

Hertz (1857-1894) between 1886 and 1888. 

Hertz also discovered the photoelectric effect in 

1887. Maxwell's description of electromagnetic 

waves had a phenomenal impact in electromag-

netic telecommunications and optronics. It also 

served as a foundation for the first quantum phys-

ics laws developed by Max Planck in 1900 which 

led progressively to the quantization of the elec-

tromagnetic waves. 

 

Maxwell is also at the origin of the Maxwell-Boltzmann statistical law of gas distribution. It models 

the particle velocity distribution of a perfect gas. It does not take into account the interactions between 

particles and is not applicable to extreme conditions, such as very low temperatures. 
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In particular, it is replaced by the Bose-Einstein condensate statistic for bosons (integer spin particles 

such as helium 4, which can be gathered in the same quantum state and energy level) and by the 

Fermi-Dirac statistic for fermions (particles with half-integer spins such as electrons or helium-3, 

which cannot cohabit in the same quantum and energy state). 

Maxwell is the designer in 1867 of the so-called Maxwell's demon thought experiment which would 

make possible the reversibility of thermodynamic exchange processes and invalidate the second law 

of thermodynamics. 

It rests on two boxes containing two different gases where a gas at two different temperatures is 

separated by a hole and a closure controlled by a "demon". When the door is opened, the gases mix. 

Once mixed (see Figure 27), the demon 

would control which molecules could go 

from one box to another, taking ad-

vantage of the natural kinetic energy of 

the gases. This would allow in theory and 

after a certain time to return to the previ-

ous equilibrium in a non-equilibrium sit-

uation (on the right in Figure 27). 

 

Figure 27Υ aŀȄǿŜƭƭΩǎ ŘŜƳƻƴ ǇǊƛƴŎƛǇƭŜΦ Source: Wikipedia. 

It took several decades to find the fault, notably via L®o Szilard in 1929 and L®on Brillouin in 1948. 

Initially, the explanation was that the demon needs to consume some energy to obtain information 

about the state of the gas molecules to sort them out. Therefore, energy is consumed to modify the 

stable equilibrium obtained to mix the gases. 

The "up to date" explanation is somewhat different. The energy cost comes from resetting the demon's 

memory, which ultimately consists of a single bit of information26. 

All this had repercussions on the notion of the energy value of information and led, much later, to the 

creation of the field of information thermodynamics, i.e., the study of the energetic and entropic foot-

prints of information, particularly in quantum computing. 

This field was then investigated by Rolf Landauer, known for his study of irreversible information 

management circuits heat generation, and by Charles Bennett and Gilles Brassard, the co-inventors 

of the QKD based BB84 protocol, which we will discuss later, and then by Paul Benioff, who was at 

the origin of the idea of gate-based quantum computing. 

We finally owe Maxwell the creation of color photography in 1855, that was implemented in 1861, 

based on the three primary colors of human vision. 

Maxwellôs electromagnetic field equations has very well survived the test of time. Itôs still the basis 

of classical optics and quantum optics. Even when studying quantized light, researchers and students 

still rely on Maxwellôs equations and their subsequent derivations created since then. 

 

26 Here is the detailed explanation by Alexia Auff¯ves (CNRS Institut N®el / MajuLab): we can understand the operation of resetting a 

bit of memory by considering an ultimate Carnot engine, consisting of a single particle that can be located to the left or right of a certain 

thermostated volume. Left = 0, Right = 1 There are two possible operations. The first one is compression. The particle is initially to the 

left or to the right of the volume that contains it (we don't know) and we compress the said volume so that at the end it is necessarily 

on the left. It is an initialization operation where the bit is reset to state 0. As with any compression, you have to pay, here in this 

ultimate case, the work to be expended is kT log 2. This is Landauer's famous work, which sets an energy bound to all logically 

irreversible operations. The second operation is relaxation. In the beginning, we know whether the particle is on the left or on the right. 

We position a wall, a pulley with a mass at the end and let the trigger operate while extracting an elementary work equivalent to kT log 

2. This is a Szilard machine. These two manipulations were performed experimentally in 2011 at ENS Lyon. It shows the energy 

footprint of information and are the ultimate solution to Maxwell's demon paradox. See Information and thermodynamics: Experimental 

verification of Landauerôs erasure principle by Antoine B®rut, Artyom Petrosyan and Sergio Ciliberto, Universit® de Lyon and ENS 

Lyon, 2015 (26 pages). 

https://arxiv.org/pdf/1503.06537.pdf
https://arxiv.org/pdf/1503.06537.pdf
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Ludwig Boltzmann (1844-1906, Austrian) was a physicist, the father of statistical 

physics, defender of the existence of atoms, facing a strong opposition from scientists 

until the beginning of the 20th century, and creator of equations describing fluid and 

gas dynamics in 1872. He is also at the origin of the probabilistic interpretation of the 

second law of thermodynamics, which establishes the irreversibility of physical phe-

nomena, particularly during thermal exchanges. 

Irreversibility is associated with the creation of entropy. Boltzmann tried his hand at philosophy while 

defending the existence of atoms. Depressed, he died by committing suicide. 

 

Henri Poincar® (1854-1912, French) was a mathematician and physicist, precursor 

of the theory of relativity and gravitational waves. We owe him a probabilistic func-

tion that bears his name, and which is the optical equivalent of the Bloch representa-

tion that we will see later, which mathematically describes the state of qubits. He is 

also the author in 1904 of the mathematical conjecture that bears his name and that 

was demonstrated in 2003 by the Russian mathematician Grigori Perlman. It is rela-

tive to hypersphere bounding the unit ball in a 4-dimensional space. 

He was a first cousin of Raymond Poincar® (1860-1934), president of France during the First World 

War, a lesser-known figure than Georges Cl®menceau who was then Prime Minister and drove the 

war efforts against Germany and with allies from the UK and the USA. 

 

David Hilbert (1862-1943, German) is yet another prolific mathematician who, at 

the end of the 19th century, was the creator of the mathematical foundations widely 

used in quantum physics, in particular his so-called Hilbert spaces using vectors to 

measure lengths, angles and define orthogonality. They are used to represent the state 

of quantum objects and qubits with vectors and complex numbers with an inner prod-

uct, distances and an orthonormal basis (see Figure 28). Still, his work had nothing 

to do with quantum physics, which was not yet formulated at the time. 

His work was used by 

Paul Dirac in 1930 and 

John Von Neumann in 

1932 to lay the 

groundworks of quan-

tum physics mathe-

matical foundations 

like the Dirac Bra-Ket 

notation and the Von 

Neumann quantum 

measurement formal-

ism. 

 
Figure 28: a Hilbert space is a vector space with an inner product. It enables the measurement of vector 

distances, angles and lengths. Source: compilation Olivier Ezratty, 2022. 

 

Pieter Zeeman (1865-1943, Dutch) was a physicist, Nobel Prize in Physics in 1902 

with Hendrik Lorentz, for the discovery of the effect that bears his name between 

1896 and 1897. The Zeeman effect occurs when excited atoms are exposed to a mag-

netic field. This affects their emission or absorption spectrum, that displays many 

discrete spectral lines. The effect is observed with spectroscopy, which breaks down 

light rays of different wavelengths with a prism. 

In his experiment, spectral lines are broken down into an odd number of lines (normal Zeeman effect, 

as shown in Figure 29 for cadmium atoms) or an even number of lines (abnormal Zeeman effect). 

The decomposition depends on the intensity of the magnetic field passing through the analyzed atoms. 

There is also a nuclear Zeeman effect explained by the spin of atom nucleus. 
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Figure 29: normal ½ŜŜƳŀƴΩǎ ŜŦŦŜŎǘ energy transitions. 

Source: Lecture Note on Zeeman effect in Na, Cd, and Hg 
by Masatsugu Sei Suzuki and Itsuko S. Suzuki, 2011. 

It is matched by a polarization of the generated light 

whose nature and intensity depends on the orientation 

of the magnetic field relative to the light beam as 

shown here. The Zeeman effect can be explained by 

Pauli's exclusion principle, elaborated in 1925, and by 

the transitions in the energy level of the electrons in the 

same atom layer and having different orbital angular 

momentum (normal) and spin (abnormal). In astron-

omy, the Zeeman effect measurement is used to evalu-

ate the intense magnetic fields in stars as well as within 

the Milky Way. The nuclear Zeeman effect is used in 

magnetic resonance spectroscopy in MRI scanners. 

 

Hendrik Antoon Lorentz (1853-1928, Dutch) was a physicist who worked on the 

nature of light and the constitution of matter and made the link between light and 

Maxwell's electromagnetism equations. We owe him the Lorentz transformations that 

explain the results of Michelson-Morley's experiments between 1881 and 1887 which 

showed that the speed of light is stable, whatever the reference frame. With Henri 

Poincar® and George Francis FitzGerald (1851-1901, Irish), he was a key contributor 

to the theory of relativity formalized later by Albert Einstein between 1905 and 1915. 

Letôs also add Joseph Larmor (1857-1942, Irish/British) who, among other various contributions, 

was one of the first to associate electric charges with electron particles in 1894. We also own him the 

notion of Larmor precession, the rotation of the magnetic moment of an object when it is exposed to 

an external magnetic field, discovered with protons in 1919 and later extended to electrons. 

Founders 

The foundations of quantum physics started with Max Planckôs black-body explanation with energy 

quanta and, then took shape over three and a half decades, roughly until 1935. It involved the succes-

sive contributions from Einstein, Bohr, De Broglie, Schrºdinger, Born, Heisenberg and Dirac to men-

tion only the best-known contributors who were all theoreticians and not experimentalists. In the 

timeline from Figure 30, the gold coins represent a Nobel prize. 

 
Figure 30: quantum physics foundational years timeline. (cc) Olivier Ezratty, 2021-2022. 
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Things were relatively quiet during World War II as lots of scientists were focused on creating the 

atomic bomb in the USA under the umbrella of the then very secret Manhattan project while Europe 

was not the best place in the world for travel and international scientific collaborations. German sci-

entists who initially led quantum physics became isolated or emigrated to the USA or the UK because 

they were Jews, like Albert Einstein or Max Born. 

 
Figure 31: the key founders of quantum physics in the first part of the 20th century. (cc) Olivier Ezratty, 2020. 

Here is a broader tour of the great physicists and mathematicians who laid the foundations of quantum 

physics. They are all Europeans who, some of whom emigrated from Europe to the United States 

before World War II. 

 

Max Planck (1858-1947, German) was a physicist, initially specialized in thermo-

dynamics. In 1900, he developed the first basis of quantum physics, hypothesizing 

that energy exchanges between light and matter are made by discrete quanta. This 

radiation is not continuous but varies by thresholds, in steps of a certain amount of 

energy, hence the term "quantum" and "quantum physics" or ñquantum mechanicsò. 

His theory allowed him to roughly explain for the first time the enigmatic radiation 

of black bodies, that absorbs all incident magnetic radiation. 

Examples of black bodies are a closed cavity 

like an oven, a heated metal that becomes 

red, orange, then white depending on the 

temperature, or a star like our own Sun. The 

spectrum of electromagnetic waves emitted 

by a black body depends only on its temper-

ature and not at all on its material. The 

higher the temperature is, the more the elec-

tromagnetic spectrum emitted by the black 

body slides towards higher frequencies on 

the left, therefore towards purple and ultra-

violet. The theory solved the ultraviolet ca-

tastrophe. 

 
Figure 32: black-body spectrum and the ultra-violet catastrophe. 
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This so-called ultraviolet catastrophe, an expression Paul Ehrenfest (1880-1933, Austrian) created 

later in 1911, happened with the Rayleigh-Jeans law also proposed in 1900, which was trying to 

predict the shape of the light spectrum with the black body temperature. It was diverging to infinite 

values as the temperature was growing. Planckôs law solved the problem and avoided the ultraviolet 

catastrophe. He found his spectrum equation empirically and only then, a related explanation based 

on harmonic oscillators and energy quanta exchanged between the radiation and the black body ñwallò. 

For this work, Max Planck was awarded the Nobel Prize in Physics in 1918. 

We also owe him the constant which bears his name (Ὤ) and which is used in his blackbody radiation 
equation. The Planck constant (6.626x10-34 Js) was then used in the equation according to which 

atomic state energy shifts equals to the radiation frequency multiplied by Planck's constant. The con-

stant appears in most quantum physics equations (De Broglie, Schrºdinger, Dirac, etc.). 

When an electron changes its orbit in a hydrogen atom, it emits or absorbs an electromagnetic wave 

whose energy is equal to Planck's constant multiplied by the emitted light frequency. More generally, 

a system can evolve only with multiples of Planckôs constant. Despite the numerous experimental 

validations carried out a few years later, Max Planck expressed until his death a lot of doubts about 

the very principles of quantum physics! 

Planck is also at the origin of several infinitesimal constants as shown in Figure 33: Planck time, 

which is tP=10
-44s and Planck distance which is lP=1.616255*10

-35m. Planck's time is the time it would 

take for a photon to travel the Planck distance. 

 
Figure 33: Planck time, distance and mass constants (cc) Olivier Ezratty, 2021. 

These are the dimensions of the infinitely small below which any observation would be impossible. 

The length of Planck lP is so small that a photon used to observe it would have such a high frequency 

and energy that it would generate a black hole around it and would therefore become unobservable! 

At last, Planck mass is the maximum mass of an elementary particle. A particle with this mass and 

the size of Planckôs distance would be a black hole. These are quite extreme physics. In today's clas-

sical cosmology, Planck's wall corresponds in the history of the expansion of the Universe to the 

moment when 10-43s after the big bang, its size would have been 10-35m, which is respectively the 

Planck time and Planck distance. Needless to say that the experimental conditions of the big bang are 

difficult to reproduce. It doesnôt prevent some physicists to try to simulate it digitally27. 

 

27 See A new algorithm that simulates the intergalactic medium of the Universe in seconds is developed by the Instituto de Astrofisica 

de Canarias, May 2022. 
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Albert Einstein (1879-1955, German then American) got his Nobel Prize in 1921 for 

his interpretation of the photoelectric effect in 1905, which became one of the foun-

dations of quantum mechanics after Planck and before De Broglie, Heisenberg and 

Schrºdinger. Einstein determined that Planck's quanta are elementary grains of en-

ergy Ὁ Ὤ‡ (Planck constant times frequency) with a momentum of ὴ Ὤ‡Ⱦὧ 28. 

These were named ñphotonsò in 1926 by Gilbert Lewis (1875-1946, American). 

Symbolically, 1905 is also the year of Jules Verneôs death. 

Symmetrically to what Louis De Broglie would later do with electrons, he hypothesized that a photon 

behaves both as a wave and as a particle. 

This was coming out of just one out of his four 1905 ñannus mirabilisò papers sent between March 

and June to Annalen der Physik, the others being on special relativity, Brownian motion and mass-

energy equivalence, published when he was just 26. This was on top of his own 24 pages PhD thesis 

on a theoretical method to calculate molecular sizes using fluid mechanics and hydrodynamics. 

With the photoelectric paper, he reconciled the corpuscular theories of Ren® Descartes (1596-1650, 

French, in 1633) and Isaac Newton (1642-1726, English, in 1704) with the wave-based theories of 

Christiaan Huygens (1629-1695, Dutch, in 1678) to describe light. 

This was followed by the works from Augustin-Jean Fresnel (1788-1827, French), L®on Foucault 

(1819-1868, French, who measured first the speed of light), Hippolyte Fizeau (1819-1896, French, 

who co-discovered the Doppler effect) and of course James Clerk Maxwell. 

The photoelectric effect corresponds to the 

capacity of a photon to dislodge an electron 

from a generally inner orbit of an atom and 

to create some electric current29. 

It is exploited in the cells of silicon-based 

photovoltaic solar panels. It also explains 

photosynthesis in plants, which is the meta-

bolic starting point of glucose production. 
 

Figure 34: the photoelectric effect. 

In addition to Max Planck's work on black body radiation, Einstein's interpretation was based on the 

earlier work of Heinrich Hertz (1857-1894, German) who discovered in 1887 that light can extract 

an electron out of metal, and Philipp Lenard (1862-1947, German) who, in 1902, studied the photo-

electric effect and determined that it is only triggered at a certain frequency for the projected light. 

The latter was awarded the Nobel Prize in Physics in 1905. Becoming a fervent Nazi and opposed to 

Einstein by scientific rivalry and then by explicit anti-Semitism, he mostly disappeared from quantum 

physics hall of fame. 

Einstein's photoelectric effect equations were then verified by the experiments of Robert Andrews 

Millikan (1868-1953, American) between 1909 and 1914. It enabled him to measure the electric 

charge of a single electron, which earned him the Nobel Prize in Physics in 1923. 

 

28 In On a Heuristic Viewpoint Concerning the Production and Transformation of Light, 1905. 

29 The electron layers of the atoms are numbered from 1 to N, their quantum number. One also starts the numbering by K (first layer 

close to the nucleus with a maximum of 2 electrons) then L (8 electrons maximum), M (with a maximum of 18 electrons but in practice 

8), etc. The photoelectric effect mainly concerns the layers K and L. The ejected electron is then replaced by an electron of external 

orbit, which generates a new photon, in X-rays or in fluorescence, according to the energy of the incident photon. This then emits an 

X-ray photon due to the energy differential between electronic layers or an electron called "Auger" from the name of Pierre Auger. This 

phenomenon was discovered around 1923 by the latter and by Lise Meitner. Another variant of the photoelectric effect is the Compton 

effect, when the high energy of an incident photon in gamma rays will release an electron from the valence layer and generate another 

photon. Finally, when the energy of the incident photon is even higher, the interaction takes place at the nucleus of the target atom and 

generates an electron and a positron. 
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Of course, Einstein is also at the origin of the special and general theories of relativity. He didnôt 

obtain a Nobel Prize for his work on relativity despite its considerable impact on science. 

This is due, among other things, to his theories being based on earlier work from Hendrick Anton 

Lorentz and Henri Poincar® as well as the contribution of his former professor Hermann Minkow-

ski (1864-1909, German) who created the four-dimensional space-time notion in 1908. 

On top of many other contributions in quantum physics, Einstein predicted the photons stimulated 

emission effect in 1917, that would later lead to the creation of lasers. He also predicted in 1925 a 

particular behavior of matter, the Bose-Einstein condensate, which occurs when gases are cooled to 

very low temperatures. Atoms are then in a minimum energy quantum state showing particular phys-

ical properties. 

This is the case of superfluid helium, discovered in 1938, which is superfluid at very low temperatures, 

i.e., it can move without dissipating energy. Bose is the name of Satyendra Nath Bose (1894-1974, 

India) with whom Einstein had worked during the 1920s and to whom we owe the "bosons", which 

verify the characteristics of Bose-Einstein's condensates. 

Bosons include elementary particles without mass such as photons and gluons but also certain atoms 

such as deuterium or Helium 4 as well as certain quasi-particles such as the superconducting electron 

pairs that are Cooper's pairs. We will see a little later that it is a question of the spin sum of these 

particles that determines the fact that they are bosons as opposed to fermions. 

Albert Einstein also contributed to the philosophical-scientific debates on quantum physics realism, 

confronting Niels Bohr. He focused on the fact that quantum physics did not seem to completely 

describe the physical world with its probabilistic bias. Einstein wanted to find a realistic interpretation 

of quantum physics. He could not be satisfied with a probabilistic description of the state of electrons 

and other quantum objects. He could not find sufficient the interpretation of quantum physics accord-

ing to which the observer and the measurement "make" the real world. He thought that the real world 

exists independently of measurements and observers. 

The debate between Albert Einstein and Niels Bohr revolved around various thought experiments on 

determinism discussed during the 1927 Solvay Congress. 

 
Figure 35: the famous EPR paper from Albert Einstein, Boris Podolsky and Nathan Rosen published in 1935. 

It culminated later, in 1935, with the famous EPR paradox paper, named after its authors Albert 

Einstein, Boris Podolsky and Nathan Rosen. The paper raised the question of the incompleteness of 

quantum mechanics at the time30. 

