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る
数
学
、
物
理
、
化
学
、
生
物
に

関
す
る
研
究
を
し
て
い
ま
す
。
と

こ
ろ
が
、
理
学
部
と
決
定
的
に
違

う
こ
と
が
ひ
と
つ
あ
り
ま
す
。
理

学
部
に「
制
御
」（
コ
ン
ト
ロ
ー
ル
）

と
い
う
概
念
は
あ
り
ま
せ
ん
が
、

工
学
部
で
は
「
制
御
」
を
行
い
ま

す
。
つ
ま
り
、
理
学
部
で
は
自
然

法
則
に
従
う
現
象
を
観
測
し
、
そ

こ
か
ら
自
然
法
則
自
身
を
見
つ
け

出
す
こ
と
を
研
究
し
て
い
る
と
思

い
ま
す
。
一
方
、
工
学
部
で
は
そ

の
よ
う
な
自
然
現
象
に
人
間
の
手

を
加
え
、
制
御
す
る
と
い
う
研
究

を
行
い
ま
す
。
制
御
す
る
こ
と
自

身
が
研
究
な
の
で
す
。
大
き
な
も

の
で
は
構
造
物
の
制
御
つ
ま
り
建

築
物
、
航
空
機
、
ロ
ケ
ッ
ト
、
化

学
プ
ラ
ン
ト
、
少
し
小
さ
く
な
っ

て
車
や
ロ
ボ
ッ
ト
、
も
っ
と
小
さ

い
も
の
で
は
分
子
マ
シ
ン
や
量
子

を
制
御
す
る
量
子
コ
ン
ピ
ュ
ー
タ

ー
ま
で
、
自
然
現
象
を
制
御
し
価

値
を
創
造
す
る
の
が
工
学
部
な
の

で
す
。
そ
し
て
こ
の
よ
う
な
研
究

は
人
類
社
会
の
発
展
に
貢
献
し
、

と
て
つ
も
な
く
楽
し
い
も
の
な
の

で
す
。

こ
の
よ
う
に
、
工
学
部
で
も
数

学
、
物
理
、
化
学
、
生
物
の
研
究

を
行
っ
て
い
ま
す
。
さ
ら
に
言
う

と
、
自
然
に
人
間
が
手
を
入
れ
価

値
を
創
造
し
て
い
ま
す
。
つ
ま
り

「
も
の
づ
く
り
」
の
研
究
を
し
て

い
る
の
が
工
学
部
で
す
。
こ
れ
ら

を
あ
ら
ゆ
る
規
模
・
分
野
で
行
う

た
め
十
六
学
科
も
存
在
し
、
学
生

数
、
教
職
員
数
共
に
東
京
大
学
に

お
け
る
最
大
の
学
部
と
な
っ
て
い

ま
す
。
ま
た
見
逃
し
て
は
い
け
な

い
の
は
、
大
学
院
を
含
め
た
外
国

人
留
学
生
の
数
が
約
千
人
と
な
っ

て
お
り
、
極
め
て
国
際
的
な
環
境

と
な
っ
て
い
る
こ
と
で
す
。
こ
れ

は
他
の
学
部
に
は
無
い
工
学
部
の

大
き
な
特
徴
で
す
。
た
と
え
ば
、

毎
週
金
曜
日
の
昼
休
み
に
は
イ
ン

タ
ー
ナ
シ
ョ
ナ
ル
・
フ
ラ
イ
デ
ー

・
ラ
ウ
ン
ジ
が
企
画
さ
れ
、
外
国

人
留
学
生
と
気
軽
に
英
語
で
の
お

し
ゃ
べ
り
が
楽
し
め
ま
す
。
さ
ら

に
、
日
本
人
学
生
が
英
語
の
ス
キ

ル
を
磨
く
た
め
に
ス
ペ
シ
ャ
ル
イ

ン
グ
リ
ッ
シ
ュ
レ
ッ
ス
ン
を
提
供

し
て
い
ま
す
。
も
ち
ろ
ん
、
交
換

留
学
や
海
外
派
遣
も
積
極
的
に
行

っ
て
い
ま
す
。

こ
の
よ
う
に
工
学
部
で
は
、
こ

れ
ま
で
世
の
中
に
無
か
っ
た
新
た

な
も
の
を
生
み
出
す
研
究
を
明
る

く
楽
し
く
や
っ
て
い
ま
す
。
そ
し

て
そ
の
舞
台
は
極
め
て
グ
ロ
ー
バ

ル
で
す
。
グ
ロ
ー
バ
ル
な
環
境
で

楽
し
く
研
究
し
、
人
類
社
会
の
発

展
に
大
き
く
貢
献
で
き
る
の
が
工

学
部
な
の
で
す
。
ぜ
ひ
一
度
工
学

部
ホ
ー
ム
ペ
ー
ジ
を
訪
ね
て
く
だ

さ
い
。（副

研
究
科
長
／
物
理
工
学
）

工
学
部
と
言
う
と
、
工
場
で
働

く
人
た
ち
を
連
想
す
る
の
で
は
な

い
で
し
ょ
う
か
？　

あ
る
い
は
、

理
学
部
で
研
究
を
行
い
理
論
を
つ

く
り
、
工
学
部
で
は
そ
の
理
論
を

用
い
て
開
発
を
行
う
と
思
っ
て
い

る
人
が
大
半
な
の
で
は
な
い
で
し

ょ
う
か
？　

つ
ま
り
、
工
学
部
で

は
研
究
を
し
て
い
な
い
と
思
っ
て

い
る
人
が
大
半
な
の
で
は
な
い
で

し
ょ
う
か
？　

本
稿
の
目
的
は
、

工
学
部
で
は
明
る
く
楽
し
く
研
究

を
し
て
い
る
と
い
う
こ
と
を
わ
か

っ
て
も
ら
う
こ
と
で
す
。

み
な
さ
ん
は
高
校
ま
で
の
科
目

名
で
あ
る
数
学
、
物
理
、
化
学
、

生
物
の
分
野
で
は
ど
う
い
う
こ
と

を
し
て
い
る
の
か
想
像
が
つ
く
と

思
い
ま
す
。
し
た
が
っ
て
、
理
学

部
で
は
何
を
や
っ
て
い
る
の
か
容

易
に
想
像
が
つ
く
と
思
い
ま
す
。

し
か
し
、
工
学
と
い
う
科
目
は
高

校
に
無
い
た
め
に
、
工
学
部
で
は

何
を
や
っ
て
い
る
の
か
よ
く
わ
か

ら
な
い
、
あ
る
い
は
、
工
場
で
設

計
を
行
う
た
め
の
勉
強
の
み
を
し

て
い
る
と
思
う
の
だ
と
思
い
ま

す
。
実
は
工
学
部
で
も
理
学
部
と

同
じ
よ
う
に
、
高
校
の
科
目
で
あ

入
学
さ
れ
た
み
な
さ
ん
に
、
文

学
部
と
い
う
「
文
」
の
学
部
か
ら

歓
迎
と
勧
誘
の
ご
あ
い
さ
つ
。
文

と
い
う
と
、
文
字
を
つ
ら
ね
主
語

と
述
語
を
そ
な
え
た
い
わ
ゆ
る

「
文
章
」
が
イ
メ
ー
ジ
さ
れ
ま
す

が
、
書
か
れ
た
も
の
だ
け
で
は
あ

り
ま
せ
ん
。「
天
文
」
の
語
の
存

在
が
暗
示
す
る
よ
う
に
、
自
然
や

空
間
や
社
会
に
刻
み
こ
ま
れ
た
も

の
の
探
究
ま
で
を
指
し
て
い
ま

す
。
そ
の
中
心
に
あ
っ
て
人
間
固

有
の
意
味
世
界
の
構
築
と
継
承
を

支
え
て
い
る
の
が
、
こ
と
ば
と
い

理
学
は
、
自
然
界
の
普
遍
的
真

理
を
解
明
す
る
こ
と
を
目
指
し
、

自
然
界
に
働
く
法
則
や
基
本
原
理

を
探
求
す
る
純
粋
科
学
で
あ
る

（
理
学
部
憲
章
よ
り
）。「
自
然
」

と
向
き
合
っ
て
、
背
後
に
潜
む
心

理
や
法
則
を
追
求
す
る
プ
ロ
フ
ェ

ッ
シ
ョ
ナ
ル
な
集
団
が
理
学
部
で

す
。
小
さ
い
頃
、
夜
空
を
眺
め
宇

宙
の
遠
く
で
起
こ
っ
て
い
る
こ
と

み
な
さ
ん
を
歓
迎
す
る
こ
と
ば

と
し
て
、
忘