 

30 See Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?, by Albert, Einstein, Boris Podolsky and 

Nathan Rosen 1935 (4 pages). 

http://inters.org/files/einsteinetal1935.pdf
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It sought to explain the non-locality of the correlated quantum state measurement results of entangled 

particles which was a consequence of Schrºdinger's wave function. It was not yet physically observed 

as of 193531. For the EPR paper authors, the quantum theory based on Schrºdinger's wave function 

was either incomplete or two quanta could not be instantaneously synchronized at a distance at meas-

urement time. Their measurement outcome being random and correlated, entangled quantum objects 

had to convey with them a sort of ñinformation switchò indicating where the random measurement 

should land. A physical theory is complete if each component of reality has a counterpart in the theory 

that makes it possible to predict its behavior, such as some tuning happening at the source when 

entangled quanta are created, and transmitted to each one with some hidden variables that would 

determine the outcome of their measurement. This underlies the notion of determinism, a principle 

that is absent in Schrºdinger's wave function which is entirely probabilistic in nature. 

Einstein thought that quantum physics was 

an incomplete theory that didnôt describe 

reality precisely enough. Einstein was then 

often credited with the idea that there were 

hidden variables. It seems, however, that 

he never mentioned them in his writings 

despite what John Bell later said. The EPR 

paper ends with indicating that it should be 

possible to build a complete theory of 

quantum mechanics32  . Hidden variables 

are a consequence rather than a hypothesis 

in the EPR paradox paper. 

 
Figure 36: New York Times coverage of the EPR paper. 

The explanation of entanglement by "hidden variables" comes rather from Louis de Broglie with his 

pilot wave hypothesis elaborated in 1927, an idea later pursued by David Bohm in the 1950s33. With 

his "inequalities", John Stewart Bell demonstrated in 1964 that the existence of such hidden local 

variables was incompatible with the principles of quantum mechanics. Alain Aspect's 1982 experi-

ment on photon entanglement confirmed this hypothesis. In the end, Einstein could not finish his 

work on his theory of general relativity which was, for him, as incomplete as quantum mechanics. In 

particular, he wanted to reconcile quantum mechanics and gravity. 

Be careful with the simplistic views that Einstein was ñagainstò quantum mechanics, had it all wrong 

or did not believe in it34. He first questioned the principle of indeterminacy in 1927 and 1930, then 

estimated that the theory was incomplete to explain entanglement, with the EPR paradox paper pub-

lished in 1935, and finally, he opposed the lack of realism of quantum theory. This incompleteness is 

still being discussed more than 80 years later. The origins of entanglement are still not physically 

explained under certain conditions, particularly with long distance. It is only observed physically and 

described mathematically35. This remains an open debate as scientists continue to ponder the different 

possible interpretations of quantum physics. This is part of the field of quantum foundations and 

quantum physics philosophy that we cover later in this book, page 987. 

 

31 Einstein's landmark was classical and relativistic physics that acted locally. Gravity is local and is transmitted at the speed of light. 

All physical theories before quantum physics were local or EPR-local. Remote actions all involve a delay, usually coupled with atten-

uation with distance as itôs the case for gravity. 

32 The 1935 New York Times article was published thanks to a "leak" provoked by Boris Podolsky, the youngest of the EPR 3 gang. 

33 See Albert Einstein, David Bohm and Louis de Broglie on the hidden variables of quantum mechanics by Michel Paty, 2007 (29 

pages) which sets the record straight on Albert Einstein's position on the subject of hidden variables. The author, born in 1938, is a 

physicist and a philosopher of science. 

34 This story is well told in Einstein and the Quantum - The Quest of the Valiant Swabian by A. Douglas Stone, 2013 (349 pages). 

35 See the abundant Einstein Bohr debates and Interpretations of quantum mechanics pages on Wikipedia, from which the table on the 

next page is taken. 

https://halshs.archives-ouvertes.fr/halshs-00167125/document
https://www.amazon.com/Einstein-Quantum-Quest-Valiant-Swabian/dp/0691168563
https://en.wikipedia.org/wiki/Bohr%E2%80%93Einstein_debates
https://en.wikipedia.org/wiki/Interpretations_of_quantum_mechanics
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Niels Bohr (1885-1962, Danish) was a physicist, Nobel Prize in Physics in 1922, 

who created in 1913, aged 28, a descriptive model of the hydrogen atom with its 

nucleus made of a proton and an electron rotating around the nucleus on precise orbits 

corresponding to levels of kinetic energy, multiple of h/2ˊ, h being Planck's constant 

and n = 1, 2, 3 and so on. This model explained hydrogen spectral lines observed in 

the experiments of Johann Balmer (1825-1898) in 1885, Theodore Lyman (1874-

1954) in 1906 and Friedrich Paschen (1865-1947) in 1908. 

It also explained why electrons didnôt crash on atom nucleus! Niels Bohr followed the work of Ernest 

Rutherford (1871-1937) who discovered in 1911 the structure of atoms with their positively charged 

nucleus, thanks to its protons, and their electrons revolving around the nucleus. The latter, with whom 

Niels Bohr was doing his post-doc in 1911, relied himself on Hantaro Nagaoka (1865-1950, Japan) 

who predicted in 1903 the structure of atoms with a positively charged nucleus and negatively charged 

electrons revolving around it, called the "Saturnian model". 

Electrons had been discovered by Joseph John Thomson (1856-1940, English) in 1897 by analyzing 

the rays emitted by a cathode in a cathode ray tube (CRT), deflected by an electric field as well as by 

a magnetic field, and detected by a layer of phosphorus. He was awarded the Nobel Prize in Physics 

in 1906. 

    
Figure 37: the Bohr atomic model. Source: Wikipedia and other open sources. 

Ernest Rutherford had also imagined the existence of neutrons, which was not verified experimentally 

until 1932 by James Chadwick (1891-1974, English). Marie Curie (1867-1934, Polish and French) 

had discovered polonium and radium in 1898 and some effects of radioactivity but not the existence 

of neutrons. 

According to Niels Bohr, electrons emit or absorb a photon when they change orbit. Subsequently, 

Louis de Broglie's work on wave-particle duality interpreted that the orbits of the electrons were an 

integer multiple of their associated wavelength. 

Together with Werner Heisenberg, Pascual Jordan and Max Born, Niels Bohr is at the origin of the 

so-called Copenhagen interpretation of quantum physics which is based on three key principles36 : 

¶ The description of a wave-particle is realized by its wave function, and no other "hidden" local 

information or variable can be used to describe its state. We must accept the wave function prob-

abilistic used to describe a quantum state. 

 

36 See also Richard Webbôs Seven ways to skin Schrºdinger's cat, 2016 which describes the different schools of thought in quantum 

physics. See also other interpretations of quantum physics in Ethan Siegel's The Biggest Myth In Quantum Physics Starts With A Bang 

in Forbes, 2018. 
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¶ When a quantum state measurement is performed, its composite wave function of several states 

is reduced to the wave function of one of the possible states of the quantum with a probability 

define by Bornôs rule (weôll see that later). This is the collapse of the wave function. 

¶ When two properties are linked by an uncertainty relationship, the two properties cannot be meas-
ured with a greater precision than that allowed by the uncertainty relationship (Heisenberg prin-

ciple of indeterminacy). Moreover, when we measure the position of a particle, we affect its mo-

tion, and vice versa. It comes from the bare fact that speed and position do not have any meaning 

before measurement in quantum physics. Variables linked through an indetermination link are 

conjugate with regards to actions which can change only by quantum leaps. 

This is the main interpretation of quantum mechanics. There are many other interpretations available, 

listed below in the table from Figure 38. We will have the opportunity to detail the interpretation of 

Copenhagen towards the end of the book in the part dedicated to the philosophy of quantum physics, 

page 987. 

 
Figure 38: the various interpretation of quantum physics. Source: Wikipedia. 

Note that Niels Bohr's son, Aage Niels Bohr (1922-2009, Danish), was awarded the Nobel Prize in 

Physics in 1975 for his work on the structure of atom nucleus37! 

 

Emmy Noether (1882-1935, German) is the creator of the theorem that bears her 

name in 1915 at the University of Gºttingen in Germany and which says that if a 

system has a continuous symmetry property, then there are corresponding quantities 

whose values are conserved in time38. At the origin of the field of abstract algebra, it 

is a foundation to Lagrangian mechanics, precursor of Hamilton's formalism. At that 

time, she could not teach at the University because this role was forbidden to women. 

Her theorem was only published in 1918 and she could not officially teach until 1919. 

She did not receive a salary from the University until 1923. Her theo-

rem links conservation principles and symmetries. It is one of the foun-

dations of particle physics. Her work helped Albert Einstein to refine 

the foundations of the theory of general relativity he developed in 

191539. She died relatively young, at 53. 
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Figure 39: Emmy NoetherΩǎ main 
equation. 

 

37 See Quantum Model of the Atom by Helen Klus, 2017. 

38 See In her short life, mathematician Emmy Noether changed the face of physics Noether linked two important concepts in physics: 

conservation laws and symmetries by Emily Conover, 2018. She created a second important and more general theorem that is the basis 

of gauge fields theories in quantum fields theory. 

39 See Women in Science: How Emmy Noether rescued relativity, by Robert Lea, February 2019. 

http://www.thestargarden.co.uk/Bohrs-atom.html
https://www.sciencenews.org/article/emmy-noether-theorem-legacy-physics-math
https://www.sciencenews.org/article/emmy-noether-theorem-legacy-physics-math
https://blog.usejournal.com/women-in-science-how-emmy-noether-rescued-relativity-8372bdd5611b
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Arthur Holly Compton (1892-1962, American) was a physicist who got the 1927 

Nobel Prize in physics for the discovery in 1922/1923 of the effect which demon-

strates that photons can have momentum and behave as particles. His experiment 

makes a photon interact with a free electron around an atom, validating the photoe-

lectric effect theories of Planck and Einstein. The Compton effect is a variant of this 

effect, applied to X and gamma rays which are high energy photons. 

Compton scattering deals with the reception of 

an X or gamma photon which has an energy 

higher than that of the ejected electron. The X 

ray photon is slowed down and deflected with a 

lower energy and becomes a scattered photon. 

This is also called an elastic shock. The effect is 

used in X-ray radios. X-rays are emitted during 

electronic transitions between the atomic layers 

K, L and M (the first around the nucleus of the 

atom). The emission angles of the ejected elec-

tron and the re-emitted photon depend on the 

energy level of the incident photon. 

 
Figure 40: Compton scattering phenomenon. 

 

 

 

 

Otto Stern (1888-1969, German-American) and Walther Gerlach (1889-1979, Ger-

man) respectively conceived in 1921 and together realized in 1922 in Frankfurt the 

famous Stern-Gerlach experiment which discovered the intrinsic angular momentum 

quantization in a magnetic field using a beam of electrically neutral silver atoms as 

shown in Figure 41 40. In the experiment, this momentum came from the 47th electron 

spin from heated silver atoms. 

It did show that these atoms 

have a quantized angular dipole 

that deflects the beam in a given 

direction upward or downward. 

It later became known as parti-

cle spins. The experiment also 

did show that spin measurement 

along a given direction was in-

compatible with being done in 

another direction, correspond-

ing to the notion of observables 

complementarity. 

 
Figure 41: the Stern-Gerlach experiment where an atomic stream of 

silver is deviated in two discrete directions by a magnetic field. 

 

Jacques Salomon Hadamard (1865-1963, French) was a mathematician who gave 

his name to the Hadamard gate used in quantum computers and quantum algorithms. 

He had worked on complex numbers, differential geometry and partial differential 

equations, particularly during the 1920s. He also became interested in the creative 

process of mathematicians with studying the creative process of hundreds of col-

leagues. 

 

40 Illustration coming from: Chapter 6, Particle Spin and the Stern-Gerlach Experiment. See Stern and Gerlach, how a bad cigar helped 

reorient atomic physics by Bretislav Friedrich and Dudley Herschbach, Physics Today, December 2003 (7 pages). The X, Y and Z 

components of the electron spin measured in the Stern-Gerlach experiment are complementary variables. Measuring one of the three 

variables prevents from doing so with the two others. 
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We owe him in particular the Hadamard transforms, square 

matrix operations with 2n complex or integer values on each 

side. The quantum gate named after Hadamard is used in 

quantum computation to create a superposition of the states 
ȿπἃ and ȿρἃ with a transform of Hadamard of type H1 as de-

scribed in Figure 42. 

This superposition enables computing parallelism in quantum 

computing, in addition to the principle of entanglement which 

links the qubits together conditionally and is the real source 

of quantum exponential acceleration. Superposition is only 

responsible for a potential polynomial acceleration. 

 
Figure 42: Hadamard matrices of various 

dimensions. 

 

Louis de Broglie (1892-1987, French) was a mathematician and physicist who, in 

1923 and 1924, extended the particle-waves duality, then only applied to photons, to 

massive particles, mainly electrons, and also atoms, protons and neutrons41 . 

According to this principle, elementary particles behave like particles (with a 

position, a trajectory and possibly a mass) and like waves (potentially delocalized and 

scattering in all directions and generating interference) depending on the 

circumstances. 

This is the case of electrons which have 

a mass and can interfere with each other. 

Louis de Broglie turned this duality into 

an equation: ɚp=h, where ɚ is a 

wavelength, p is a quantity of motion 

and h is Planck's constant. 

 
Figure 43: De Broglie wave-particle equation with electrons. 

This earned him the Nobel Prize in Physics in 1929. He is the main French contributor to quantum 

physics during the inter-war period. The wave-particle duality of electrons was confirmed in 1927. 

 
Figure 44: electron wave-particle diffraction experiment. Source: Wave Properties of Matter and Quantum Mechanics I (48 slides). 

It was done as shown above in Figure 44 with a nickel crystal based diffraction experiment by Clinton 

Davisson (1881-1958) and Lester Germer (1896-1971) from the Bell Labs in the USA, who shared 

a Nobel Prize in Physics in 1937. 

 

41 Louis de Broglie's brother, Maurice de Broglie (1875-1960), was also a physicist. He had studied X-rays and spectrography. Both 

brothers were members of the Academy of Sciences in France. 
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George Paget Thomson (1892-1975) from the University of Aberdeen in Scotland did a similar ex-

periment also in 1927. However, the Young double-slit experiment done with electrons was realized 

much later, in 1961, by Claus Jºnsson (1939, German). 

The confirmation of the wave-particle duality was then verified for neutrons much later in 1988 by 

Roland Gªhler and Anton Zeilinger42 and for atoms in 1991 by Olivier Carnal and J¿rgen Mlynek,  

using double-slit diffraction and by Mark Kasevich and Steven Chu, who created the first cold atom 

interferometer using a light-beam splitter based on Raman transitions. It became the basis of atom 

interferometry used in quantum absolute gravimeters, using an equivalent of a Mach-Zehnder inter-

ferometer replacing light with so-called matter-wave made of atoms43. It is even verifiable with mol-

ecules of several atoms. 

 

Wolfgang Pauli (1900-1958, Austrian/American) is at the origin of the principle of 

exclusion which bears his name elaborated in 1925 and according to which two elec-

trons cannot have the same quantum state in an atom. He had an early role in the 

discovery of electron spin between 1925 and 1927, as well as the neutrino in 1930, 

the existence of which was only experimentally proven in 1956, and on works on 

quantum electrodynamics. He was awarded the Nobel Prize in Physics in 1945. The 

history of his discoveries is more complex than it seems. 

He first discovered in 1924 the atom nucleus spin, used to explain the hyperfine structure of atomic 

spectra, i.e., the existence of very close spectral lines observed during their excitation. It cannot be 

explained by the quanta and energy levels of the electron layers in the atoms. He then introduced in 

1925 a new degree of freedom for electrons that he did not qualify at first. 

It adds to the first three parameters describing the state of an electron in an atom, aka quantum num-

bers. The first is the energy level of the electron in the atom (the layer where it is located), the second 

is the azimuthal quantum number (which defines the electron sub-layer) and the third is the magnetic 

quantum number (which makes it possible to distinguish the orbitals of the electron in the atom)44. 

This fourth degree of freedom was identified by George Uhlenbeck (1900-1988, Netherlands/USA) 

and Samuel Goudsmit (1902-1978, Netherlands/USA) as an electron spin45 . 

In 1925, Wolfgang Pauli also formulated the exclusion principle according to which electrons in the 

same system (an atom) cannot be simultaneously in the same quantum state, a principle that was later 

extended to all fermions, i.e. half-integer spin particles (electrons have a spin İ but fermion atoms 

can have 3/2, 5/2, 7/2 and even 9/2 spins, like 40K). 

The quantum state of an electron is defined with the four quantum numbers, or degrees of freedom, 

that we have just mentioned. An electron spin is described as a direction of magnetic polarization or 

as an angular rotation of the electron in one direction or the other, but it is only an image and not a 

physical representation46. Electron spins are used in silicon qubits that we cover later, starting page 

292. 

 

42 See Single- and double-slit diffraction of neutrons by Anton Zeilinger et al, Review of Modern Physics, 1988 (7 pages). 

43 In this setup, the Mach-Zehnder beamsplitter is replaced by a series of three lasers pulses creating a superposition of two atomic 

energy states driving a diffraction effect, then a mirror effect and at last for a recombination of split wavepackets. 

44 The second and third electron quantum numbers were introduced by Arnold Sommerfeld (1868-1951, German). Among others, 

Wolfgang Pauli and Werner Heisenberg were his PhD students. The alpha constant or fine structure constant is also called the Som-

merfeld constant per his work from 1916! See Electron spin and its history by Eugene D. Commins, May 2012 (28 pages). 

45 Georges Uhlenbeck and Samuel Goudsmit were students of Paul Ehrenfest (1880-1933, Austria/Netherlands). His laboratory had 

welcomed some illustrious future physicists such as Enrico Fermi, Robert Oppenheimer, Werner Heisenberg and Paul Dirac. Ehrenfest 

was a specialist in statistical physics. In particular, he contributed to the understanding of phase changes in matter. 

46 See How Electrons Spin by Charles T. Sebens, California Institute of Technology, July 2019 (27 pages) which provides a good 

background on electron spinôs physical interpretations, particularly with regards to electronôs size. Pauli did demonstrate in 1924 that 

if the electron spin corresponded to an angular momentum, the electronôs rotation would exceed the speed of light. 

https://www.researchgate.net/publication/238980264_Single_and_double-slit_diffraction_of_neutrons
https://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-102711-094908
https://arxiv.org/abs/1806.01121
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137 is a number that played a weird role in Pauliôs life. It turns out that 1/137 is a value that roughly 

corresponds to the fine-structure constant, a ratio that is found in many places in quantum physics 

and compares data of the same dimension47. It is for example the ratio between the velocity of an 

electron in the lower layer of a hydrogen atom and the speed of light or the probability of emission 

of the absorption of a photon for an electron (complete list). ñ137ò is a sort of ñ42ò of quantum physics. 

Wolfgang Pauli died after some pancreatic cancer surgery, while his hospital room number was 137! 

 

Erwin Schrºdinger (1887-1961, Austrian) is a physicist who was awarded the Nobel 

Prize in 1933 for the creation of his famous wave function in 1926, aka Schrºdinger 

equation, which describes the evolution in time and space of the quantum state of a 

massive quantum particle and the probabilities of finding the quantum at a given place 

and time. Schrºdinger's equation is a variant of the Newtonian mechanics equations 

that define the total energy of an object as the sum of its kinetic energy and its poten-

tial energy. We describe this equation in detail in a dedicated section page 97. 

Erwin Schrºdinger also created his famous alive and dead cat in a box thought experiment48. In the 

scenario, an opaque box contains a vial of poison, the opening of which is caused by the disintegration 

of a radioactive radium atom generating alpha particles (ñalpha decayò), made of two protons and 

two neutrons, that are detected by a Geiger counter. Since radium has a 50/50 chance of disintegrating 

at its mid-life, the cat has a 50/50 chance of being alive and dead, at deadline. When opened, it is 

either alive or dead. As long as the door is not opened, the cat is said to be superposed in the alive 

and dead states and entangled with the radium atom state. This story has been repeated ad-nauseam 

since 1935. But his thought experiment was created to show the absurdity of the measurement postu-

late, the wave function collapse and Bornôs rule. Unfortunately, the contrary has been memorized. 