れ
か
け
た
詩
集
の
懐

か
し
い
一
節
を
思
い
出
し
て
い
ま

す
。
そ
れ
は
「
ネ
ロ
」
と
い
う
子

犬
を
悼
む
よ
く
知
ら
れ
た
詩
で
、

た
っ
た
二
回
の
夏
を
経
験
し
た
だ

け
で
死
ん
だ
小
さ
な
友
に
、
十
八

回
の
夏
を
知
る
青
年
が
つ
ぶ
や
き

ま
す
。
ま
た
新
し
い
夏
が
や
っ
て

く
る
が
、
そ
れ
は
お
ま
え
の
い
た

夏
で
は
な
い
。
ま
っ
た
く
別
な
夏

だ
。
そ
こ
で
も
「
僕
」
は
、
新
し

い
い
ろ
い
ろ
な
こ
と
を
知
っ
て
ゆ

く
に
ち
が
い
な
い
。《
美
し
い
こ

と
、
み
に
く
い
こ
と
、
元
気
づ
け

て
く
れ
る
よ
う
な
こ
と
、
悲
し
く

す
る
よ
う
な
こ
と
》、そ
し
て「
僕
」

は
問
う
。《
い
っ
た
い
何
だ
ろ
う

／
い
っ
た
い
何
故
だ
ろ
う
／
い
っ

た
い
ど
う
す
る
べ
き
な
の
だ
ろ

う
》。
こ
の
率
直
な
疑
問
は
《
僕

は
や
っ
ぱ
り
歩
い
て
ゆ
く
だ
ろ

う
》
と
い
う
ま
っ
す
ぐ
な
決
意
で

閉
じ
ら
れ
ま
す
。
そ
の
決
断
の
理

由
も
、
単
純
で
美
し
い
。
す
な
わ

ち
《
す
べ
て
の
僕
の
質
問
に
自
ら

答
え
る
た
め
に
》
と
。

未
知
に
た
じ
ろ
が
ず
、
わ
か
ら

な
さ
と
向
か
い
合
う
。
そ
の
困
難

な
時
間
を
、
身
に
つ
け
手
に
な
じ

ん
だ
こ
と
ば
と
、
友
と
し
て
出
会

う
他
者
が
さ
さ
え
て
く
れ
る
で
し

ょ
う
。
ど
う
か
、
東
京
大
学
と
い

う
新
し
い
場
で
の
み
な
さ
ん
の
学

び
が
、
こ
と
ば
の
人
類
史
の
奥
深

さ
や
、
身
体
の
錯
綜
し
重
層
す
る

実
感
や
、
社
会
の
多
様
性
の
拡
が

り
に
負
け
な
い
ほ
ど
、
ゆ
た
か
で

透
徹
し
た
も
の
で
あ
り
ま
す
よ
う

に
。そ
し
て
文
学
部
に
進
学
し
て
、

自
分
の
可
能
性
を
存
分
に
探
究
し

て
く
だ
さ
い
。

（
文
学
部
長
／
社
会
文
化
研
究
）

す
。
小
柴
先
生（
ニ
ュ
ー
ト
リ
ノ
、

二
〇
〇
二
年
）、
梶
田
先
生
（
ニ

ュ
ー
ト
リ
ノ
の
質
量
、
二
〇
一
五

年
）、
大
隅
先
生
（
オ
ー
ト
フ
ァ

ジ
ー
、
二
〇
一
六
年
）
の
ノ
ー
ベ

ル
受
賞
は
記
憶
に
新
し
い
で
す

が
、
い
ず
れ
も
人
類
の
知
の
地
平

を
拡
大
す
る
画
期
的
な
成
果
に
対

し
て
で
あ
り
、
ま
さ
に
理
学
の
神

髄
と
い
う
べ
き
も
の
で
し
た
。
三

名
の
先
生
は
私
た
ち
理
学
部
の
先

輩
ま
た
は
一
定
期
間
理
学
部
に
在

籍
さ
れ
て
い
ま
し
た
。

残
念
な
が
ら
昨
今
は
、
す
ぐ
に

役
に
立
つ
研
究
の
方
が
重
視
さ
れ

る
傾
向
が
あ
り
ま
す
。
し
か
し
歴

史
を
振
り
返
れ
ば
一
見
役
に
立
た

な
い
と
思
わ
れ
る
理
学
の
研
究
こ

そ
、
人
類
社
会
に
強
い
イ
ン
パ
ク

ト
を
与
え
て
き
た
こ
と
は
明
白
で

す
。
即
ち
、
自
然
へ
の
深
い
理
解

と
知
見
に
よ
っ
て
、
人
類
は
自
然

観
・
宇
宙
観
を
深
化
さ
せ
、
そ
し

て
そ
れ
ら
を
シ
ー
ズ
と
し
て
、
人

類
社
会
を
変
革
し
、
豊
か
に
す
る

科
学
技
術
を
生
み
出
し
て
き
ま
し

た
。
例
え
ば
、
ダ
ー
ウ
ィ
ン
の
進

化
論
が
研
究
現
場
だ
け
で
な
く
人

々
の
考
え
方
を
変
え
、
量
子
論
が

エ
レ
ク
ト
ロ
ニ
ク
ス
の
基
礎
を
築

き
、地
球
の
理
解
が
身
近
な
地
震
、

気
候
温
暖
化
の
課
題
解
決
に
役
立

ち
、
化
学
や
分
子
生
物
学
の
発
展

が
医
療
革
命
を
も
た
ら
し
ま
し

た
。
一
方
、
繁
栄
し
た
人
類
社
会

は
現
在
地
球
規
模
の
多
く
の
難
問

に
直
面
し
て
い
ま
す
。
資
源
の
枯

渇
、
自
然
災
害
、
環
境
破
壊
、
気

候
変
動
な
ど
で
す
。
こ
れ
ら
の
問

題
に
対
し
て
も
、
多
様
な
切
り
口

を
持
ち
、
事
象
を
深
く
理
解
す
る

理
学
へ
の
期
待
が
高
ま
っ
て
い
ま

す
。理

学
部
の
付
属
研
究
施
設
に

は
、
木
曽
観
測
所
（
天
文
台
、
長

野
県
木
曽
郡
）、
植
物
園
（
都
内

お
よ
び
栃
木
県
日
光
市
）、
臨
海

実
験
所
（
神
奈
川
県
三
浦
市
）
な

ど
メ
イ
ン
キ
ャ
ン
パ
ス
か
ら
離
れ

て
い
る
も
の
が
あ
り
ま
す
。実
は
、

理
学
の
研
究
・
教
育
活
動
は
研
究

室
の
中
だ
け
に
は
留
ま
ら
な
い
の

で
す
。
私
は
二
〇
一
三
年
に
南
米

チ
リ
共
和
国
北
部
に
あ
る
理
学
系

研
究
科
天
文
教
育
研
究
セ
ン
タ
ー

の
天
文
台
を
訪
れ
た
こ
と
が
あ
り

ま
す
。
こ
の
天
文
台
は
標
高
五
六

四
〇
ｍ
の
チ
ャ
ナ
ン
ト
ー
ル
山
の

山
頂
に
あ
り
、
天
文
台
と
し
て
は

世
界
最
高
地
点
で
す
。
こ
の
場
所

で
地
上
の
望
遠
鏡
か
ら
で
は
観
測

が
困
難
で
あ
っ
た
赤
外
線
を
観
測

し
、
銀
河
や
惑
星
の
起
源
を
探
っ

て
い
ま
す
。
当
時
既
に
小
型
の
赤

外
線
望
遠
鏡
が
設
置
さ
れ
て
い
ま

し
が
、
現
在
さ
ら
に
口
径
六
・
五

ｍ
の
大
型
望
遠
鏡
（T

A
O

, T
he 

U
n

iversity of T
ok

yo 
A

tacam
a O

bservatory

）

の
設
置
が
進
ん
で
い
ま
す
。
観
測

に
最
適
な
の
場
所
を
求
め
、
人
が

立
ち
入
る
こ
と
が
難
し
い
こ
の
山

を
見
い
出
し
、
山
麓
か
ら
道
を
作

り
、
山
頂
に
機
材
を
運
ん
で
作
っ

た
も
の
で
す
。
現
地
で
観
測
に
従

事
す
る
理
学
部
の
学
生
や
同
僚
の

姿
を
見
て
、
真
理
を
追
究
す
る
た

め
の
飽
く
な
き
執
念
と
情
熱
を
感

じ
、
理
学
部
の
一
人
と
し
て
彼
ら

を
誇
り
に
思
い
ま
し
た
。
こ
の
よ

う
に
理
学
の
プ
ロ
フ
ェ
ッ
シ
ョ
ナ

ル
集
団
は
、
山
の
頂
き
か
ら
、
水

深
数
千
メ
ー
ト
ル
の
海
底
・
海
溝