The caveat is that a cat canôt be super-

posed in two states because it is a macro-

scopic object of a size well beyond the 

quantum/classical limit. Itôs either alive or 

dead, never both. These are exclusive 

states. On top of that, the radium atom dis-

integration as well as the catôs death are 

both irreversible processes. They canôt be 

implemented as linear superpositions of 

waves. When the cat is dead, heôs not in a 

superposition. Heôs just plain dead. 

 
Figure 45Υ ǘƘŜ ƛƴŦŀƳƻǳǎ {ŎƘǊƻŘƛƴƎŜǊΩǎ Ŏŀǘ ǘƘƻǳƎƘǘ ŜȄǇŜǊƛƳŜƴǘΦ 

We can consider that the catôs death is provoked by a not yet read measurement when the box is closed, 

corresponding to a non-selective measurement as described page 190. The cat state uncertainty is a 

classical one, not a quantum one. The cat is in a maximally ñmixed stateò where the uncertainty of its 

death is classical, not in a ñpure stateò where it would be quantum (we define these notions starting 

page 150). If you used a webcam inside the box and made sure it didnôt influence the radium half-life 

period, you could track the cat state all along, from alive to dead or alive to alive, which are the only 

two possible paths and observe the absence of superposition. 

 

47 The fine-structure constant was measured with a precision of 2.0Ĭ10-10 in 2020 using cold atoms interferometry. See Determination 

of the fine-structure constant with an accuracy of 81 parts per trillion by L®o Morel, 2020 (36 pages). 

48 The Cat Thought Experiment was published in a series of three papers in 1935, shortly after the publication of the EPR paradox 

paper by Einstein, Podolsky and Rosen. See The Present Status of Quantum Mechanics by Erwin Schrºdinger, 1935 (26 pages). The 

history of the cat occupies only nine lines in this long document which deals with superposition, measurement and entanglement. Thatôs 

even where Schrºdinger coined the term entanglement in the first chapter ñThe Lifting of Entanglement. The Result Depends on the 

Will of the Experimenterò. Schrºdinger translated himself the German word Verschrªnkung into entanglement. The cat that appears 

only three times in all and for all is therefore anecdotal but that is what everyone has remembered. Which is quite normal: the rest is 

much less easy to apprehend! 

https://en.wikipedia.org/wiki/Fine-structure_constant
https://arxiv.org/abs/1812.04130
https://arxiv.org/abs/1812.04130
https://homepages.dias.ie/dorlas/Papers/QMSTATUS.pdf
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This thought experiment was intended to highlight two things. First, that superposition and entangle-

ment only applied to the infinitely small and not to macroscopic objects. History retained the principle 

of superposition and not this difference between the microscopic and macroscopic worlds. Second, 

that there was and still is an uncertain limit between the quantum and classical worlds. Schrodingerôs 

thought experiment also dealt with the entanglement between the radium atom and the cat. Could this 

entanglement work with a macro-object49? The paper containing this thought experiment was about 

entanglement and that was forgotten. Also, this paperôs publication was the one generating the publi-

cation of the EPR paradox piece by Einstein et al. We should remember that Schrºdinger's wave 

function and the notion of states superposition only make sense at a microscopic scale. Letôs leave 

that poor cat alone in his dreams! 

 

Max Born (1892-1970, German) is a physicist and mathematician who developed 

the mathematical representation of quantum in a matrix form. We owe him in 1926 

the statistical explanation of the probability of finding an electron in a given energy 

state from its wave function, elaborated by Schrºdinger the same year. This principle 

is applied to qubits, where the sum of the square of the probabilities of the two states 

of the qubit is equal to 1, given the probabilities are complex numbers. 

In 1925, he created the non-commutativity relation of two conjugate quantities, one being the Fourier 

transform of the other (the commutator [X,P]=XP-PX=iǩI, where X is a position and P a momentum 

and I, the identity). It led to the indeterminacy principle creation. He also created the first version of 

the adiabatic theorem with Vladimir Fock in 1928. He got the Nobel prize in physics in 1954. Fun 

fact, the British singer Olivia Newton-John is his grand-daughter50. 

 

Werner Heisenberg (1901-1976, German) is a physicist, Nobel Prize in Physics in 

1932, to whom we owe in 1927 the creation of the famous principle of uncertainty, 

or rather indeterminacy, according to which one cannot accurately measure both the 

position and the velocity of an elementary particle, or, more generally, two arbitrary 

unrelated quantities. He is at the origin, with Max Born and Pascual Jordan in 1925, 

of the quantum matrix formalism describing physical quantities. 

The indeterminacy principle is a consequence of this formalism. It was 

described mathematically in a simplified manner in 1927 by Earle 

Hesse Kennard (1885-1968, American) in the famous equation in Fi-

gure 46, where the product of the standard deviation of position and 

velocity is greater than half the Dirac (or reduced Planck) constant. 

ЎØ ЎÐṍ
ᴐ

 

Figure 46: Heisenberg-Kennard 
inequality, as formulated by Earle 

Hesse Kennard. 

This principle can be used to improve the accuracy of a measurement of any quantity by lowering the 

accuracy of another quantity characterizing a quantum51 . These quantities can be for example an 

energy level, a position, a wavelength, or a speed. 

One consequence of Heisenberg's principle is that all particles in the Universe are in permanent mo-

tion. If they were stable, we would know their position (fixed) and their velocity (zero), violating the 

indeterminacy principle. 

 

49 You can apply this thought experiment to the baking of the half-cooked chocolate. As long as you don't take it out of the oven after 

the mandatory baking of 9 minutes, but with an oven with an unknown power, you don't know if it is well done or not, and run it 

through the middle before you take it out. It is in a state of superposition between undercooked, well done and overcooked. On the 

other hand, if it is overcooked, it will be difficult to go back, like Schrºdinger's half-dead cat in case he died. Overcooking as well as 

the death of the cat are irreversible. It is therefore not a true superposition of quantum states. But here, I have no clue about how the 

oven and the half-baked chocolate are entangled. Itôs about statistical physics and thermodynamics, not quantum physics. Even through 

the oven is a black body! Cheers! 

50 See Olivia Newton-John's grandfather Max Born was friend of Albert Einstein by Matthew Alice, 1995. 

51 This measurement technique is used in "quantum squeezing" which is integrated in the latest version of LIGO for the measurement 

of gravitational waves: NIST Team Supersizes 'Quantum Squeezing' to Measure Ultra Small Motion, 2019. 

https://www.sandiegoreader.com/news/1995/sep/28/straight-olivia-newton-john-and-albert-einstein/
https://www.nist.gov/news-events/news/2019/06/nist-team-supersizes-quantum-squeezing-measure-ultrasmall-motion


Understanding Quantum Technologies 2022 - History and scientists / Founders - 40 

Another consequence is that a perfect vacuum could not exist because the value and evolution of the 

magnetic and gravitational fields that pass through it would be stable, violating once again Heisen-

berg's indeterminacy. This explains the astonishing vacuum quantum fluctuations we discover a little 

further starting in page 134. The no-cloning theorem of a qubit state also derives from the principle 

of indeterminacy. 

For some, this indeterminacy principle is a simplified interpretation of the corpuscular nature of mat-

ter. It leads to the question of the position and velocity of an electron, when it has no precise position. 

According to the Copenhagen interpretation of quantum mechanics, we shouldnôt try to determine 

where the electron is located. Try to apply the concepts of classical mechanics to electrons is vain. 

In practice, quantum particles are not classical physical 

particles and therefore their velocity and position cannot 

be measured. They can only be described by their (Schrº-

dinger) wave function and position probabilities. More 

generally, in the infinitely small, the measurement device 

influences the measured quantity. One example illustrates 

this phenomenon at the macroscopic level: if you illumi-

nate an insect with sunlight and a magnifying glass to bet-

ter observe it, you may burn it! The same happens with a 

photon that is used to detect an electron, in the Heisenberg 

microscope thought experiment, as shown in Figure 47. It 

will change the speed and position of the electron. 

 
Figure 47: Heisenberg microscope thought experiment. 

Source. 

Finally, like many of the colleagues of his time, Werner Heisenberg was interested in the links be-

tween science, quantum mechanics and philosophy, and as early as 1919. He was assistant to Niels 

Bohr between 1924 and 1927, before leaving for the University of Leipzig. He also had Max Born as 

a professor! 

During World War II, he was asked with other German scientists to work on the Reichôs atomic bomb 

project. Later revelations did show that he was not very active on this project and did not believe it 

was an achievable goal. 

 

Paul Dirac (1902-1984, English) is a mathematician and physicist among the found-

ers of 20th century quantum physics. He is credited with the 1928 electron spin equa-

tion, which is one of the foundations of relativistic quantum physics (below). His 

equation is a kind of variant of Schrºdinger's equation for free relativistic particles, 

fermions (electrons, protons, neutrons, quarks, neutrinos) which are half-integer spin 

particles. Relativistic particles are those moving at a speed close to the speed of light, 

which contains electrons if lower shells of heavy atoms. 

In Dirac's equation, the wave function of the 

electron ɣ includes four components of complex 

numbers that integrate time and space. Dirac's 

equation enabled him to predict the existence of 

a particle that was later be called the positron, an 

opposite of the electron with a positive charge52. 

 
Figure 48Υ 5ƛǊŀŎΩǎ ǊŜƭŀǘƛǾƛǎǘƛŎ ǿŀǾŜ-function equation. 

 

52 Positrons were discovered experimentally by Carl Anderson in 1932. He was awarded the Nobel Prize in Physics in 1936. 

incident photon

reflected 
photon

new electron 
path and 
velocity original electron 

pathexpected path

observing 
microscope

-

https://sibor.physics.tamu.edu/wp-content/uploads/sites/15/2021/03/lecture_09-chapter5PropertiesofMatter.pdf


Understanding Quantum Technologies 2022 - History and scientists / Founders - 41 

Dirac formalized the quantization of the free electromagnetic field in 1927. He also introduced in 

1939 the bra-ket notation, known as Dirac's notation, which simplified the notation and manipulation 

of quantum states and operators in linear algebra (example: ἂ‰ȿ‪ἃ. The Dirac constant also named 

reduced Planck constant is the Planck constant h divided by 2ˊ, also called "h-bar" for its italicized 

strikethrough h symbol: . This Dirac constant is used in the Schrºdinger wave function. 

Paul Dirac was awarded the Nobel Prize in Physics in 1933, at the age of 31. The Nobel Prizes of the 

early 20th century were frequently awarded to young scientists, which seems to be out of fashion 

since then! The youngest Nobel Prize in Physics was awarded to Lawrence Bragg, who won it at the 

age of 25 in 1915 for his discovery of X-ray refraction at the age of 2253. In which case do we have 

to deal with relativistic particles, in particular with electrons? It is generally considered that an elec-

tron becomes relativistic when the total of its mass and kinetic energy is at least twice the rest mass. 

This ratio corresponds to the Lorentz factor. It represents a speed of at least 86% of the speed of light. 

But relativistic phenomena may occur before that speed is reached. In Newtonian equivalent, the 

speed of an electron around the nucleus of a hydrogen atom is about c/137. With electrons from heavy 

atoms inner shells, this velocity can exceed c/2. 

This is the case for electrons of the first 

layer of the gold atom, which move at 

85% of the speed of light. This affects 

the position of relativistic electrons in 

the low orbits of heavy atoms such as 

lanthanides, which belong to the rare 

earths. The Bohr radius that defines the 

average orbital of an electron de-

creases inversely proportional to the 

apparent mass of the electron. Because 

the electron's apparent mass increases, 

this Bohr radius is smaller for relativ-

istic electrons. This modifies the struc-

ture of the electron orbitals of heavy at-

oms and the transition energy levels 

between orbitals that absorb or emit 

photons. 

 
Figure 49: relativistic electrons and Lorentz factor. 

This explains the color of gold and silver, due to relativistic modification of orbits of electron layers 

between which transitions occur due to the absorption of photons. Blue is absorbed in the case of gold, 

explaining its yellow color. Without the relativistic effect, gold would be white. This has a lot of 

implications in the chemistry of these materials and with their crystal organization54. This quantum 

relativistic effect also explains why mercury is liquid at room temperature55. All this gives rise to a 

field of chemistry called relativistic quantum chemistry56. 

 

53 Paul Dirac was distinguished by his shyness and parsimonious oral expression in meetings or during meals. So much so that his 

Cambridge colleagues had defined the "dirac" unit as the most concise way to express himself in a meeting, namely, at the rate of a 

single word per hour. His behavior was equivalent at the Solvay Congresses he attended, notably that of 1927. However, he must have 

broken a record in his speech accepting his Nobel Prize at the end of 1933. It is still six pages long! Half, however, of the 12 pages of 

the speech of Erwin Schrºdinger, also winner of the Nobel Prize in Physics that year. Another anecdote: Dirac was married to one of 

the sisters of Eugene Wigner, Nobel prize in physics in 1963 and famous for his function and also his ñfriendò paradox. 

54 See more examples in Relativistic Effects in Chemistry More CommonThan You Thought by Pekka Pyykko, 2012 (24 pages). 

55 See Why is mercury liquid?Or, why do relativistic effects not get into chemistry textbooks? by Lars J. Norrby, 2018 (4 pages). 

56 See Relativistic quantum chemistry by Trond Saue, 2019 (110 slides) and An introduction to Relativistic Quantum Chemistry by 

Lucas Visscher (107 slides). The mathematical formalism of relativistic quantum chemistry is well documented in the voluminous 

Introduction to Relativistic Quantum Chemistry by Kenneth Dyall and Knut Faegri, 2007 (545 pages). 
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https://fr.wikipedia.org/wiki/Facteur_de_Lorentz
https://www.nobelprize.org/uploads/2018/06/dirac-lecture.pdf
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It also explains why the size of atoms is not proportional to their number of protons and electrons57 . 

Particles also become relativistic in particle accelerators such as the CERN LHC near Geneva (the 

largest in the world), the ESRF in Grenoble (European Synchrotron Radiation Facility, specialized in 

the generation of "hard", very high-frequency X-rays) or the SOLEIL light synchrotron located in 

Saint-Aubin near Saclay just next to the CEA, also in France, or its equivalent from PSI in Switzerland. 

The SOLEIL synchrotron uses electrons accelerated to a relativistic speed and inverters that generate 

beams of light 10,000 times denser than sunlight58 . Equivalent instruments exist such as the Ad-

vanced Photon Source at the Argonne National Laboratory from the US Department of Energy near 

Chicago. 

Free Electron Lasers (FEL) exploit rel-

ativistic electron sources. These are lasers 

generating coherent light (spatially and 

temporally, the emitted photons have the 

same frequency, phase and in that case, 

also polarization) and exploit relativistic 

electron sources from synchrotrons. The 

interaction between these electrons and a 

strong alternating magnetic field makes it 

possible to generate coherent light in elec-

tromagnetic frequency ranges from infra-

red to X-rays, through visible light and ul-

traviolet. The FEL are used to explore all 

sorts of matter, particularly in biomedical 

research like with X-rays crystallography. 

Finally, relativistic particles can be found 

in astrophysics and, for example, in cos-

mic ray sources as well as in relativistic 

plasma jets produced at the center of gal-

axies and quasars59. 

 

Figure 50: free-electron laser. Source: X-ray diffraction: the basics by Alan 
Goldman (31 slides). 

 

Vladimir Fock (1898-1974, Russian) was a theoretician physicist who worked on 

quantum physics, the theory of gravitation and theoretical optics. We own him the 

Fock space, representation and state, used in quantum photonics to represent the state 

of bosons many-body systems having the same quantum state. He co-created the 

Klein-Gordon equation in 1926, the relativist version of Schrºdingerôs equation for 

zero spin massive particles, the adiabatic theorem with Max Born in 1928 and the 

HartreeïFock quantum simulation method in 1930. He also worked on quantum elec-

trodynamics and quantum foundations. 

 

57 See this periodic table of elements with an indication of the sizes of the atoms. 

58 See the conference Electrons relativists as light sources by Marie-Emmanuelle Couprie, Synchrotron Soleil, 2011 (1h25). Electrons 

circulate in the synchrotron at a speed close to that of light. SOLEIL powers more than 25 analytical instruments covering the spectrum 

from infrared to X-rays, with numerous applications in precision microscopy, including a microscopy using very well collimated and 

polarized white light. These instruments can be used to analyze the three-dimensional structure of organic molecules such as complex 

proteins, such as the glycoproteins that surround viruses. This even allows one to study how these proteins combine with those of the 

attacked cells, or ribosomes, which are used to produce the proteins in the cells, are also analyzed. 

59 Dirac's equation is linked to the Klein-Gordon equation (1926) which applies to bosons such as elementary gluon particles and 

pions, particles having integer or zero spin. Relativistic quantum mechanics is a broad field of physics, used in particular in elementary 

particles physics. I have not yet found any use cases of this branch of physics in current quantum technologies. See the main foundations 

of relativistic quantum mechanics in Relativistic Quantum Mechanics by David J. Miller, University of Glasgow, 2008 (116 slides). 

http://canfield.physics.iastate.edu/course/Canfield_phys_590_2018_1.pdf
https://sciencenotes.org/wp-content/uploads/2014/11/PeriodicTable_AtomicRadius.pdf
http://culturesciencesphysique.ens-lyon.fr/video-html5/pcp2011/couprie/electrons-relativistes-comme-sources-de-lumiere
http://web.archive.org/web/20201219112349/http:/www.physics.gla.ac.uk/~dmiller/lectures/RQM_2008.pdf
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Pascual Jordan (1902-1980, German) was a physicist who collaborated with Max 

Born and Werner Heisenberg and contributed to laying the mathematical foundations 

of quantum mechanics, especially in matrix computation. Like Philipp Lenard, he 

was somewhat forgotten because of his membership in the Nazi Party during the 

1930s, although he was rehabilitated after the Second World War thanks to the help 

of Wolfgang Pauli. He became interested in the philosophical notion of free will. 

 

Linus Pauling (1901-1994, American) was a biochemist known to have co-founded 

the scientific fields of quantum chemistry and molecular biology. He had the oppor-

tunity to meet in Europe the founders of quantum physics like Erwin Schrºdinger and 

Niels Bohr in 1926-1927. He described chemical bonds over a period between 1928 

and 1932 and in particular the hybridization of orbitals which explains the geometry 

of molecules. He published "The Nature of the Chemical Bond" in 1939. 

He was awarded the Nobel Prize in Chemistry in 1954 and the Nobel Peace Prize in 1962 for his 

political activism in favor of nuclear disarmament. He is considered to be at the origin of computa-

tional chemistry, which makes it possible to numerically simulate the structure of molecules and 

which we discuss in the section on quantum applications in health on page 693. 

 

James Chadwick (1891-1974) is an English physicist who was responsible for the 

discovery of neutrons in 1932, which earned him the Nobel Prize in Physics in 1935. 

This discovery was late compared to quantum physics and the discovery of electrons. 

Nuclear physics has indeed progressed in parallel with quantum physics, which was 

mainly concerned with the interactions between electrons and photons. Before the 

discovery of neutrons, scientists thought that the nucleus of atoms contained protons 

and electrons. 

 

John Von Neumann (1903-1957, Hungarian, then American) was a polymath and an 

extremely prolific mathematician. He participated in the creation of the mathematical 

foundations of quantum mechanics, notably in the "Mathematical Foundations of 

Quantum Mechanics" published in 1932. He transposed the main principles of quan-

tum mechanics into models and equations of linear algebra. He devised the key math-

ematical principles behind quantum measurement models. 

This deals, for example, with the representation of quantum states as a position in a Hilbert space, the 

observables which are projections into Hilbert spaces and the indeterminacy principle which can be 

explained by the non-commutativity of measurement operators. These principles are also named 

Birkhoff-von Neumann quantum logic, in connection with their seminal paper published in 193660. 

Von Neumann also affirmed that the introduction of hidden variables to incorporate determinism was 

a lost cause because it would contradict other (verified) predictions of quantum physics. Three years 

before Einstein/Podolsky/Rosen's EPR paper! 

We owe him the creation of the notion of entropy (by Von Neumann), in 1932, which is associated 

with the notions of operators and density matrices that he created in 1927 and which describe the state 

of a multi-partite quantum system. He participated in the Manhattan Project in the USA. 