、

そ
し
て
極
地
か
ら
熱
帯
地
域
ま

で
、
世
界
の
果
て
ま
で
、
フ
ロ
ン

テ
ィ
ア
を
目
指
し
て
活
動
し
て
い

ま
す
。

最
後
に
理
学
の
研
究
に
は
国
境

が
あ
り
ま
せ
ん
。
学
生
の
皆
さ
ん

が
行
う
研
究
成
果
も
英
語
で
世
界

へ
発
信
さ
れ
る
で
し
ょ
う
。
特
に

学
生
の
国
際
交
流
支
援
は
重
要
と

考
え
て
い
ま
す
。
そ
の
た
め
の
準

備
と
し
て
、
理
学
部
は
様
々
な
国

際
交
流
プ
ロ
グ
ラ
ム
を
用
意
し
て

い
ま
す
。
す
で
に
、
優
秀
な
学
部

生
を
海
外
に
派
遣
す
る
Ｓ
Ｖ
Ａ
Ｐ

プ
ロ
グ
ラ
ム
や
海
外
の
優
秀
な
学

部
生
を
選
抜
し
て
受
け
入
れ
る
サ

マ
ー
プ
ロ
グ
ラ
ム（
Ｕ
Ｔ
Ｒ
Ｉ
Ｐ
）

を
実
施
し
て
い
ま
す
。
さ
ら
に
平

成
二
十
六
年
度
か
ら
は
、
日
本
人

及
び
外
国
人
編
入
生
を
対
象
と
し

た
英
語
講
義
に
よ
る
学
部
後
期
課

程
コ
ー
ス
「
グ
ロ
ー
バ
ル
サ
イ
エ

ン
ス
コ
ー
ス
」
を
、
平
成
二
十
八

年
度
に
は
、
英
語
だ
け
で
学
位
が

取
得
で
き
る
国
際
卓
越
大
学
院
コ

ー
ス
を
新
設
し
ま
た
。
異
質
な
文

化
に
触
れ
、
世
界
を
肌
で
感
じ
、

世
界
へ
羽
ば
た
け
る
よ
う
な
教
育

を
実
現
し
て
い
ま
す
。

私
は
理
学
部
の
代
表
と
し
て
、

探
究
心
に
根
ざ
し
た
多
様
で
息
の

長
い
研
究
を
サ
ポ
ー
ト
し
て
い
き

ま
す
。
皆
さ
ん
、
ホ
ッ
ト
で
ク
ー

ル
な
プ
ロ
フ
ェ
ッ
シ
ョ
ナ
ル
集
団

の
一
員
と
し
て
、
新
た
な
発
見
を

求
め
て
、
理
学
の
世
界
を
探
検
し

ま
せ
ん
か
。

（
理
学
系
研
究
科
長
・
理
学
部
長
）

に
想
い
を
馳
せ
、
野
山
に
出
か
け

て
生
き
物
の
多
様
さ
に
目
を
見
張

っ
た
経
験
は
だ
れ
で
も
持
っ
て
い

る
と
思
い
ま
す
。
実
は
私
も
含
め

て
、
そ
の
よ
う
な
感
動
を
今
も
持

ち
続
け
て
、
研
究
、
教
育
に
情
熱

を
燃
や
し
て
い
る
知
の
プ
ロ
フ
ェ

ッ
シ
ョ
ナ
ル
集
団
が
理
学
部
な
の

で
す
。
ホ
ッ
ト
で
ク
ー
ル
と
思
い

ま
せ
ん
か
。

自
然
現
象
は
極
め
て
多
彩
で
、

そ
れ
ら
ほ
ぼ
す
べ
て
を
カ
バ
ー
す

る
数
学
科
、
情
報
科
学
学
科
、
物

理
学
科
、
天
文
学
科
、
地
球
惑
星

物
理
学
会
、地
球
惑
星
環
境
学
科
、

化
学
科
、
生
物
化
学
科
、
生
物
学

科
、
生
物
情
報
学
科
の
十
学
科
で

構
成
さ
れ
、
そ
れ
ぞ
れ
先
端
的
な

研
究
を
行
い
、
そ
れ
ら
に
基
づ
い

て
教
育
を
行
っ
て
い
ま
す
。
理
学

の
研
究
動
機
は
、知
的
探
究
心（
好

奇
心
）
で
す
。
物
質
を
構
成
す
る

素
粒
子
か
ら
、細
胞
や
生
物
個
体
、

地
球
規
模
の
生
態
系
、
そ
し
て
宇

宙
へ
、
我
々
の
探
究
心
は
と
ど
ま

る
と
こ
ろ