 

60 See The Logic of Quantum Mechanics by Garrett Birkhoff and John Von Neumann, 1936 (22 pages). 

http://www.fulviofrisone.com/attachments/article/451/the%20logic%20of%20quantum%20mechanics%201936.pdf
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Figure 51: the Von Neuman Princeton architecture which still defines classical computing. 

He modelled explosions and lenses for compressing plutonium in A-bombs. He is also responsible 

for the basic concepts in game theory and classical computers that are still in use. Thus, almost all 

computers use a Von Neumann architecture with memory, registers, control unit, computing unit, 

inputs and outputs. What a contribution! 

 

Boris Podolsky (1896-1966, Russian then American) wrote the EPR paradox paper 

with Albert Einstein and Nathan Rosen in 1935 on quantum entanglement and ques-

tions of non-locality of the properties of entangled quanta. He was a specialist in 

electrodynamics which deals with the analysis of electric and electromagnetic fields. 

He emigrated to the USA and, according to Russian archives, was a post-war KGB 

spy and informer of the USSR on the American atomic program between 1942-1943. 

His code name was... " Quantum". 

 

Nathan Rosen (1909-1995, American then Israeli) is the third EPR paradox author 

when working as an assistant to Albert Einstein in Princeton. After moving to Israel 

in 1953, he created the Institute of Physics at Technion University in Haifa. He was 

mainly working on astrophysics and relativity theory. He devised the concept of 

wormholes, a theoretical link between different points in space and time. He also 

thought neutrons were built out of a proton coupled to an electron. 

 

Ettore Majorana (1906-circa 1938, Italian) imagined the existence of a fermion in 

1937 based on Dirac's equations, an elementary particle that would be its own anti-

particle. The Majorana fermion naming is also abusively applied in condensed matter 

physics to quasi-particles having similar properties. Their existence was discovered 

in 2012 and verified in 2016 and then in 2018, even if it is still disputed by many 

physicists and two related 2018 papers had to be retracted in 2021. 

These Majorana quasi-particles (or ñMajorana Zero Modesò) could make it possible to design uni-

versal quantum computers called topological computers that can handle very efficient error correction 

codes requiring a small number of physical qubits. This is the exploration path chosen by Microsoft 

after the work of Michael Freedman and Alexei Kitaev in the late 1990s. Ettore Majorana is said to 

have committed suicide after a depression, because he could hardly stand the pressure of his genius! 

But his disappearance remains enigmatic because his body has never been found! 
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Alonzo Church (1903-1995, American) was a mathematician who was a key con-

tributor to the foundations of theoretical computer science and on the notion of com-

putability. Among other things, he created the lambda calculus in 1936, a universal 

abstract programming language which inspired the creation of LISP. He also created 

the so-called Church-Turing thesis. For this last one, any automatic calculation can 

be carried out with a Turing machine. Church and Turing also proved an equivalence 

between being ɚ-computable and Turing computable. 

Many variations of the Church-Turing thesis were elaborated after them to extend the broad field of 

complexity theories. For example, the extended Church-Turing thesis states that the computation time 

of a problem is equivalent at worst to a polynomial depending on the size of the problem. It is not 

demonstrable. 

What about the others, known, unknown or less famous from the 1927 Solvay Congress? Two partic-

ipants deserve to be mentioned who had some connections with quantum physics. 

 

L®on Brillouin (1889-1969, Franco-American) who is less known in France because 

of his expatriation to the USA during World War II contributed to advances in quan-

tum physics between the two World Wars. In particular, he brought quantum mechan-

ics closer to crystallography. He especially discovered the phenomena of diffraction 

of waves traversing crystals, called Brillouin scattering. 

And then, finally, Hendrik Anthony Kramers (1894-1952, Dutch) who assisted Niels Bohr in the 

creation of quantum theory. Many of the participants were not quantum physics scientists. They were 

invited because the Belgium organizers tried to have a stable proportion of Belgians, French, Germans 

and English participants. Were there, for example, £mile Henriot and Marie Curie who were fo-

cused on radioactivity, Paul Langevin (with whom Marie Curie had had an affair in 1910, after the 

accidental death of her husband Pierre Curie in 1906), as well as a good number of chemists. 

What was striking during this prolific period were the way the social network of physicists worked, 

without smartphones and the Internet. They had many encounters, cross-University tenures, meetings, 

letter exchanges and conferences. It was slow according to todayôs references, but the results were 

still astounding. 

At last, hereôs a simple 

chart reminding us 

how young the found-

ers of quantum phys-

ics were when they 

published their semi-

nal work in the key 

years from 1900 to 

1935. Back then, sci-

entific research didnôt 

work the same way. 

They also were fre-

quently awarded No-

bel prizes at less than 

40! Nowadays, most 

of the times, you have 

to wait until you are at 

least 50 if not 70. 

 
Figure 52: how old were quantum scientists when they were awarded the Nobel prize in physics?  

(cc) Olivier Ezratty, 2021. 
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Post-war 

As mentioned before, quantum physics developments seemed to slow down between 1935 and 1960. 

Physicists were then busy with nuclear physics. The Manhattan project mobilized an amazingly large 

number of physicists like John Von Neumann and Enrico Fermi (1901-1954, Italian American, Nobel 

prize in physics in 1938) whose contributions were centered in nuclear physics and statistical physics, 

leading to the Fermi-Dirac ideal gas statistics. 

Quantum physics still led, after World War II, to an incredible wealth of technologies that revolution-

ized the world. We can mention three important branches resulting from the applications of the first 

quantum revolution: transistors, invented in 1947 by William Shockley, John Bardeen and Walter 

Brattain from the Bell Labs61, masers and lasers invented between 1953 and 1960 by Gordon Gould, 

Theodore Maiman, Nikolay Basov, Alexander Prokhorov, Charles Hard Townes and Arthur Leonard 

Schawlow, only a few of whom received the Nobel Prize associated with these discoveries, photo-

voltaic cells that convert light into electricity, and the GPS. Transistors and lasers are the basis of 

much of today's digital technology. All our digital devices are already quantum! The field of quantum 

optics started in the early 1960s with the laser invention and Roy J. Glauberôs work, with his seminal 

work in 1963 on light classification where he formalized the coherent states generated by lasers, aka 

Glauber states. 

The post-war period was also dominated in quantum physics by advances made on superconductivity 

with the BCS theory in 1957 and the Josephson junction in 1962, and by the theoretical work of John 

Stewart Bell in 1964. 

 
Figure 53: timeline of key events in quantum physics after World-War II. (cc) Olivier Ezratty, 2022. 

 

61 Transistors are based on many quantum phenomena, particularly the electronic structure of atoms in semiconductors crystals that 

was discovered during the 1930s and creates forbidden energy levels named band gaps (found by Sir Alan Herries Wilson, UK, in 

1931), the impact of defects in crystals leading to doping and the tunneling effect due to the wave-particle duality of electrons. It also 

uses the field effect, which modulates the electrical conductivity of a material by the application of an external electric field. It was 

invented by Julius Edgar Lilienfeld (1882-1963, Austro-Hungarian and American) who got a related patent granted in 1926 using 

copper-sulfide semiconductor materials. It corresponds to what we today call a ñField Effect Transistorò (FET). The first transistor 

invented in 1947 was made of germanium, not silicon. See The Transistor, an Emerging Invention: Bell Labs as a Systems Integrator 

Rather Than a óHouse of Magicô by Florian Metzler, October 2020 (57 pages) which shows the flow of discoveries that led to the 

creation of the first transistor by the Bell labs in 1947. This first computers using transistors was the TRADIC Phase One computer 

that was built in 1954. 
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We then have the verification of entanglement by Alain Aspect's experiment in 1982. 1980 and 1981 

are other key dates which mark the symbolic beginnings of quantum computing, imagined by Yuri 

Manin (gate-based quantum computing) and Richard Feynman (quantum simulation). 

The term second quantum revolution covers advances from the 1990s and later, when the quantum 

properties of individual particles could be controlled at the level of photons (polarization, ...), elec-

trons (spin) and atoms or ions, as well as superposition and entanglement. This led to the emergence 

of quantum cryptography and quantum telecommunications, in addition to the premises of quantum 

computing. The original definition of this second quantum revolution is however not as precise as 

that 62. 

 

Felix Bloch (1905-1983, Swiss then American) is a physicist who created the geo-

metrical representation of a qubit state in a sphere, Bloch's sphere was elaborated in 

1946 in a paper on nuclear magnetism, his main specialty. Like other physicists of his 

time, he contributed to the Manhattan Project, although quite shortly. He was awarded 

the Nobel Prize in Physics in 1952 for his work on nuclear magnetic resonance and 

magnons conceptualization. He was also the first director of the international particle 

physics laboratory CERN in 1954. 

 

Chien-Shiung Wu (1912-1997, Chinese then American) was a scientist who contrib-

uted to the development of nuclear physics and to the Manhattan Project, with her 

gaseous diffusion process used for separating uranium 238 from uranium 235. She 

also contributed to the development of quantum physics by conducting the first ex-

periment related to the synchronization of photon pairs and entanglement in 1949, 

before Alain Aspect's experiment in 198263. 

This experiment was different and was based on the measurement of the angular correlation of gamma 

ray photons (with very high-frequency and high-energy) generated by the encounter of electrons and 

positrons. 

 

Hugh Everett (1930-1982, American) is a physicist who created the formulation of 

relative states and a global wave function of the Universe integrating observations, 

observers and tools for observing quantum phenomena. He met Niels Bohr with other 

physicists in Copenhagen in 1959 to present his theory. He was politely listened to, 

but his interlocutors said that he understood nothing about quantum physics. 

 

Everett was also a contributor to the connections between the theory of relativity and 

quantum physics, especially around quantum gravitation. He is credited with the hy-

pothesis of multiple or multiverse worlds, or many-worlds interpretation, explaining 

quantum entanglement and non-locality. It is in fact coming from Bryce DeWitt 

(1922-2004, American) who interpreted his work in 1970. DeWitt also worked on the 

formulation of quantum gravity theories. 

 

62 The second quantum revolution expression was created simultaneously and independently in 2003 by Alain Aspect and by Jonathan 

Dowling and Gerard Milburn. The latter is also known to be one of the three protagonists of the KLM model of photon-based quantum 

computing, created in 2001 jointly with Emanuel Knill and Raymond Laflamme. 

63 See The Angular Correlation of Scattered Annihilation Radiation, Wu and Shaknov, 1949. 

https://www.researchgate.net/publication/255863423_The_Angular_Correlation_of_Scattered_Annihilation_Radiation
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John Wheeler (1911-2008, American) supervised Hugh Everett's thesis. He was a 

specialist in quantum gravitation. He worked in the field of nuclear physics, notably 

in the Manhattan project, on the first American H-bombs and on very high-density 

nuclear matter found in neutron stars. He popularized the term black hole in 1967. He 

imagined a delayed-choice experiment to decide when a quantum object decides to 

travel as a wave or as a particle. 

He collaborated with Niels Bohr and among his PhD students were Richard Feynman and Wojciech 

Zurek! 

 

Roy J. Glauber (1925-2018, USA) was a theoretical physicist, teaching at Harvard 

and at the University of Arizona. He got the Nobel Prize in Physics in 2005 for his 

foundational work on the quantum theory of optical coherence. He is considered to a 

father of non-classical light description and of the quantum optics field, with his work 

in 1963, describing the various types of light (coherent, not coherent, ...). He also 

worked in the field of high-energy particle physics, which we donôt cover in this book 

since out of scope of the ñsecond quantum revolutionò. 

 

Philip W. Anderson (1923-2020, USA) was a theoretical physicist who contributed 

to the theories of localization (aka ñAnderson localizationò according to which ex-

tended states can be localized by the presence of disorder in a system), antiferromag-

netism and quantum spin liquid, symmetry breaking leading to the creation of the 

Standard Model, superconductivity (at high-temperature, pseudospin approach to the 

BCS theory, Anderson's theorem on impurity scattering in superconductors). 

He created the ñcondensed matter physicsò naming. He got the Nobel prize in physics in 1977 for his 

work on the electronic structure of magnetic and disordered systems. He worked at the Bell Labs and 

was also a teacher at Cambridge University, UK. 

 

John Stewart Bell (1928-1990, Irish) relaunched research in quantum mechanics in 

the 1960s on the notion of entanglement. We owe him the Bell inequalities that high-

light the paradoxes raised by quantum entanglement. Bell's 1964 theorem indicates 

that no theory of local hidden variables - imagined by Einstein in 1935 - can reproduce 

the phenomena of quantum mechanics 64. He was rather pro-Einsteinian in his ap-

proach and favorable to a realistic interpretation of quantum physics 65. 

His Bell inequalities define the means to verify or invalidate the hypothesis of the existence of hidden 

variables explaining quantum entanglement. Bell's inequalities were violated by the experiments of 

Alain Aspect in 1982, demonstrating the inexistence of these local hidden variables. 

Prior to this experiment, Bell's inequalities had been formulated for pairs of entangled photons by 

John Clauser (1942, American, 2022 Nobel prize in physics), Michael Horne (1943-2019, Ameri-

can), Abner Shimony (1928-2015, American) and Richard Holt in 1969 with their so-called CHSH 

inequalities with some experimental settings proposals66. 

 

64 See this explanation of Bell's theorem in a paper by Tim Maudlin on the occasion of the 50th anniversary of the theorem: What Bell 

Did, 2014 (28 pages). And Bell's original document: On the Einstein-Podolsky-Rosen paradox, John S. Bell, 1964 (6 pages). In 1964, 

Bell worked at the University of Wisconsin. 

65 See What Bell Did by Tim Maudlin, 2014 (28 pages) which describes the EPR paradox and Bell's contribution. 

66 See Proposed experiment to test local hidden-variable theories, 1969 (5 pages). 

https://fr.wikipedia.org/wiki/In%C3%A9galit%C3%A9s_de_Bell
https://arxiv.org/ftp/arxiv/papers/1408/1408.1826.pdf
https://arxiv.org/ftp/arxiv/papers/1408/1408.1826.pdf
https://cds.cern.ch/record/111654/files/vol1p195-200_001.pdf
https://arxiv.org/abs/1408.1826
https://pdfs.semanticscholar.org/8864/c5214a30a7acd8d186f53e8991cd8bc88f84.pdf
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John Bell's work was completed in 2003 by Anthony Leggett (1938, Anglo-American, Nobel Prize 

in Physics in 2003 for his work on superfluid helium) with his inequalities applicable to hypothetical 

non-local hidden variables67. Anthony Leggett was also an initial key contributor to what led to the 

creation of superconducting qubits. 

Anton Zeilinger (1945, Austrian) managed to experimentally violate these inequalities in 2007. Ac-

cording to Alain Aspect, however, this did not call into question the non-local hidden variable model 

proposed by David Bohm. 

 

Claude Cohen-Tannoudji (1933, French) is a former student of Ecole Normale Su-

p®rieure (ENS Paris) where he followed the teachings of mathematicians Henri Cartan 

and Laurent Schwartz and physicist Alfred Kastler. He was awarded the Nobel Prize 

in Physics in 1997 at the same time as Steven Chu, who was later Secretary of Energy 

during Barack Obama's first term. This Department (DoE, Department of Energy) is 

one of the federal agencies most invested in quantum technologies, notably because 

they operate the largest supercomputers in the country. 

Claude Cohen-Tannoudji owes his Nobel Prize to his work on atoms laser cooling which made it 

possible to reach extremely low temperatures, below the milli-Kelvin68. Alain Aspect once worked in 

his team. Alain Aspect says that he discovered quantum physics with reading the reference book on 

quantum physics by Claude Cohen-Tannoudji, Bernard Diu and Franck Lalo± published in 197369. It 

totals over 2300 pages. So, this book is quite small in comparison. And also, more accessible! 

 

Serge Haroche (1944, French), Nobel Prize in Physics in 2012, is a founder of Cavity 

Electrodynamics (CQED) which describes the interaction between photons and atoms 

in cavities. He used it to create cold atom based qubits. Jean-Michel Raimond70 and 

Michel Brune were among his key collaborators. Serge Haroche was the first to 

measure the phenomenon of quantum decoherence (loss of superposition) in an ex-

periment in 1996. This experiment was conducted at the ENS with rubidium atoms. 

Serge Haroche is also a member of Atos Scientific Council. 

CQED was later applied in the field of superconducting qubits with Circuit Electrodynamics (cQED), 

where atoms are replaced by an artificial atom made with a Josephson junction and the cavity by a 

planar microwave resonator. Serge Haroche is one of the most circumspect scientists on the future of 

quantum computing, at least for universal gate computing. He believes more in the advent of quantum 

simulation71. 

Other scientists brought key contributions in atoms science. Daniel Kleppner (1932, American) was 

the first to create a Bose-Einstein condensate with Rubidium atoms in 1995, and then in 1998 with 

hydrogen. Herbert Walther (1935-2006, German) did pioneering work in cavity quantum electro-

dynamics and also with trapped ions. He created the Max Planck Institute of Quantum Optics in 1981. 

Gerhard Rempe (1956, German) developed cavity quantum electrodynamics with the control of 

neutral atoms using microwaves, in connection with Jeff Kimble (1949, American, Caltech). 

 

67 See Nonlocal Hidden-Variable Theories and Quantum Mechanics: An Incompatibility Theorem by Anthony Leggett, 2003 (25 pages). 

68 See his Nobel lecture. 

69 This book is published in three tomes that were last revised in 2019. The first one is Quantum Mechanics, Volume 1: Basic Concepts, 

Tools, and Applications. The second deals with Angular Momentum, Spin, and Approximation Methods and the third one with Fermi-

ons, Bosons, Photons, Correlations, and Entanglement. These are classical quantum physics student textbooks. 

70 See his interesting conference Quantum Computing or how to use the strangeness of the microscopic world, Jean-Michel Raimond, 

2015 (1h36mn). See also his presentation material (56 slides). 

71 See Quantum Computing: Dream or Nightmare? by Serge Haroche and Jean-Michel Raimond, Physics Today, 1996 (2 pages) who 

expressed their skepticism about quantum computing. Serge Haroche continues to convey this skepticism. 

https://link.springer.com/article/10.1023/A:1026096313729
https://www.nobelprize.org/prizes/physics/1997/cohen-tannoudji/lecture/
https://www.amazon.com/Quantum-Mechanics-Claude-Cohen-Tannoudji/dp/3527345531
https://www.amazon.com/Quantum-Mechanics-Claude-Cohen-Tannoudji/dp/3527345531
https://www.amazon.com/Quantum-Mechanics-Claude-Cohen-Tannoudji/dp/352734554X
https://www.amazon.com/Quantum-Mechanics-Fermions-Correlations-Entanglement/dp/3527345558
https://www.amazon.com/Quantum-Mechanics-Fermions-Correlations-Entanglement/dp/3527345558
https://www.youtube.com/watch?v=692cAmaRHqE
http://www.lkb.upmc.fr/cqed/wp-content/uploads/sites/14/2016/06/UPMC_2009_jmr.pdf
https://wp.optics.arizona.edu/opti646/wp-content/uploads/sites/55/2016/08/Haroche-Raimond.pdf
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Alain Aspect (1947, French, 2022 Nobel prize in physics) observed violations of 

Bell's inequalities with a series of experiments conducted between 1980 and 1982 at 

the Institut dôOptique (Orsay University in the southern suburb of Paris with Jean 

Dalibard, Philippe Grangier and G®rard Roger. Taking the principles of quantum 

physics for granted, it validated the non-locality of quantum properties and ñspooky 

action at a distanceò72. One other option is you need to reject these principles and use 

a local variable model to explain the phenomenon. But it is not the only one73. 

The experiment avoided any potential synchronization between the polarizers, using a 50 MHz ran-

dom optical switch on both sides, feeding two orthogonal polarizers and photon detectors. From 1988 

to 2015, other experiments were conducted elsewhere and implemented loophole-free Bell tests, first 

closing individual loopholes and then, in 2015, closing them altogether. It confirmed then that there 

were no local variables explaining entanglement and validated the non-locality condition: long dis-

tance between analyzers to avoid any interactions made possible by special relativity. 

 
Figure 54: Alain Aspect et al 1982 Bell inequality test experiment setup. 

It avoided detection loopholes with high-efficiency photon detectors on top of escaping ómemory 

loopholesô, which was already obtained by Alain Aspect et al in their seminal 1982 experiment74. 

After his work on photon entanglement, Alain Aspect shifted gear on cold atoms control with lasers, 

starting with helium. 

 

72 Alain Aspectôs experiments were using calcium atoms as source of photons, using some laser excitement and an atomic cascade 

generating pairs of entangled photons in the visible spectrum at 551 nm and 423 nm. There were actually several experiments: in 1981 

with Philippe Grangier and G®rard Roger with one way polarizers, 1982 also with Grangier and Roger with two-channels polarizers 

and also 1982, with Jean Dalibard and G®rard Roger, using variable polarizers based on acousto-optical 10 ns switches. These could 

act faster than light propagation between the polarizers (40 ns) and even than the photons time of flight between the source and each 

switch (20 ns). See Experimental Test of Bell's Inequalities Using Time-Varying Analyzers by Alain Aspect, G®rard Roger and Jean 

Dalibard, PRL, December 1982 (4 pages). 

73 You have superdeterminism-based theories promoted by Carl H. Brans, Sabine Hossenfelder and Tim Palmer that are based on the 

hypothesis of superdeterministic hidden variables theory and could still violate Bellôs inequalities, but also the CSM ontology which 

pertains that the Psi function is lacking information on the measurement context, like described in Why ɣ is incomplete indeed: a 

simple illustration by Philippe Grangier, October 2022 (2 pages). 

74 See Experimental loophole-free violation of a Bell inequality using entangled electron spins separated by 1.3 km by B. Hensen et al, 

ICFO and ICREA in Spain and Oxford, UK, August 2015 (8 pages) and also A strong loophole-free test of local realism by Lynden K. 

Shalm et al, September 2016 (9 pages). 
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https://pro.college-de-france.fr/jean.dalibard/publications/Bell_test_1980.pdf
https://arxiv.org/abs/2210.05969
https://arxiv.org/abs/2210.05969
https://arxiv.org/abs/1508.05949
https://arxiv.org/abs/1511.03189?
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This led to the creation of a promising field of quantum computing in France, using cold atoms, 

embodied by the startup Pasqal, whose scientific director is Antoine Browaeys, a former PhD student 

of Alain Aspect who also worked with Philippe Grangier. 

Along with other scientists, Alain Aspect is also a member of Atos Scientific Council and in the sci-

entific board of Quandela. He teaches quantum physics, notably in MOOCs created for Ecole Poly-

technique and distributed by Coursera. 

 

Philippe Grangier (1957, French) was a PhD student of Alain Aspect with whom he 

worked on the 1982 experiment with G®rard Roger and Jean Dalibard. He is one of 

the world's leading specialists in quantum cryptography, especially on CV-QKD. He 

was involved in the creation of the associated startup, Sequrnet, in 2008 and closed in 

2017, probably created a little too early in relation to the needs of the market. He is 

also invested in cold atoms control with lasers at IOGS (Institut dôOptique). 

At last, he cocreated the CSM ontology of quantum foundations with Alexia Auff¯ves and Nayla 

Farouki, starting in 2013 and with a series of 7 foundational papers published between 2015 and 2019. 

CSM ontology is quickly covered in the Quantum Foundations section. 

 

Jean Dalibard (1958, French) is a research physicist at the ENS and teacher at the 

Polytechnique and the Coll¯ge de France. He is a specialist in quantum optics and 

interactions between photons and matter75. He participated with Philippe Grangier in 

the set-up of Alain Aspect's experiment in 1982 when he was a contingent scientist at 

the Institut d'Optique. He created the magneto-optical trap (MOT) system in 1987 that 

is used to cool neutral atoms using a mix of variable magnetic fields and lasers. 

 

Dieter Zeh (1932-2018, German) is the discoverer of the quantum decoherence phe-

nomenon in 1970. It marks the progressive end of the phenomenon of superposition 

of quantum states, when particles are disturbed by their environment and their ampli-

tude and phase is modified. The notion of decoherence is key in the design of quantum 

computers. The objective is to delay it as much as possible resulting from the interac-

tion between quanta and their environment76. 

 

Wojciech Zurek (1951, Polish) is a quantum decoherence physicist who contributed 

to the foundations of quantum physics applied to quantum computers. We owe him 

the no-cloning theorem, which states that it is impossible to clone a qubit identically 

without the resulting qubits then being entangled. He is also at the origin of the con-

cept of quantum Darwinism which would explain the link between the quantum world 

and the macrophysical world. 

 

Maciej Lewenstein (1955, Polish) is a theoretical physicist, specialized in quantum 

optics of dielectric media and cavity quantum electrodynamics, teaching at ICFO in 

Spain. He worked with many leading worldwide scientists including Roy J. Glauber 

(Nobel in Physics in 2005) at Harvard, Thomas W. Mossberg, Andrzej Nowak, Bibb 

Latan®, Anne LôHuillier (CEA, France), Peter Zoller and Eric Allin Cornell (Nobel in 

Physics in 2001 for his work on Bose-Einstein condensates in 1995), in the USA, 

France, Spain, Poland and Germany.  

 

75 See in particular his lesson on cold atoms at the Coll¯ge de France which describes well how atoms are cooled at very low tempera-

tures with lasers. 

76 Dieter Zeh is notably the author of On the Interpretation of Measurement in Quantum Theory in 1970 (8 pages). 

http://www.phys.ens.fr/~dalibard/index_en.html
https://pdfs.semanticscholar.org/9f48/95c908fd228e6998559a2e578298e0898c58.pdf
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His contributions span an incredible number of fields like the physics of ultra-cold gases, quantum 

information, quantum optical systems, quantum communications, quantum cryptography, quantum 

computers, mathematical foundations of quantum physics, tensor networks and entanglement theory, 

laser-matter interactions atto-second physics, quantum optics (cQED), atoms cooling and trapping, 

non-classical states of light and matter and quantum physics foundations. 

 

Anton Zeilinger (1945, Austrian, 2022 Nobel prize in physics) is a physicist who 

advanced the field of quantum teleportation in the 2000s. He also proved in 1991 the 

wave-particle duality of neutrons. He was also the first to experiment a qubit tele-

portation in 2009. He is a specialist in quantum entanglement, having proved that it is 

possible to entangle more than two quantum objects or qubits. He created theoretical 

and experimental foundations for quantum cryptography. 

With two colleagues, he also developed the GHZ (Greenberger-Horne-Zeilinger) entangled state, 

which enables yet another demonstration of the inexistence of hidden variables which would explain 

quantum entanglement of at least three particles and with a finite number of measurements. The con-

cept was created in 1989 and was validated experimentally in 1999. Anton Zeilinger also supervised 

the thesis of Jian-Wei Pan, who became later the quantum research czar in China with the develop-

ment of many advances, particularly in quantum communications and photonics. 

 

Frank Wilczek (1951, American) is a professor of physics at MIT and the chief sci-

entist at the Wilczek Quantum Center in Shanghai. He was awarded in 2004 the Nobel 

Prize for Physics shared with David Gross and H. David Politzer, for his work on the 

theory of strong interaction and quantum chromodynamics. He is known for his work 

on quasi-particles and anyons in 1982 and he also predicted the existence of time 

crystals in 2012. 

Quantum technologies physicists 

This story now provides an overview of key contributors to the physics of quantum computing. They 

are often specialized in condensed matter, such as for superconducting qubits, and in photonics. 

 
Figure 55: quantum computing key events timeline from 1990 to 2020. (cc) Olivier Ezratty, 2020. 

I highlight many European and French physicists, particularly those I have had the opportunity to 

meet for the last three years in my journey in the quantum ecosystem. This inventory is both objective 

and subjective. 
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Objective because it includes a broad and worldwide hall of fame in the field. Subjective because I 

have added a good dose of physicists I know. It creates a measurement bias which is easy to under-

stand in social science as well as in quantum physics. 

 

Richard Feynman (1918-1988, American) is one of the fathers of quantum electro-

dynamics, which earned him the Nobel Prize in Physics in 1965. He is at the origin of 

the quantum explanation of helium superfluidity at very low temperature in a series 

of papers published between 1953 and 1958. He theorized in 1981 the possibility of 

creating quantum simulators, capable of simulating quantum phenomena, which 

would be useful to design new materials and molecules in various fields like chemistry 

and biotechs77 . He was also known for his great presentation skills. 

 

Wolfgang Paul (1913-1993, Germany), not to be confused with Wolfgang Pauli, is a 

physicist who conceptualized trapped ions in the 1950s. He got the Nobel Prize in 

Physics in 1989. We owe him the traps that bear his name and are used to control 

trapped ions. He shared his Nobel prize with Hans Georg Dehmelt (1922-2017, Ger-

many) who codeveloped these traps with him. The physicists Juan Ignacio Cirac 

(1965, Spanish) and Peter Zoller (1952, Austria) theorized, designed and tested the 

first trapped ion qubits in 1996, based on the work of Wolfgang Paul. 

 

Brian Josephson (1940, English) is a physicist from the University of Cambridge. 

He was awarded the Nobel Prize in Physics in 1973 at the age of 3378, for his predic-

tion in 1962 of the effect that bears his name when he was only 22 years old and a 

PhD student at the University of Cambridge. The Josephson effect describes the pas-

sage of current in a superconducting circuit through a thin insulating barrier a few 

nanometers thick, using tunneling effect, and the associated threshold effects. 

Below a certain voltage, the current starts to oscillate. It is generated by electrons with opposite spins 

organized in Cooper pairs named after Leon Cooper who discovered it in 1952. These pairs behave 

as bosons. 

These electrons pairs have opposite 

spins (magnetic polarity). The sys-

tem behaves as a resistance associ-

ated with a loop inductance, the os-

cillation being controllable by a 

magnetic field and having two dis-

tinct energy states. Superconductiv-

ity was discovered in 1911 by Heike 

Kamerlingh Onnes (1853-1926, 

Netherlands). This is the basis of su-

perconducting qubits and their 

quantum gates! 

 

Figure 56: Josephson effect and Cooper pairs of opposite spin electrons. 

 

77 See Simulating Physics with Computers submitted in May 1981 to the International Journal of Theoretical Physics and published in 

June1982 and Quantum Mechanical Computers also by Richard Feynman, published in 1985 (10 pages). He describes how a quantum 

computer could perform mathematical operations similar to those of traditional computers. He concludes by saying that it should be 

possible to create computers where a bit would fit into a single atom! 

78 Brian Josephson shared the 1973 Nobel Prize in Physics with two scientists who had worked before him in the same field: Leo Esaki 

(1925, Japan, still alive in early 2020) for his discovery of the tunnel effect in semiconductors in 1958 and Ivar Giaever (1929, Norway, 

also still alive) who found that this effect could occur in superconducting materials in 1960. 
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https://s2.smu.edu/~mitch/class/5395/papers/feynman-quantum-1981.pdf
http://www.quantum-dynamic.eu/doc/feynman85_qmc_optics_letters.pdf
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Paul Benioff (1930-2022, American) proposed in 1979/1980 the concept of a reversi-

ble and non-dissipative quantum Turing machine using 2D lattices of spins İ, based 

on earlier work from Rolf Landauer on the thermodynamics of computing and 

Charles Bennett on reversible computing 79. It was a semi-classical machine concept 

that didnôt yet exploit entanglement and interferences. His work was extended by the 

ñuniversal quantum computerò concept from David Deutsch in 1985. 

 

Yuri Manin (1937-2023, Russian and German) is a mathematician who proposed the 

idea of creating gate-based quantum computers, in his 1980 book "Computable and 

Uncomputable", then in the USSR. 

Then, Richard Feynman devised in 1981 the idea of a quantum simulator. Feynman 

and Benioff were participants of the famous "Physics & Computation" conference in 

1981 that was co-organized by IBM and the MIT at the MIT Endicott House80. 

It brought together a num-

ber of well-known scien-

tists in quantum infor-

mation technology such as 

Tommaso Toffoli and Ed-

ward Fredkin. 

Rolf Landauer was also 

among them. It was for 

this conference that Rich-

ard Feynman published his 

famous paper ñSimulating 

Physics with Computersò 

which created the concept 

of quantum simulation81. 

 

Figure 57: participants of the first quantum computing conference in 1981. Source: Simulating 
Physics with Computers by Pinchas Birnbaum and Eran Tromer (28 slides). 

 

Tommaso Toffoli (1943, Italian then American) is an engineer known for the crea-

tion, at the beginning of the 1980s, of the quantum gate bearing his name, a condi-

tional gate with three inputs that is widely used in quantum programming. After work-

ing at MIT, he became a Boston University professor, where he has served since 1995. 

Like Stephen Wolfram, his interests include cellular automata and artificial life. 

 

Edward Fredkin (1934, American) is a professor at Carnegie Mellon University. He 

is the author of the two-way conditional swap quantum gate (SWAP). He is also the 

designer of the concept of reversible classical computer with Tommaso Toffoli at 

MIT. He is also a prolific inventor far beyond quantum computing and is the origina-

tor of vehicle identification transponders and automotive geonavigation. 

 

79 See The computer as a physical system: A microscopic quantum mechanical Hamiltonian model of computers as represented by 

Turing machines by Paul Benioff, Journal of Statistical Physics, June 1979, published in May 1980 (30 pages). Paul Benioff was then 

in a visiting stay at the Centre de Recherche Th®orique from CNRS in Marseille, France while being affiliated with the DoE Argonne 

National Laboratory in the USA. The paper was followed by Quantum Mechanical Hamiltonian Models of Turing Machines by Paul 

Benioff, October 1981 and June 1982, also in the Journal of Statistical Physics (32 pages). This theoretical system was based on using 

a two-dimensional lattice of spin İ systems (today, it would be electron spins based qubits). Back in the 1980s, the very notion of 

qubits was not yet in the radar. It appeared much later, in 1995. In Benioffôs model, a quantum gate was a Hamiltonian transformation 

of individual spins that was driven by the Turing quantum machine. 

80 See How a 1981 conference kickstarted todayôs quantum computing era by Harry McCracken, FastCompany, May 2021. 

81 See Simulating Physics with Computers by Richard Feynman, 1981 (103 pages). 

https://www.wisdom.weizmann.ac.il/~naor/COURSE/feynman-simulating.pdf
https://www.wisdom.weizmann.ac.il/~naor/COURSE/feynman-simulating.pdf
https://www.researchgate.net/publication/226754042_The_computer_as_a_physical_system_A_microscopic_quantum_mechanical_Hamiltonian_model_of_computers_as_represented_by_Turing_machines
https://www.researchgate.net/publication/226754042_The_computer_as_a_physical_system_A_microscopic_quantum_mechanical_Hamiltonian_model_of_computers_as_represented_by_Turing_machines
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.653.8050&rep=rep1&type=pdf
https://www.fastcompany.com/90633843/1981-quantum-computing-conference-ibm-roadmap-mit
http://physics.whu.edu.cn/dfiles/wenjian/1_00_QIC_Feynman.pdf
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He is also a promoter of the notion of "digital philosophy" which reduces the world and its functioning 

to a giant quantum program, a theory he shares with Seth Lloyd, an idea that has been revived by 

Elon Musk who believes that the Universe is a gigantic program and that we live in a simulation. Is 

the "automatic" respect of elementary physical laws a "program"? A thorny philosophical and seman-

tic question! 

 

Rainer Blatt (1952, Austrian and German) from the University of Innsbruck is an 

experimental physicist specialized, among other things, in trapped ions qubits. He 

was the first to entangle the quantum states of two trapped ions in 2004 and then with 

eight ions in 2006. He co-founded Alpine Quantum Technologies (AQT), whose am-

bition is to create and commercialize a trapped ions based quantum computer. He also 

works at TUM in Munich, Germany and is the coordinator of the Munich Quantum 

Valley since 2021. 

 

David Wineland (1944, American) is a Boulder-based NIST physicist known for his 

advances in trapped ions and their laser-based cooling in 1978. He also created in 

1995 the first single quantum gate operating on a single atom. He was awarded the 

Nobel Prize in Physics in 2012 jointly with Serge Haroche for his advances in atoms 

and ions laser cooling, a technique he first experimented in 1978, followed by the 

first quantum gate applied to a trapped ion in 1995 and the entanglement between 

four trapped ions in 2000. 

 

Christopher Monroe (1965, American) is an American physicist known for his work 

on trapped ions and for co-founding IonQ in 2015, one of the two best funded quan-

tum startups worldwide with PsiQuantum. He worked on trapped ions with David 

Wineland at the NIST Maryland laboratory. He demonstrated the ability to entrap 

ions, create ions-based quantum memory and create analog quantum simulators. He 

also ran a laboratory at the University of Michigan in the early 2000s. 

 

Edward Farhi (1952, American) is a theoretical physicist who has worked in many 

fields, including high-energy particle physics, particularly at the CERN LHC in Ge-

neva and then at MIT. He worked with Leonard Susskind on unified theories with 

electro-weak dynamical symmetry breaking. He and Larry Abbott proposed a model 

in which quarks, leptons, and massive gauge bosons are composite. He is the creator 

of adiabatic quantum algorithms and quantum walks. He also introduced with Peter 

Shor the concept of quantum money in 2010. 

 

John Preskill (1953, American) is a professor at Caltech. Among many other contri-

butions, he is the creator of quantum supremacy notion in 2011 and of NISQ in 2018, 

the Noisy Intermediate-Scale Quantum, qualifying current and future noisy quantum 

computers. He is a regular speaker at conferences where he reviews the state of the 

art of quantum computing82. Heôs now involved with Amazon and their cat-qubits 

superconducting project revealed in December 2020. 

 

Daniel Esteve (1954, French) is a physicist in charge of the CEA's Quantronics la-

boratory in Saclay, France, launched in 1984 with Michel Devoret and Cristian Ur-

bina, and part of the IRAMIS laboratory. He contributed to the development of trans-

mon superconducting qubits. He created a first operational qubit in 1997, the quantro-

nium, followed by another controllable prototype in 2002, with Vincent Bouchiat. He 

continues to work on improving the quality of superconducting qubits. 

 

82 See his presentation that provides an overview of the state of the art of quantum computing Quantum Computing for Business, John 

Preskill, December 2017 (41 slides). 

http://www.theory.caltech.edu/~preskill/talks/Q2B_2017_Keynote_Preskill.pdf
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Michel Devoret (1953, French) is a telecom engineer turned physicist, co-founder of 

the Quantronics laboratory with Daniel Esteve at the CEA in Saclay between 1985 

and 1995, which is one of the world pioneers of superconducting qubits. He is a pro-

fessor at Yale University since 2002. He was a co-founder of the American startup 

QCI with his Yale colleague Rob Schoelkopf (1964, USA), which he left in 

2019/2020. He preferred to be entirely dedicated to research. 

He worked several times with John Martinis, when John was a PhD student in UCSB, then when he 

was a post-doc at CEA in Saclay in the early 2000s, and at last at the University of Santa Barbara 

(UCSB), where they wrote together a review paper in 2004 on superconducting qubits83. 

 

Steven Girvin (1950, USA) is a professor of physics at Yale University, specialized 

in condensed matter physics, and Director of the Co-design center for Quantum Ad-

vantage, at Brookhaven University since 2020. He is a key contributor to works on 

circuit quantum electrodynamics (cQED) and superconducting qubits. At Yale, he 

works with Robert Schoelkopf and Michel Devoret on the various engineering prob-

lems associated with superconducting qubits. 

 

Rob Schoelkopf (1964, USA) a physicist and director of the Yale Quantum Institute. 

Along with Steve Girvin and Michel Devoret, he made key advances in superconduct-

ing qubits. He particularly worked on single-electron devices, being the inventor of 

the Radio-Frequency Single-Electron Transistor. He also created the field of circuit 

quantum electrodynamics (cQED) with Andreas Wallraff and Alexandre Blais who 

were respectively Yale post-doc and PhD student around 2002-2004. 

In 2007, with Steven Girvin, he engineered a superconducting communication bus to store and trans-

fer information between distant qubits on a chip. In 2009, their team, also including Alexandre Blais 

and Jay Gambetta, demonstrated the quantum processor running some quantum computation, with 

two qubits84. 