し
ま
せ
ん
。
探
究
心
に

基
づ
い
た
研
究
は
人
類
が
営
む
崇

高
な
創
造
的
活
動
の
一
つ
で
、
人

類
の
知
性
の
根
幹
を
成
す
も
の
で

う
メ
デ
ィ
ア
で
す
。「
こ
と
ば
」
は

微
妙
な
こ
と
が
ら
や
複
雑
な
感
情

を
説
明
す
る
力
を
備
え
、
そ
れ
ぞ

れ
の
身
体
に
共
鳴
と
了
解
の
感
覚

を
も
た
ら
し
ま
す
。
そ
れ
は
他
者

と
の
信
頼
に
も
と
づ
く
協
働
を
つ

く
り
あ
げ
、
ま
た
個
と
い
う
か
け

が
え
の
な
い
主
体
を
生
み
だ
す
で

し
ょ
う
。
人
間
は
こ
の
媒
体
を
つ

か
っ
て
、理
や
義
を
め
ぐ
る「
思
想
」

を
高
く
か
か
げ
、
想
像
力
ゆ
た
か

に
編
ま
れ
た
「
文
学
」
の
作
品
を

生
み
だ
し
、
記
憶
や
事
実
の
物
語

と
し
て
の
「
歴
史
」
を
織
り
あ
げ
、

「
社
会
」
と
い
う
公
共
性
を
有
す

る
場
を
立
ち
あ
げ
て
き
ま
し
た
。

こ
と
ば
は
ひ
と
を
ゆ
さ
ぶ
り
動

か
し
ま
す
。
中
学
生
の
こ
ろ
に
読

ん
だ
角
川
文
庫
の
『
谷
川
俊
太
郎

詩
集
』
を
思
い
出
し
ま
す
。
か
ら

だ
が
強
く
ゆ
り
動
か
さ
れ
た
。
紙

の
う
え
に
印
刷
さ
れ
た
文
字
し
か

そ
こ
に
な
い
の
に
、
な
ぜ
、
こ
れ

ほ
ど
強
く
身
体
に
ひ
び
く
の
か
。

不
思
議
に
思
い
ま
し
た
。
ど
ん
な

詩
の
ど
ん
な
一
節
だ
っ
た
か
は
憶

え
て
い
ま
せ
ん
。
本
を
探
し
、
詩

句
を
見
つ
け
よ
う
と
し
て
み
ま
し

た
け
れ
ど
、
四
十
五
年
前
と
同
じ

感
動
に
は
出
会
え
ま
せ
ん
で
し

た
。
大
切
な
も
の
を
な
く
し
て
し

ま
っ
た
よ
う
な
気
が
し
て
す
こ
し

悲
し
か
っ
た
け
れ
ど
、
こ
と
ば
の

力
へ
の
驚
き
は
今
も
私
を
支
え
て

い
ま
す
。

思
う
に
、こ
と
ば
の
力
の
源
は
、

「
伝
え
る
」「
考
え
る
」「
感
じ
る
」

と
い
う
三
つ
の
動
詞
で
あ
ら
わ
せ

る
で
し
ょ
う
。
手
で
つ
か
み
相
手

に
じ
っ
さ
い
に
わ
た
せ
る
の
は
、

適
当
な
重
さ
大
き
さ
の
物
体
で
し

か
あ
り
ま
せ
ん
。
こ
れ
に
対
し
、

こ
と
ば
が
運
ぶ
で
あ
ろ
う
対
象
は

ひ
ろ
く
、
現
実
の
両
手
で
は
つ
か

め
な
い
も
の
に
ま
で
拡
が
っ
て
い

ま
す
。
そ
れ
は
意
味
や
意
識
や
イ

メ
ー
ジ
を
直
接
に
つ
か
む
「
も
う

ひ
と
つ
の
手
」で
あ
り
、「
伝
え
る
」

と
い
う
機
能
も
そ
こ
で
生
ま
れ
ま

す
。し

か
し
、
こ
と
ば
に
は
そ
れ
以

上
の
働
き
が
あ
り
ま
す
。「
考
え
る
」

と
い
う
活
動
を
可
能
に
す
る
か
ら

で
す
。
す
な
わ
ち
音
声
の
共
振
の

な
か
に
状
況
の
記
憶
を
き
ざ
み
こ

み
、
経
験
と
し
て
保
持
し
、
文
字

を
通
じ
て
記
録
と
し
て
参
照
し
、

あ
ら
た
に
編
集
し
、
理
想
を
こ
め

て
書
き
変
え
る
。
文
字
と