 

Jay Gambetta (1979, USA) is the scientist leading as a VP since 2019 IBMôs research 

team working on superconducting qubits quantum computers after running the IBM 

team that created and launched IBM Quantum Experience, Qiskit and the IBM Quan-

tum System One in 2019. He joined IBM in 2011. After a thesis in quantum founda-

tions and non-Markovian open quantum systems done in Australia in 2004, he focused 

on developing superconducting qubits, first in a post-doc tenure at Yale University 

and then at the Institute for Quantum Computing in Waterloo. He also worked on 

quantum validation techniques, quantum codes and applications. 

 

Alexandre Blais (Canada) is a Professor in the Department of Physics and Director 

of the Universit® de Sherbrookeôs Institut Quantique. He is one of the key contributors 

to the development of circuit quantum electrodynamics (cQED) that enable the crea-

tion of superconducting qubits. He is also a cofounder of Nord Quantique, a Quebec 

startup developing bosonic code qubits. Like Jay Gambetta, he did a post-doc at Yale, 

the US epicenter of the early developments of superconducting qubits. 

 

 83 In Implementing Qubits with Superconducting Integrated Circuits by Michel Devoret and John Martinis, 2004 (41 pages). 

84 See Demonstration of Two-Qubit Algorithms with a Superconducting Quantum Processor by L. DiCarlo, Rob Schoelkopf et al, 2009 

(9 pages). 

https://web.physics.ucsb.edu/~martinisgroup/papers/Devoret2004.pdf
https://arxiv.org/pdf/0903.2030.pdf
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Irfan Siddiqi (1976, American-Pakistani) is one key contributor to advancements in 

superconducting qubits. He did his PhD and post-doc at Yale, working initially in alu-

minum hot-electron bolometers for microwave astronomy and then, high frequency 

measurement techniques for superconducting qubits. He developed the Josephson Bi-

furcation Amplifier that uses the non-dissipative and nonlinear nature of the Joseph-

son junction to create high gain and minimal back action readout of qubits.  

This led to the creation of superconducting parametric amplifiers and Josephson traveling wave par-

ametric amplifiers. He then moved at Berkeley University and the DoE Lawrence Berkeley National 

Laboratory. He works on quantum electrodynamics, quantum error correction, multi-partite entangle-

ment generation and single photon detection. He runs there the Advanced Quantum Testbed, an inte-

grated research platform on superconducting qubits and enabling technologies. 

 

Artur Ekert (1961, Polish and English) is a quantum physicist known to be one of 

the founders of quantum cryptography. He had met Alain Aspect in 1992 to talk to 

him about this inspiration after discovering the latter's experiments. This is a fine ex-

ample of step-by-step inventions, one researcher inspiring another! He was the direc-

tor of the Singapore Center for Quantum Technology from 2007 to 2020. He is also a 

teacher at Oxford University and a member of Atosôs Scientific Council. 

 

Nicolas Gisin (1952, Switzerland) is a physicist specialized in quantum communica-

tion. He demonstrated quantum non-locality with an experiment in 1997 over a 10 km 

distance, extending the performance achieved in the laboratory by Alain Aspect in 

1982. He co-founded IDQ in 2001, a Swiss startup initially specialized in quantum 

random number generators using photons passing through a dichroic mirror. It was 

acquired by SK Telecom in 2018. 

 

David DiVincenzo (1959, American) was a researcher at IBM and the creator of the 

criteria that define the minimum requirements for a quantum computer with universal 

gates. He is now a researcher and professor at the University of Aachen in Germany. 

He is a member of the Atos Scientific Council, along with Alain Aspect, Serge 

Haroche, Artur Ekert and Daniel Esteve, among others. 

 

Daniel Loss (1958, Swiss) proposed in 1998 with David DiVincenzo to use electron 

spins in quantum dots to create a quantum computer. He currently is the Co-Director 

and founding member of National Center on Spin Qubits (NCCR SPIN) that gathers 

the University of Basel, EPFL and IBM Zurich, an initiative from the Swiss Nanoscale 

Center SNI. He is the Director of the Center for Quantum Computing at the University 

of Basel. After a PhD in theoretical physics at the University of Zurich in 1985 he was 

a post-doc in the group of Anthony J. Leggett in the USA and at IBM Research. After 

a stint in Vancouver, he went back to Switzerland. 

He works on condensed matter physics and spin-dependent and phase-coherent phenomena in semi-

conducting nanostructures and molecular magnets with applications in quantum computing. 

 

Bruce Kane (c. 1958, American) is a researcher at the Joint Quantum Institute from 

the University of Maryland (a JV with NIST). While he was doing research at UNSW, 

he presented in 1998 the ñdonors spinò model, a spin-based qubit concept based on 

using individual phosphorous atoms in pure silicon lattice structures. This is the prin-

ciple on which Michelle Simmons works at both UNSW and her startup SQC. 
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The juryôs still out to demonstrate that this technology can scale among the various spin qubits pro-

posals. 

 

Menno Veldhorst (1984, Dutch) is a group leader at QuTech. He got his PhD in 2012 

on superconducting and topological hybrids at the University of Twente. He then 

worked on silicon quantum dots at UNSW where he demonstrated in 2015 the first 

two qubit operations in silicon. At QuTech, he works on silicon and silicon/germa-

nium (SiGe) qubits to build scalable quantum computers. His team is currently pio-

neering work on SiGe/Ge qubits with qubits manipulation in arrays up to 16 quantum 

dots. He proposed a crossbar array architecture to create logical qubits.  

 

Lieven Vandersypen (1972, Belgian) started as a mechanical engineer and a PhD at 

Stanford, then went to IBM in Almaden, California, where he became interested in 

MEMS. He demonstrated the use of Shor's algorithm for factoring the number 15 with 

NMR qubits, and then became a researcher at TU Delft University in the Netherlands 

and in its QuTech spin-off, which he currently runs. He is a pioneer of electron spin 

qubits. In this capacity, he works notably with Intel, and is testing their FinFET-based 

qubit chipsets at QuTech with Intel, which invested $50M in QuTech in 2015. 

 

Leo Kouwenhoven (1963, Dutch) is a quantum physicist who got his PhD at TU Delft 

in 1992 and became a professor there in 1999. He led experimental results on the 

potential "signatures" of Majorana fermion quasiparticles in 2012 and later on their 

ñdefinitiveò existence in 2018. The related Nature paper had to be retracted in 2021 

due to experimental data mismanagement and reporting. From 2016 till 2022, he was 

a researcher at Microsoft Research. He left Microsoft in 2022 and has returned to his 

home based at QuTech and the Kavli Institute of Nanoscience from TU Delft. 

 

Christophe Salomon (1953, French) is a physicist specialized in photonics and cold 

atoms, research director at the LKB (Normale Sup in Paris). He is particularly inter-

ested in quantum gases superfluidity (Bose-Einstein condensates) and in time meas-

urement with cesium atomic clocks. He did a thesis in laser spectroscopy and then did 

a post-doc at the joint JILA laboratory between NIST and the University of Colorado. 

He is also a member of the Academy of Sciences since 2017. 

 

John Martinis (1958, American), is a physicist from UCSB who famously worked at 

Google between 2014 and 2020 where he led the hardware team in charge of super-

conducting qubits up to creating the Sycamore processor and its related ñquantum 

supremacy experimentò, published in Nature in October 2019. After his thesis at 

Berkeley on superconducting qubits, he did a post-doc in Daniel Esteve's Quantronics 

laboratory at the CEA in Saclay. 

In September 2020, he started to work with Michelle Simmons at SQC in Australia. He also created 

Quantala in 2020, a quantum computing company selling IP and protecting his own patents. 

 

Mikhail Lukin (USA) is a Russian born quantum physics professor at Harvard. Heôs 

a prolific scientist with a skyrocketing h-index of 163, working on quantum optics, 

quantum control of atomic and nanoscale solid-state systems, quantum sensing, nano-

photonics and quantum information science. Heôs behind many feats in cold atoms 

physics as well as in the NV centers field, being the inventor of NV centers based 

magnetometry. 

He cofounded QuEra (USA) that develops a cold atoms gate-based quantum computer, reaching 256 

qubits as of 2021. He is also a cofounder and scientific advisor of QDTI (USA). 
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Andreas Wallraff (German) is a Professor for Solid State Physics at ETH Zurich after 

having obtained degrees in physics from the London Imperial College and RWTH 

Aachen in Germany and worked at the J¿lich Research Center also in Germany, Yale 

University in the USA and the LKB in France. He is specialized in the coherent inter-

action of single photons with quantum electronic circuits and quantum effects as well 

as on hybrid quantum systems combining microwave control, superconducting cir-

cuits and semiconductor quantum dots. 

 

J¿rgen Mlynek (1951, German) is a physicist specialized in optronics and interfer-

ometry. He was the coordinator of the strategic advisory board behind the launch of 

the European Flagship project on quantum in 2018. We owe him, as mentioned in 

connection with Louis De Broglie, the experiment validating the wave-particle duality 

of atoms carried out using helium in 1990 with Olivier Carnal at the University of 

Konstanz. 

 

Jian-Wei Pan (1970, China) is the leading quantum physics scientist in China. He is 

a professor and Executive VP at USTC (University of Science and Technology of 

China) and a member of CAS (China Academy of Science). He did his PhD in Vienna 

under the supervision of Anton Zeilinger. He and his team are famous for premiere 

experiments on photons quantum entanglement in 2004, quantum key distribution 

over a satellite (2017), with boson sampling (2019) and superconducting qubits 

(2021). 

 

Marie-Anne Bouchiat (1934, French) is a specialist in rubidium atoms physics and 

their control by optical pumping. This is the basis for the creation of quantum com-

puters based on cold atoms. Her daughter H®l¯ne Bouchiat (1958, French) is also a 

physicist, specialized in condensed matter at the LPS laboratory of the University 

Paris-Saclay and member of the Acad®mie des Sciences since 2010, like her mother 

who has been there since 1988. 

 

Elisabeth Giacobino (1946, French) is a specialist in laser physics, nonlinear optics, 

quantum optics and superfluidity, particularly in relation to the control of cold atoms. 

She worked at the CNRS in the ENS LKB (Laboratoire Kastler-Brossel). She is a 

member of the scientific selection committee of the European Quantum Flagship and 

also for the ANR (Agence Nationale de la Recherche). 

 

Jacqueline Bloch (1967, French) is a research director at CNRS (PI) in the Centre de 

Nanosciences et de Nanotechnologies (C2N) lab from CNRS and Universit® Paris-

Saclay, working on polaritons, quasi-particles coupling light and semiconductor mat-

ter, mainly built in gallium arsenide (GaAs). These have potential applications in the 

creation of quantum simulators based on polariton arrays as well as for quantum me-

trology. 

 

Jean-Michel G®rard (1962, French) is a physicist from the CEA IRIG laboratory in 

Grenoble and director of the joint PHELIQS laboratory (PHotonics, ELectronics and 

Quantum Engineering) from UGA (University of Grenoble) and CEA. He works in 

particular on the creation of single photon sources based on quantum dots as well as 

single photon detectors based on superconducting nanowires and OPO laser diodes. 
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Pascale Senellart (1972, French) is a physicist, CNRS research director at the C2N 

laboratory. She designed and invented a process for manufacturing sources of unique 

and indistinguishable photons used in quantum telecommunications and computing. 

These are GaAsAl semiconductor quantum dot trapped in a multi-layered 3D struc-

ture, powered by a laser and directly feeding an optical fiber. She co-founded the 

startup Quandela in 2017 with Val®rian Giesz (CEO) and Niccolo Somaschi (CTO 

and Chairman) who were a PhD student and a post-doc in her team. 

Quandela is selling these photon sources and is creating photon qubit-based quantum computers. She 

is their scientific advisor. Pascale Senellart also launched the Quantum hub of the University Paris-

Saclay in November 2019, which brings together public and private research laboratories as well as 

higher education institutions. She was awarded the CNRS Silver Medal in 2014. 

 

Maud Vinet (1975, French) started as physics engineer and was granted a PhD in 

physics from Grenoble University. She then spent 20 years working in silicon tech-

nologies development and transfer for the semiconducting industry. She led the silicon 

qubit project at CEA-Leti in Grenoble. Since 2016, CEA-Leti was focused on silicon 

spin qubits leveraging the strong relationships between fundamental science and tech-

nology in Grenoble ecosystem. In November 2022, Maud Vinet launched Siquance 

along with Tristan Meunier (CNRS) and Fran­ois Perruchot (CEA-Leti). 

The silicon qubit ecosystem in Grenoble involves several laboratories in addition to CEA-Leti: IRIG 

(also from CEA), CNRSôs Institut N®el, LPMMC, and various entities of UGA (Universit® Grenoble 

Alpes). Maud is also driving QLSI, the European Quantum Flagship research project on silicon spins 

qubits, awarded in March 2020, after obtaining with Tristan Meunier (1977, French, at CNRS Insti-

tut N®el) and Silvano de Franceschi (1970, Italian, at CEA IRIG) an ERC funding of ú14M in 2018 

for the QuCube silicon qubit project. Before her journey in quantum computing, she had previously 

contributed to the industrialization of the FD-SOI technology with CEA and STMicroelectronics85, 

Globalfoundries and IBM. 

 

Alexia Auff¯ves (1976, French) is a CNRS research director and the director of Sin-

gaporeôs CNRS MajuLab international laboratory since January 2022 after having 

conducted her research for over 15 years in Grenoble at CNRS Institut N®el. She is 

specialized in quantum thermodynamics and collaborates with various teams in 

France (C2N, ENS Lyon) and around the world (Center for Quantum Technologies in 

Singapore, Chapman University and Saint-Louis University in the USA, Oxford and 

Exeter Universities in the UK, Madrid University in Spain, etc.). 

Alexia Auff¯ves started as an experimentalist, doing he PhD thesis at the ENS LKB in Paris, with 

Serge Haroche. She then became a theoretician although with quite abroad perspective. She devel-

oped the CSM ontology of quantum mechanics (Contexts, Systems and Modalities) with Philippe 

Grangier and the philosopher Nayla Farouki that we cover later in this book, when discussing quan-

tum foundations, page 98786. She launched and coordinated QuEnG (Quantum Engineering Greno-

ble), the Grenoble quantum ecosystem, which became the QuantAlps federation in January 2022. Her 

recent work focuses on the energetic aspects of quantum technologies, both from fundamental and 

full-stack perspectives, which explains why she cofounded the Quantum Energy Initiative in August 

2022 with Robert Whitney (a physicist from CNRS LPMMC in Grenoble), Janine Spettstoesser 

(Chalmers University, Sweden) and Olivier Ezratty. Yes, thatôs me, the writer of this book. 

 

85 FD-SOI = Fully-Depleted Silicon on Insulator. The technology uses on the one hand a layer of silicon oxide insulator and on the 

other hand, channels of undoped silicon between the drain and the source, limiting leakage between the latter two. 

86 See Contexts, Systems and Modalities: a new ontology for quantum mechanics by Alexia Auff¯ves and Philippe Grangier, 2015 (9 

pages). See also the associated Wikipedia page. This work has been articulated on a total of seven papers released between 2015 and 

2019. 

https://arxiv.org/abs/1409.2120
https://fr.wikipedia.org/wiki/Th%C3%A9orie_CSM
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Antoine Browaeys (c. 1970, French) is a CNRS research director leading the quan-

tum optics-atom team in the Charles Fabry Laboratory at Institut dôOptique special-

ized in the control of cold atoms. He is also a cofounder and the scientific director of 

Pasqal, a startup designing a cold atoms computer that will be first used as a quantum 

simulator, and then, as a universal gates quantum computer. He was awarded the 

CNRS silver medal in 2021. 

 

H®l¯ne Perrin (c. 1975, French) is CNRS research director working at the La-

boratoire de Physique des Lasers (LPL) from Universit® Sorbonne Paris Nord, work-

ing on Bose-Einstein condensates and cold atoms control. Together with Pascal Si-

mon, she drives the Quantum Simulation SIM project, a cold atom-based quantum 

simulator. She also gives lessons on quantum computing. She did her PhD thesis with 

Christophe Salomon at the ENS LKB in Claude Cohen-Tannoudjiôs group. At CEA-

Saclay, she also worked on fractional quantum Hall effect. Since 2022, she is the di-

rector of QuanTIP, the Paris region quantum ecosystem network. 

 

Eleni Diamanti (1977, Franco-Greek) is a leading specialist and experimenter in the 

development of photonic resources for quantum cryptography, also working on quan-

tum communication complexity. Sheôs a CNRS research Director and faculty at LIP6 

laboratory from Paris-Sorbonne University. She is the vice-director of the Paris Centre 

for Quantum Computing since April 2020. She is also involved in many European 

projects around quantum key distribution, like the Quantum Internet Alliance and 

OpenQKD. She is a recipient of a European Research Council Starting Grant. 

At last, sheôs a cofounder and a scientific advisor with Julien Laurat for the startup WeLinQ, created 

in 2022 with Tom Darras as CEO, which creates cold atom based quantum memories for quantum 

computer interconnects and quantum repeaters. 

 

Jason Alicea (American) is a Professor of Theoretical Physics at Caltech Universityôs 

IQIM (Institute for Quantum Information and Matter). He is specialized in condensed 

matter physics and topological phase of matter which could lead on creating non-

Abelian anyons and Majorana fermions, a qubit type mainly explored by Microsoft. 

 

Michelle Simmons (1967, British-Australian) is a physicist from the University of 

New Wales in Australia (UNSW), working on silicon spin qubits. She is the director 

of CQC2T (Centre of Excellence for Quantum Computation and Communication 

Technology) from UNSW. She is also the co-founder of SQC (Silicon Quantum Com-

puting), the leading quantum computing Australian startup ($66M), a spin-off from 

her university and from QQC2T. 

In 2019, her team built the first two-qubit gate between phosphorous atom qubits in silicon, operating 

in only 0.8 ns. It became a full-fledged 10 qubit processor in 2022. She is using STM (scanning 

tunneling microscopes) to position phosphorus dopants in the silicon substrate. 

 

Andrew S. Dzurak (Australian) is the Director of the Nanotechnology Fabrication 

Unit at UNSW's Australian National Fabrication Facility from the CQC2T research 

center. This facilityôs white room is used to manufacture silicon qubits chipsets. An-

drew Dzurak is a pioneer of silicon qubits since 1998. He is leading research at 

CQC2T on silicon qubit control and reading. He created the first phosphorus-based 

silicon double qubits in 2015. He was a lead scientist for SQC, founded by Michelle 

Simmons, but seemingly left the company in 2021. 
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He created Diraq in 2022, a startup dedicated to the creation of scalable quantum computers using 

quantum dot silicon spin qubits. 

 

Andrea Morello (1972, Italian) is one of the star researchers at UNSW in Australia. 

He is Program Manager of the ARC Centre of Excellence at CQC2T and leads the 

Fundamental Quantum Technologies Laboratory at UNSW. During his studies, he at-

tended the Laboratoire National des Champs Magn®tiques Intenses of the CNRS in 

Grenoble. Today he is one of the specialists in silicon-based qubits. He is also a quan-

tum engineering teacher at UNSW. 

His team was the first to demonstrate coherent control and readout of an individual phosphorus atom 

electron and nuclear spin in silicon and held for many years the record for the longest quantum 

memory time of 35.6 s in a single solid-state qubit. 

 

Andrew G. White (c. 1970, Australian) is a leading Australian quantum scientist who 

is the Director of the University of Queensland Quantum Technology Laboratory. He 

is most known for his work in quantum photonics, including a first demonstration of 

an optical CNOT entangling gate realized in 2004 and based on the Knill, Laflamme 

and Milburn (KLM) protocol and linear optics. He is also very eclectic, having also 

worked on nuclear physics and marine biology. Heôs a scientific advisor for Quandela. 

 

James Clarke (c. 1971, American) launched Intelôs quantum computing research ef-

forts and the Director of Quantum Hardware at Intel since 2015. Heôs also behind 

Intelôs partnership with QuTech in The Netherlands. He is currently focused with his 

team of about 100 researchers and engineer on creating scalable quantum computers 

with silicon and SiGe qubits. He started working at Intel as a process engineer in 2001 

after having studied and worked on organic chemistry (PhD in Harvard and post-doc 

at ETH Zurich). 

 

Christine Silberhorn (1974, German) is a researcher and professor working on pho-

ton-based quantum computing at the University of Paderborn located between Dort-

mund and Hanover. She leads there the Integrated Quantum Optics group. Her labor-

atory designs and manufactures integrated optronics components, entangled photon 

sources and quantum array systems. Her team designed a system to convert photon 

qubits between infrared and visible wavelengths. She also works on optical quantum 

memories. She was awarded the Leibnitz prize in 2011. 

She cofounded ItôsQ in 2022, a quantum photonic computing startup and is one of the very few lead 

researchers in Germany who created a quantum computing hardware company. 

 

Stephanie Wehner (1977, German) is a physicist working on quantum communica-

tion protocols, based at the University of Delft in the Netherlands. She coordinates 

the "Quantum Internet Alliance", one of the projects of the European Quantum Flag-

ship, which plans to deploy a quantum key distribution (QKD) Internet network run-

ning in mesh mode. She started her professional life in cybersecurity, detecting system 

flaws. She is also producing many quantum tech MOOCs. 

 

Perola Milman (c. 1975, French) is a specialist in the theory of quantum computing 

and in particular with trapped photons and ions. In particular, she has demonstrated 

the entanglement capacity of molecules. She is a lecturer-researcher at the Laboratory 

of Quantum Materials and Phenomena of the University Paris Diderot. She is a pro-

fessor of quantum theory of light and on quantum entanglement. 
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Sara Ducci (1971, French) is another teacher-researcher at the same Laboratoire Ma-

t®riaux et Ph®nom¯nes Quantiques (MPQ) where she co-founded in 2002 a team in 

charge of nonlinear optical devices. She is working on producing pairs of entangled 

photons sources based on III-V semiconductors. She is also interested in the charac-

terization (state measurement...) and manipulation of photons. At last, she teaches 

quantum physics at Ecole Polytechnique. 

 

Jacquiline Romero (c. 1985, Philippines) is a quantum optics physicist doing re-

search in Australia at the University of Queensland, after completing her PhD in Glas-

gow, UK. She is working on optical neuromorphic architectures and on dense encod-

ing of information in photons using several of their characteristics in addition to the 

usual polarization. 

 

Fabio Sciarrino (1978, French Italian) is the director of the Quantum Information 

Lab at the Sapienza University of Rome and specialized in photonics. His team is at 

the origin of many advances in the field, notably in boson sampling, a key experiment 

in the path of photon-based quantum computers. He collaborates with Quandela's 

team and the C2N of Palaiseau (Pascale Senellart). 

 

Patrice Bertet (c. 1976, France) is part of Daniel Esteve's team at CEA-SPEC. He 

did his thesis at Serge Haroche on Rydberg atoms and then went to Delft University. 

He participated in the early days of superconducting qubits (quantronium at CEA and 

TU Delft). He then worked on QED (quantum electrodynamics) circuits based on 

cavities and then on transmon qubits. He is working on the association of supercon-

ducting qubits and the measurement of their state with electron spins, notably based 

on NV centers, which can also be used for quantum memories. 

 

Audrey Bienfait (c. 1990, France) is a former PhD student of Patrice Bertet at CEA-

SPEC who is now doing her research at ENS Lyon in the team of Benjamin Huard 

(1979, French). She was awarded the Bruker Prize 2018 for her thesis on electron 

paramagnetic resonance or "ESR - Electron Spin Resonance" in quantum regime and 

the Michelson Postdoctoral Prize 2019 in March 2020 for her work on the entangle-

ment of superconducting qubits via phonons. 

 

S®bastien Tanzilli (France) is the director of the InPhyNi physics laboratory in Nice 

and also the CNRS national quantum program director. He works on quantum cryp-

tography with continuous or discrete keys (CV-QKD and DV-QKD), in fundamental 

quantum optics as well as in hybrid quantum systems for the study and realization of 

quantum communication networks. He was also the president of the GDR-IQFA, a 

community of quantum physics researchers in France (IQFA = Information Quan-

tique, Fondements & Applications) from its creation in 2011 until 2021. 

 

Virginia DôAuria (Italy) is a researcher working on quantum optics transmission sys-

tems using continuous and discrete variables and DV/QV hybridization. Having 

worked at the ENS LKB in Paris, she also worked on photon detectors. Since 2010, 

she is part of the photonics group of InPhyNi and works on discrete and continuous 

variable quantum communications compatible with optical fibers of telecom opera-

tors. 
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Jelena Vucokic (c. 1975, Serbian) is a research professor at Stanford, working in 

quantum photonics. She directs the Nanoscale and Quantum Photonics Lab and the 

Q-FARM (Quantum Fundamentals, ARchitecture and Machines initiative), an inter-

disciplinary quantum laboratory. She contributes to developments in photonics for the 

development of optical quantum computers. She did her PhD at Caltech in 2002. 

 

Francesca Ferlaino (1977, Italian) is a typically European researcher, having worked 

in many laboratories from different countries. She is research director at the IQOQI 

in Innsbruck, Austria, where she leads the Dipolar Quantum Gases laboratory. She is 

a specialist in cold atoms and erbium-based Bose-Einstein condensates. 

 

Marcus Huber (Austria) is a research group leader at the IQOQI in Vienna, working 

on quantum entanglement, qubit state measurement and quantum thermodynamics in 

general. In addition to the IQOQI, he has also worked at the Universities of Bristol, 

Geneva and Barcelona. He is a great advocate of the open publication of research 

work, being at the origin of the Quantum-Journal.org website, a kind of arXiv for 

quantum science. 

 

Tracy Northup (c. 1975, Austria) is a researcher working on trapped ions and optical 

cavities, one of the major branches of quantum computing. She leads the Quantum 

Interfaces Group laboratory at the University of Innsbruck, which is one of the most 

active in the field of trapped ions, a major Austrian specialty. 

 

Anne Matsuura (c. 1970, Japanese-American) is a physicist who is leading the Quan-

tum & Molecular Technologies team from the Intel Quantum Research Laboratory 

since 2014. She leads the American's efforts in the creation of superconducting and 

silicon qubits quantum computers, with an overall vision of the hardware architecture. 

Her impressive career starts with a thesis at Stanford in synchrotrons, then in US Air 

Force labs and In-Q-Tel (the CIA investment fund). She also directed the European 

Theoretical Spectroscopy Facility in Belgium. 

 

Sarah Sheldon (c. 1986, American) has been a member of IBM's quantum computing 

teams based at the Thomas J. Watson Research Center in Yorktown, New York, since 

2013. She is particularly active in improving the quality of superconducting qubits, 

their quantum gates and error correction codes. She obtained her PhD at MIT in 2013 

before doing a post-doc with IBM. 

 

Stefanie Barz (c. 1980, German) is a quantum optics professor and researcher at the 

University of Stuttgart. Her interests include quantum cryptography and quantum tel-

ecommunications. She worked in particular on blind computing with Elham Kashefi 

and Anne Broadbent. She leads the SiSiQ project funded by the German Ministry of 

Research with ú3.6M of European funding, which aims to create quantum communi-

cation infrastructure with silicon photonics. 
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Alexei Grinbaum (1978, Franco-Russian) is a researcher at CEA-Saclay in Etienne 

Klein's LARSIM laboratory. He works on the quantum foundations and quantum 

physics philosophy87. He is notably the author of the book "Les robots et le mal" (Ro-

bots and evil) published in 2018. He is particularly interested in the ethics of science, 

its acceptance by society and responsible innovation. 

 

Fr®d®ric Grosshans (1976, French) is a CNRS researcher at LIP6 from Universit® 

Paris-Sorbonne, specialized in QKD, repeaters and quantum networks. He was the 

creator with Philippe Grangier of the continuous variable QKD. He is also the co-

director with Nicolas Treps (from LKB) of the Quantum Information Center Sorbonne 

of the Alliance Paris-Sorbonne launched in September 2020, which federates quantum 

research and training of several Parisian quantum groups. 

 

Jean-Fran­ois Roch (1964, French) is a quantum physics professor at ENS Paris 

Saclay. He is a pioneer of the usage of NV centers in many applications, particularly 

in quantum sensing, including for studying matter and magnetism at very high-pres-

sure, which could be helpful for the discovery of high-temperature superconducting 

materials. He conducts these researches in partnership with Thales and with the CEA. 

He also led the founding Wheeler delayed choice experiment in 2006. 

 

Ronald Walsworth (c. 1972, American) is a pioneer in the usage of NV centers for 

quantum sensing in various fields, from life science to physics and astrophysics like 

for the detection of dark matter. He leads the Walsworth group at the University of 

Maryland and is the founding director of the UMD Quantum Technology Center. Sev-

eral startups emerged from his lab like qdm.io, Hyperfine.io (MRI) and QDTI (which 

he both cofounded). 

He also launched the Quantum Catalyzer quantum startups accelerator (Q-CAT) that creates quantum 

startups from scratch. He got a PhD in physics from Harvard in 1991. 

Quantum information science and algorithms creators 

Let's end this long "hall of fame" with some of the main contributors to the creation of quantum 

information science and algorithms. It is a relatively new discipline that emerged in the early 1990s. 

 

Alexander Holevo (1943, Russian) is a mathematician working in quantum infor-

mation science and who devised the 1973 Holevo theorem according to which we 

cannot retrieve more than N bits of useful information from a register of N qubits88. 

This is the consequence of the wave packet reduction that reduces the qubit state to 

its basis states ȿπἃ and ȿρἃ after measurement. He also developed the mathematical 
basis of quantum communications. 

 

87 See Narratives of Quantum Theory in the Age of Quantum Technologies by Alexei Grinbaum, 2019 (20 pages). 

88 This theorem indirectly validates the fact that it is difficult to do "big data" with a quantum computer in the sense of storing and 

analyzing large volumes of information. On the other hand, Grover's algorithm makes it possible to quickly find a needle in a haystack, 

as we will see later. 

https://arxiv.org/pdf/1702.03001.pdf
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David Deutsch (1953, Israeli and English) is a physicist from the Quantum Compu-

ting Laboratory at Oxford University in the UK. He devised in 1985 the idea of cre-

ating a universal quantum computer using a quantum Turing machine which led him 

to create in 1989 the gate-based circuits programming model, completing Yuri 

Maninôs and Paul Benioffôs 1980 ideas89. He is also the author of a search algorithm, 

with two variants, a first one from 1985 and a second one in 1992 that he co-created 

with Richard Jozsa. 

 

Umesh Vazirani (1945, Indian-American) is a professor at the University of Berke-

ley. He is one of the founders of quantum computing, with his paper co-authored in 

1993 with his student Ethan Bernstein, Quantum Complexity Theory. He is also the 

creator of the Quantum Fourier Transform (QFT) algorithm, which was used less than 

a year later by Peter Shor to create his famous integer factoring algorithm that served 

as a spur to funding research in quantum computing in the USA. The QFT is a found-

ing algorithm used in many other quantum algorithms. 

 

Peter Shor (1959, American) is a mathematician who became the father of the algo-

rithm of the same name in 1994 which allows the factorization of integers into prime 

numbers, based on quantum Fourier transforms (QFT). Before that, he created the first 

quantum discrete-log algorithm (dlog) and, later, the famous nine-qubit flip error and 

phase error correction algorithm for quantum computers called the "Shor code"90. We 

indirectly owe to him the whole movement of post-quantum cryptography (PQC). 

PQC is about creating cryptography codes resisting to public keys breaking using the Shor algorithm 

and other quantum algorithms... with quantum computers that do not yet exist. Peter Shor created his 

famous factorization algorithm while working at Bell Labs. He has been teaching applied mathemat-

ics at MIT since 2003. 

Daniel R. Simon (American) is the creator of another search algorithm in 1994, bearing his name. 

Precisely, his quantum algorithm solves the hidden subgroup problem (HSP) using an oracle based 

model, providing an exponential acceleration compared to classical computing91 . Daniel Simon 

worked at Microsoft Research when he created his famous algorithm. He later worked on cybersecu-

rity research until his retirement, always with Microsoft Research. 

 

Lov Grover (1961, Indian-American) is a computer scientist who created the seminal 

quantum algorithm in 1996 that is said to be a search algorithm in a database but has 

many more use cases as weôll see in the quantum algorithms part of this book (page 

577). He currently works in the Department of Mathematics of the Guru Nanak Dev 

University, in Punjab, India. His full name is Lovleen Kumar Grover. 

 

89 See Quantum theory, the Church-Turing principle and the universal quantum computer by David Deutsch, 1985 (21 pages). This is 

a foundational paper describing a lot of concepts, including the unitaries used in single qubit gates, the notion of quantum computing 

complexity, etc. It was also followed by Quantum computational networks by David Deutsch, September 1989 where networks corre-

spond to series of gate operations. Back then, the very name of qubit didnôt exist yet, and was created only in 1995. 

90 See the excellent The Early Days of Quantum Computation by Peter Shor, August 2022 (10 pages) where Peter Shor recount the 

history of the early years of quantum computing and how he discovered his various algorithms with try and error. 

91 See On the power of quantum computation by Daniel Simon, 1994 (11 pages) also updated in 1997. 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.655.1186&rep=rep1&type=pdf
https://www.cs.princeton.edu/courses/archive/fall04/cos576/papers/deutsch85.pdf
https://royalsocietypublishing.org/doi/epdf/10.1098/rspa.1989.0099
https://arxiv.org/abs/2208.09964
https://courses.cs.washington.edu/courses/cse599/01wi/papers/simon_qc.pdf
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Michael Freedman (1951, American) is a mathematician who founded and runs the 

Microsoft Station Q laboratory in Santa Barbara, California. He is one of the fathers 

of topological quantum computing along with Alexei Kitaev. He was also awarded 

the Fields Medal in 1986 for his work on the Poincar® conjecture, later demonstrated 

in 2006 by Grigori Perelman. 

 

Alexei Kitaev (1963, Russian and American) is with Michael Freedman one of the 

fathers of the topological quantum computer concept in 1997, investigated by Mi-

crosoft. He was a researcher at Microsoft Research in the early 2000s and is now 

working at Caltech University and with Google. He has also done a lot of work on 

error correction codes, including the creation of toric codes, surface codes and magic 

states distillation (with Sergey Bravyi) and the Quantum Phase Estimate algorithm, 

used in Shor's integer factorization algorithm. 

 

Aram Harrow (American) is a prolific specialist in quantum algorithms. He teaches 

both quantum physics and quantum computing at MIT. At MIT, he is surrounded by 

Peter Shor and Charles Bennett. He is the co-author of the HHL quantum algorithm 

used to solve linear equations which he created jointly with Avinatan Hasidim and 

Seth Lloyd92 . He is also interested in the creation of hybrid classical/quantum algo-

rithms. 

 

Daniel Gottesman (1970, American) is a physicist from the Perimeter Institute in 

Waterloo, Canada. He did his PhD thesis at Caltech under the supervision of John 

Preskill. He is known for his work on quantum error correction codes (QEC) and is 

co-author of the famous Gottesman-Knill's theorem according to which a quantum 

algorithm using only Clifford gates can be efficiently simulated (meaning, polynomi-

ally) on a classical computer. 

Clifford group quantum gates are based on half and quarter-turn rotations (of the qubit in the Bloch 

sphere), Hadamard gate and the C-NOT conditional gate. This theorem thus indirectly proves that a 

basic gate set is insufficient to generate an exponential quantum advantage. We need to add a T gate 

to make it possible to approximate any arbitrary unitary transformation, meaning, any move within 

the Bloch sphere for single qubit operations. This is particularly important for the Shor algorithm. 

 

Gil Kalai (1955, Israeli) is a professor of mathematics at the Hebrew University of 

Jerusalem and at Yale University. His main ambition is to demonstrate mathematically 

that it will be impossible to create real universal quantum computers, due to their error 

rate, even with error correction codes and the notion of logical qubits that assemble 

physical qubits. He also questioned the reality of the October 2019 Google supremacy 

performance in several of his writings and conference talks. 

 

Andrew Steane (1965, English) is a Professor of Physics at Oxford University. He 

created the so-called Steane quantum error correction code in 1996. This code corrects 

flip and phase errors on a single qubit. Looking at how it works provides good insights 

on the inner workings of quantum error correction codes, although this particular code 

will probably not be used when weôll have scalable quantum computers. Other more 

sophisticated QEC codes are investigated like color codes,  surface codes and Floquet 

codes. 

 

92 See Quantum algorithm for linear systems of equations, 2009 (24 pages). 

http://www2.lns.mit.edu/~avinatan/research/matrix.pdf
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Scott Aaronson (1981, American) teaches information science at the University of 

Austin in Texas. He is a leading expert in quantum algorithms and complexity theo-

ries. He is notably at the origin of a quantum algorithm used for boson sampling, a 

way to demonstrate some quantum advantage for photonic based experiments. Bosons 

are integer spin particles such as photons, while particles such as electrons, neutrons 

and protons are fermions, with a spin 1/2.  

 

Dorit Aharonov (1970, Israeli) is a quantum algorithms researcher. She received her 

PhD in Computer Science in 1999 at the Hebrew University of Jerusalem on "Noisy 

Quantum Computation" and then did a post-doc at Princeton and Berkeley. She is 

credited with the "quantum threshold theorem" co-demonstrated with Michael Ben-

Or which states that below a certain error rate threshold, error correction codes can be 

recursively applied to obtain an arbitrarily low error rate of logical qubits. 

This is a very theoretical mathematical approach that doesnôt take into account the way noise is also 

scaling as we increase the number of qubits. Dorit Aharonovôs uncle is Yakir Aharonov (1932, Is-

raeli), a physicist who had worked with David Bohm, among others. 

 

Seth Lloyd (1960, American) is a professor at MIT who is a prolific contributor to 

quantum information and quantum algorithms. He is the initiator of Quantum Ma-

chine Learning, of the concept of qRAM (quantum random access memory), of con-

tinuous variables gates-based quantum computing (1999), of quantum radars (2008). 

Heôs also the L in the famous HHL quantum linear equation solving algorithm and 

worked on quantum error correction codes and quantum biology. 

In his 2006 book, Programming the Universe, Lloyd contends that the uni-

verse itself is one big quantum computer producing what we see around us, 

and ourselves, as it runs a cosmic program. According to Lloyd, once we un-

derstand the laws of physics completely, we will be able to use small-scale 

quantum computing to understand the universe completely as well. In about 

600 years. 

Seth Lloyd was laid off from MIT in 2019 then put on leave, then on disci-

plinary actions for a period of five years starting in 2020 because he had not 

informed his management of some Jeffrey Epstein originated funding. 
 

In 2016, he created Turing (2016, USA) with Michele Reilly, a software company working on hybrid 

classical-NISQ software solutions using AI and quantum machine learning techniques. 

 

Al§n Aspuru-Guzik (circa-1978, American) is a research director at the University 

of Toronto, formerly at Harvard, who, among other things, created various quantum 

chemistry algorithms, a topic we will cover in the section dedicated on quantum al-

gorithms. He is also the co-founder of the Zapata Computing, a startup developing 

quantum computing software frameworks, particularly in chemical simulation. 

 

Robert Raussendorf (c. 1975, German) is well known for having invented one-way 

quantum computing and measurement-based quantum computing (MBQC) along 

with Hans Briegel (1962, German) in the early 2000ôs. He is an Associate Professor 

at the Department of Physics and Astronomy of the University of British Columbia. 

He did his thesis at the Ludwig Maximilians University in Munich, Germany in 2003 

on MBQC. 
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Elham Kashefi (1973, British Iranian) is a research director at CNRS in France, in 

the LIP6 laboratory from Sorbonne University. She is also the co-founder with Marc 

Kaplan of VeriQloud, a secure quantum telecommunications startup, and teaching 

quantum information science at the University of Edinburgh. Originally a mathema-

tician and computer scientist, she became a specialist in quantum communication pro-

tocols and quantum algorithms, around topics like code verification and blind quan-

tum computing. 

She did her PhD thesis ñComplexity Analysis and Semantics for Quantum Computationò at the Im-

perial College of London in 2003 under the co-supervision of Peter Knight. She created the BFK 

blind computing protocol in 2009 with Anne Broadbent and Joe Fitzsimons (who created Horizon 

Quantum Computing in Singapore). With her team at LIP6, she is at the origin of the creation of a 

site on the zoo of quantum communication protocols93. And as this was not enough, she is also versed 

in Quantum Physical Unclonable Functions (QPUF), physical identifiers of quantum and tiltable ob-

jects, a topic we briefly cover in this book in page 844. 

In November 2022, Elham Kashefi was appointed as Chief Scientist for NQCC, the UK National 

Quantum Computing Center, and will chair its Technical Advisory Group. 

 

Anne Broadbent (Canadian) is a mathematician from the University of Ottawa spe-

cialized in quantum computing, quantum cryptography and quantum information. She 

was a student of Alain Tapp and Gilles Brassard at the Universit® de Montr®al. She 

created the BFK blind computing protocol in 2009 along with Elham Kashefi and Joe 

Fitzsimons. 

 

Maria Schuld (c. 1989, German) is a senior researcher and software developer at 

Xanadu since 2017, based in South Africa at the University of KwaZulu-Natal in Dur-

ban where she got her PhD in quantum machine learning and was then a post-doc after 

a short internship at Microsoft Research in the USA. She is a key contributor to the 

development of quantum machine learning algorithms, particularly in the field of pat-

tern recognition. 

 

Mazyar Mirrahimi (circa 1980, Iranian) is a mathematician who moved to quantum 

physics. He is currently the director of Inria's Quantic laboratory, which specializes 

in error correction codes and quantum algorithms, among other topics. He did his 

post-doc with Michel Devoret at Yale University. Back in 2013, he published a semi-

nal paper on cat-qubits. 

These are physical qubits using a cavity and a superconducting qubit that self-corrects some errors, 

starting with flip errors. These cat-qubits are used by the startup Alice&Bob as well as by Amazon, 

as announced in December 2020. 

 

Zaki Leghtas (Morocco/France) is a researcher based in France in Mazyar Mir-

rahimi's team and is also specialized in error correction codes and systems. He is no-

tably one of the creators of cat-qubits mentioned above. These are supposed to enable 

the creation of logical qubits with fewer than 100 physical qubits. He worked in 

Michel Devoret's laboratory at Yale University before joining Inria's Quantic team in 

2015. He is also affiliated with ENS and Mines ParisTech. 

 

93 See the Protocol Library wiki. 

https://wiki.veriqloud.fr/index.php?title=Protocol_Library
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Shi Yaoyun (1976, Chinese) is a professor at the University of Michigan and also 

leading the Alibaba Quantum Laboratory which develops fluxionium superconduct-

ing qubit computers. He created various records of quantum simulation on server clus-

ters that we will describe in this book. He earned a computer science PhD from Stan-

ford. He also worked on quantum cryptography and certifiable randomness. 

 

Kristel Michielsen (circa-1969, Belgian) is a physicist working at the University of 

Aachen in Germany and at the J¿lich Supercomputing Centre (JSC) where she leads 

the Quantum Information Processing (QIP) research group. She has contributed to 

numerous works in quantum computing both in physics and algorithms. She created 

the QTRL scale, for Quantum Technology Readiness Level, that is used to evaluate 

the level of maturity of quantum technologies and which we will discuss in the section 

dedicated to practices in research. 

 

John Watrous (Canadian) is a researcher working at the University of Waterloo, Can-

ada, specialized in quantum algorithms and complexity theory. He demonstrated some 

complexity classes equivalencies like QIP is in EXP and QIP=PSPACE. He also 

worked on cellular automata. He had previously collaborated with Scott Aaronson. 

He is the author of the voluminous The Theory of Quantum Information, 2018 (598 

pages). 

 

Ryan Babbush (circa-1989, American) is a Google researcher working on quantum 

simulation algorithms. His goal is to create commercial quantum chemistry solutions. 

In a February 2020 presentation, he did show that chemical simulation with Google's 

Sycamore 53 qubits processor could not use more than 12 qubits because of its high 

error rate. 

 

Matthias Troyer (1968, Austrian) is Professor of Computational Physics at ETH Zur-

ich. He joined Microsoft Research in Redmond at the beginning of 2017. He is one of 

the creators of the Q# language for quantum programming and of the open source 

framework ProjectQ launched in 2016 by ETH Zurich. He is particularly interested in 

chemical simulation with quantum computers. He received his PhD from ETH Zurich 

in 1994. 

 

Krysta Svore (c.1978, American) is currently the general manager of quantum soft-

ware at Microsoft. She has a Ph.D. in Computer Science from Columbia University. 

Her contribution in quantum information science covers a broad range of topics: 

MBQC, quantum machine learning, contributing to the creation of the LIQUi|> quan-

tum programming language, surface codes, fault-tolerance quantum computing. 

 

Iordanis Kerenidis (c. 1980, Greek) is a director of research from CNRS at IRIF 

(Institut de Recherche en Informatique Fondamentale), working on cryptography, 

quantum communication, quantum complexity theories and quantum machine learn-

ing, his latest specialty. He did his thesis at MIT under the supervision of Peter Shor 

and worked in the same office as Scott Aaronson and also worked at Berkeley with 

Umesh Vazirani. He is part of the founding team of QC Ware. 

There he leads the R&D in quantum algorithms. He also co-leads the Paris Quantum Ecosystem 

(PCQC) with Eleni Diamanti. He was one of the members of the parliamentary mission on quantum 

technologies led by MP Paula Forteza between April 2019 and January 2020. 

http://www.fz-juelich.de/ias/jsc/EN/Research/ModellingSimulation/QIP/QTRL/_node.html
https://cs.uwaterloo.ca/~watrous/TQI/TQI.pdf
https://simons.berkeley.edu/sites/default/files/docs/15416/ryanbabbushslidesqw20-1.pdf
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Fr®d®ric Magniez (French) is the Director of the CNRS IRIF laboratory mentioned 

above. He also did run a Chair at Coll¯ge de France in Spring 2021. His research 

focuses on the design and analysis of randomized algorithms for processing large da-

tasets, as well as the development of quantum computing, particularly algorithms, 

cryptography and its interactions with physics. In 2006, he founded and led the na-

tional working group for quantum computing, bringing together 20 research groups. 

 

Beno´t Valiron (1980, France) is a researcher at the CNRS LIR laboratory from Uni-

versit® Paris-Saclay and teaching quantum programming and algorithms, including at 

CentraleSupelec. This quantum programming specialist is the co-author of the open 

source quantum programming language Quipper, which he contributed to create while 

being at the University of Pennsylvania. 

 

Bettina Heim (c. 1980) is a Microsoft developer specializing in quantum software. 

She is responsible for the development of the quantum programming language Q# 

compiler, promoted by Microsoft since 2017 and which is part of their Quantum De-

velopment Kit, currently running on quantum emulators on traditional processors and 

now supported on third party hardware proposed on the cloud, including IonQ and 

Honeywell trapped ion based quantum processors. 

 

Cristian Calude (1952, Romanian/New Zealander) and Elena Calude (Roma-

nian/New Zealander) are researchers from the Institute of Information Sciences, Uni-

versity of Albany in Auckland, New Zealand. They work on quantum algorithms, hy-

brid quantum algorithms and complexity theories. 

 

Sophia Economou (c. 1980, Greek-American) is an Associate Professor in the De-

partment of Physics at Virginia Tech College of Science. She previously worked at 

the US Naval Research Laboratory. She is a physicist specialized in the control of 

quantum dot semiconductor spins and their spin-photon interfaces. She is also a crea-

tor of advanced molecular simulation algorithms on quantum computers. 

 

Ewin Tang (2000, American) published in July 2018 a paper demonstrating a classical 

recommendation algorithm as efficient as an algorithm designed for D-Wave quantum 

computers by Iordanis Kerenidis and Anupam Prakash in 201694. They responded by 

finding a flaw in the reasoning. On close inspection, the quantum algorithm would 

scale better in some extreme conditions. She was 18 years old at the time. Ewin Tang 

is now a computer scientist at the University of Washington. 

 

Cyril Allouche (French) has been leading Atos R&D efforts in Quantum Computing 

since its beginning in 2015. Cyril Allouche are the "implementers" of the quantum 

vision of Thierry Breton, CEO of Atos until 2019. His work encompasses developing 

the aQASM (Atos Quantum Assembly Language) quantum programming language 

and the myQLM quantum programming emulator running on regular personal com-

puters and servers.  

 

94 See A quantum-inspired classical algorithm for recommendation systems, Ewin Tang, July 2018 (32 pages) and Major Quantum 

Computing Advance Made Obsolete by Teenager by Kevin Harnett, July 2018. 

https://arxiv.org/abs/1807.04271
https://www.quantamagazine.org/teenager-finds-classical-alternative-to-quantum-recommendation-algorithm-20180731/
https://www.quantamagazine.org/teenager-finds-classical-alternative-to-quantum-recommendation-algorithm-20180731/
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Here we are. Weôve covered a whole lot of people and probably missed many who should be in this 

hall of fame list! Iôll update it whenever required. We will encounter many of these scientists in this 

book. 

 
Figure 58: quantum computing genealogy to remind us that other scientists than Richard Feynman have to be remembered for 

their contribution. (cc) compilation Olivier Ezratty, 2022. 

Research for dummies 

As I investigated the broad quantum science and technology landscape, I learned more on how fun-

damental and applied research was operating. 

I did not know much about it before this adventure. Working in the ódigital worldô, as a developer, 

marketer and in the entrepreneurial ecosystem doesnôt necessarily make you look deeply into the 

inner workings of research. I discovered many aspects that I am detailing here, particularly with re-

gards to practices, lingua-franca, careers and evaluations. 

If you're a researcher, this is very basic stuff that you already know fairly well. For others, it will 

clarify some of vague understanding you might have on how research works. 

Long-term 

The first key point is the long-term approach in quantum technologies. It can also be found in other 

branches of physics and so-called deep-tech related sciences. Time scales are measured in decades. It 

starts with intuitions, creativity, passion, rigor and hard work. These ideas are not always broadly 

adopted right away. Thereôs always some resistance with the current scientific establishment. 

This long-term history can be observed in condensed matter physics. Brian Josephson devised the 

Josephson junction in 1962. IBM tried to use it unsuccessfully to build superconducting computers. 

Anthony Leggett made significant discoveries in the early 1980s which led to the creation of the first 

superconducting qubits in the early 2000s and to Google and IBMôs superconducting machines be-

tween 2016 and 2020. And weôre not done there since this technologyôs scalability has not yet been 

proven. 

Alain Aspect's work, which started in the late 1970s and culminated with his 1982 experiment had no 

immediate industrial application. Fortunately, he was well supported by many laboratories, particu-

larly to build the necessary instrumentation. His work led to the creation of many of the branches of 

quantum technology. For example, Artur Ekert was inspired by Alain Aspect's work to advance the 

field of quantum cryptography in the early 1990s. 
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All of this cannot be meticulously planned in advance. Research serendipity must prevail. Commer-

cialization comes later, through meetings between specialists from different and complementary dis-

ciplines. Innovators are either the researchers themselves, or more generally others, engineers and 

entrepreneurs, who know how to detect research work having some business potential. Hence the 

importance of bringing them together in innovation ecosystems. However, in its current shape, the 

quantum startup ecosystem is mostly made of researchers turned into entrepreneurs. 

This generates its share of misunderstandings with public authorities. They are tempted to over-eval-

uate and measure the performance of basic research, if not to fund it, using only criteria from the 

business world. On the other hand, and this is particularly true for quantum technologies, research 

work requires peer reviews. This may give the impression that researchers are both judge and jury. 

To prevent this from driving decision-makers and people suspicious, research work must honestly be 

translated in laymanôs terms. This should encourage researchers to communicate with broader audi-

ences than their peers. It requires leadership. Scientists must be more involved there, particularly in 

those times where people are more and more skeptic on science and innovation. 

Publications 

This book contains many references to scientific publications. I do this almost systematically and 

always look for the original scientific publication whatever the news. 

Research is now frequently published first in open access in the famous arXiv site managed by Cor-

nell University. These are articles pre-prints that have not yet gone through peer reviewing and be 

published in peer-reviewed journals. These articles must sometimes be taken with a grain of salt. 

However, they allow authors to collect comments from informed readers. Their quantity and quality 

depend on the authorôs fame, the topic and the number of researchers who master it95. 

Between 9 and 18 months later, a paper publication in a peer-reviewed journal may follow. If the 

delay is too short, it may mean the journal is a predatory one. It is usually published mostly as is, 

includes some revisions suggested by the "referees" of the review committees, or even with a change 

of title. In these cases, the version published on arXiv is not necessarily the most recent. It is some-

times updated. The benefits are openness and free access. 

As a general rule, when I discover the existence of an article, I search for it on Google Search with 

the name followed by "filetype:PDF" and I find it free of charge in more than 90% of the cases on 

arXiv or on the ResearchGate site, the researchers' reference social network. 

Quantum technologies peer-reviewed96 journals include Nature and its various thematic variations 

like Nature Communications, Science, Physical Review X, Physical Review Research, Physical 

Review Letters, Quantum Science and Technology, Journal of Applied & Computational Math-

ematics, International Journal of Quantum Information, Quantum Engineering, Advanced 

Quantum Technologies, Quantum Journal, Quantum Information Processing, IEEE Journal of 

Quantum Electronics, and IEEE Transactions on Quantum Engineering. Fortunately, in this field, 

there are only a few predatory journals that do not have peer-review process and charge researchers 

for their work publication. 

 

95 See Comment bien lire et comprendre une ®tude scientifique par Gary Dagorn, Mathilde Damg® et Bessma Sikouk, May 2021. It 

provides a lot of insights on how to read a scientific paper. You can translate this article in French in your browser. Also look at Ten 

simple rules for reading a scientific paper by Maureen A. Carey, Kevin L. Steiner and William A. Petri Jr, July 2020. 

96 In peer-reviews journals, the reviewers are unknown to the paper authors. They provide some feedback on the paper and expect a 

paper update. The authors provide an updated version and comments that are either accepted or rejected by the reviewer. It can lead 

authors to modify their claims and even their paper title. When everythingôs finalized, the paper can be published. Nowadays, the initial 

paper published on arXiv is also updated to reflect these changes. There is also a special double-blind review process where the authors 

are unknown from the reviewers to avoid any reviewer bias. I have bumped only once on such a case in quantum technologies, on a 

QML algorithm: On the universal approximability and complexity bounds of deep learning in hybrid quantum-classical computing, 

2021 (15 pages). 

https://www.lemonde.fr/les-decodeurs/article/2021/05/10/comment-bien-lire-et-comprendre-une-etude-scientifique_6079705_4355770.html
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1008032
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1008032
https://openreview.net/pdf?id=dnKsslWzLNY
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Figure 59: some key quantum physics peer-review publications. 

In most scientific fields, including quantum science, there are many publications but not enough 

skilled reviewers. This job is sometimes done by PhD students. Sometimes, innovative papers are 

locked by reviewers, particularly when they are cross-discipline, which is frequently the case with 

quantum science and is a problem when publications are over-segmented. 

arXiv is unlocking this situation and is now common practice. It enables fast turnaround for debates 

between scientists97. It also makes it easier for students and others to create their bibliography and 

review papers. It however doesnôt seem that quantum research is prone to significant paper-milling 

or even to papers being retracted98. On the RetractionWatch database, you can find only a few re-

tracted papers in quantum physics, mostly coming from China and India (102 items with ñquantumò 

in the title). It includes the famous retracted papers from The Netherlands and Denmark on Majorana 

fermions. 

There are other sites for pre-prints like arXiv, with for example engrXiv on engineering (with some 

papers related to quantum technologies. And viXra is an arXiv for the preprints that will never be 

published in peer-reviews publication and are too fringe to be accepted on arXiv (vixra.org/quant). 

PhD theses are easier to retrieve and are generally published freely. These are usually good sources 

of bibliographical information. Beyond the main thesis goal that is to advance science in a usually 

narrow domain, it generally starts with making an inventory of the state of the art, like in review 

papers. Review papers present a state of the art of a field. Their bibliography is generally impressive, 

sometimes as long as the paper itself. They are a good starting point to study a subject, especially if 

the paper is not too old. I provide links to many such review papers, particularly on specific qubit 

types. If the author's pedagogy is good, it can be very useful for learning on your own. A bibliography 

generally allows you to go deeper into the subject by discovering the need-to-know fundamental texts. 

Several authors are usually mentioned in scientific papers, up to a very large number. In general, 

beyond three authors, the first is the one who was the owner and done the bulk of the work. Itôs usually 

a PhD student or a post-doc. He/she has processed the experience and written a large part of the 

document, but this may depend on countries, laboratories and thesis supervisors. The last one is the 

thesis or research laboratory supervisor99 . In the latter case, the penultimate author is the thesis di-

rector who supervised the work. In between are the other contributors, experimenters or simple re-

viewers. 

 

97 Like with Reply to arXiv:2203.14555 by Margaret Hawton, May 2022 (1 page) that is a reply to A Comment on the "Photon position 

operator with commuting components" by Margaret Hawton and A. Jadczyk, March 2022 (4 pages). See also Is the Moon there if 

nobody looks: A reply to Gill and Lambare by Marian Kupczynski, September 2022 (8 pages) which is typical of the debates going on 

with quantum foundation topics and on the nature of reality. 

98 See The fight against fake-paper factories that churn out sham science, Nature, March 2021. 

99 This is the case of these hundreds of publications with the famous Didier Raoult who is cited as the last contributor, as laboratory 

director but not necessarily thesis director. 

http://retractiondatabase.org/RetractionSearch.aspx?
https://www.vixra.org/quant
https://arxiv.org/abs/2205.01020
https://arxiv.org/abs/2203.14555
https://arxiv.org/abs/2203.14555
https://arxiv.org/abs/2209.07992
https://arxiv.org/abs/2209.07992
https://www.nature.com/articles/d41586-021-00733-5
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Some papers have a very large number of authors. It is typical from the papers published by Google 

AI which can have upwards of 80 coauthors, which means about half of their whole team. They 

probably all contributed to the published work but certainly not equally100. 

 
Figure 60Υ ǘȅǇƛŎŀƭ ǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǎŎƛŜƴǘƛŦƛŎ ǇŀǇŜǊΩǎ Ŏƻ-authorship. Source: Training of quantum circuits on a hybrid quantum 

computer by D. Zhu, Christopher Monroe et al, 2019 (7 pages). 

Well crafter papers donôt forget to mention the respective contribution of all the authors, like in the 

example below. It also mentions reviewers (not those from a peer-review publication), research fund-

ing source, any potential competing interest, how the research data can be accessed and the availabil-

ity of any supplemental material, that is now usually placed at the end of papers in their pre-print 

format. These supplemental materials can contain technical details and can be very interesting, like 

for example, to describe the experimental setup and its hardware and/or software engineering. 

 
Figure 61: typical credits at the end of a scientific paper. Source: Coherence-powered work exchanges between a solid-state qubit 
and light fields by Ilse Maillette De Buy Wenniger, Maria Maffei, Niccolo Somaschi, Alexia Auffèves, Pascale Senellart et al, April 

2022 (17 pages). This is the typical requirement for some peer-reviewed publications like Nature. 

 

100 I found out this extreme case in Search for a massless dark photon in ɤ ᴼÐɾᴂ decay by BESIII Collaboration, August 2022 (8 

pages) with 573 authors from 75 research organizations, in China. For just 8 pages! 

PhD student 
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laboratory 

director who 
may have 

contributed to 
the paper 
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reviewing

other contributors, experimentalists, 
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thanking paper reviews 
or occasional help

researchfundingsources

well documented respective 
co-authors contributions

list any competing interest, 
particularly for contributors 
working with some industry 

vendor

how can the researchdata 
can be accessed?

some supplemental 
materials may be 
available. ItΩs not 
commonplace to 
place it at the end of 
the paper and not in 
a separate document, 
particularly for Arxiv
preprints.

https://www.science.org/doi/10.1126/sciadv.aaw9918
https://www.science.org/doi/10.1126/sciadv.aaw9918
https://arxiv.org/abs/2202.01109
https://arxiv.org/abs/2202.01109
https://arxiv.org/abs/2208.04496































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