書
物
の

普
及
は
、
単
な
る
外
部
記
憶
容
量

拡
大
の
歴
史
で
は
あ
り
ま
せ
ん
で

し
た
。
つ
ま
り
、
そ
れ
は
個
体
と

し
て
の
身
体
を
超
え
、
社
会
的
に

共
同
の
思
考
を
可
能
に
す
る
「
も

う
ひ
と
つ
の
脳
」
だ
っ
た
の
で
す
。

見
落
と
さ
れ
が
ち
だ
け
れ
ど

「
感
じ
る
」
機
能
も
大
切
で
す
。

皮
膚
は
、
自
分
と
環
境
と
の
境
界

に
あ
っ
て
、
自
己
を
つ
つ
む
柔
ら

か
な
外
皮
と
し
て
存
在
し
て
い
ま

す
。
と
同
時
に
、
こ
の
外
皮
は
世

界
の
あ
り
よ
う
を
感
じ
る
セ
ン
サ

ー
で
し
た
。
こ
の
皮
膜
で
、
ひ
と

は
痛
み
や
温
度
や
圧
力
を
感
じ
分

け
る
。
こ
と
ば
も
同
じ
で
す
。
だ

か
ら
、ひ
と
は
こ
と
ば
に
傷
つ
き
、

あ
る
い
は
そ
の
温
か
さ
に
癒
さ
れ

る
の
で
す
。
こ
と
ば
は
社
会
と
い

う
空
間
に
拡
張
さ
れ
た
身
体
で
あ

り
、
そ
の
熱
さ
や
強
さ
や
鋭
さ
を

感
じ
分
け
る
「
も
う
ひ
と
つ
の
皮

膚
」
な
の
で
す
。

で
あ
れ
ば
こ
そ
、
情
報
伝
達
の

た
め
と
い
う
だ
け
の
「
文
」
の
理

解
は
、
平
板
な
矮
小
化
だ
と
い
わ

ざ
る
を
え
ま
せ
ん
。
こ
と
ば
が
思

考
と
い
う
内
面
現
象
を
媒
介
し
、

外
な
る
世
界
の
あ
り
よ
う
を
感
受

す
る
媒
体
と
し
て
あ
る
か
ら
こ

そ
、
そ
れ
ぞ
れ
の
身
体
に
根
ざ
す

感
覚
を
さ
ぐ
り
、
社
会
の
公
共
性

に
拡
張
す
る
力
を
有
す
る
の
で

す
。
さ
ら
に
い
う
な
ら
、
未
知
や

わ
か
ら
な
さ
を
明
晰
に
対
象
化

し
、
不
可
解
や
不
思
議
の
事
実
と

向
か
い
あ
う
力
、
あ
る
い
は
寄
り

か
か
っ
て
い
る
常
識
の
亀
裂
や
矛

盾
を
、
論
理
に
よ
っ
て
浮
か
び
あ

が
ら
せ
る
構
築
力
を
も
っ
て
い
ま

す
。
そ
の
意
味
で
、
こ
と
ば
は
学

ぶ
と
い
う
実
践
に
な
く
て
は
な
ら

な
い
道
具
で
あ
り
、ま
た
「
論
文
」

と
い
う
卒
業
要
件
の
基
礎
と
も
な

る
わ
け
で
す
。

工学部
明るく楽しく研究を行う工学部
http://www.t.u-tokyo.ac.jp

副研究科長　古澤　明

理学部
理学はホットでクール！
http://www.s.u-tokyo.ac.jp/

理学部長　武田洋幸

文学部
「文」にいざなう
http://www.l.u-tokyo.ac.jp

文学部長　佐藤健二
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なぜ量子コンピューター？

UTokyo Online Education 学術俯瞰講義　2017　古澤明　CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/


量子コンピューターは未来の自動車のキーテクノロジー

グーグル

自動運転 量子コンピューター
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古典論理ゲート

NANDゲート

量子論理ゲート

Z軸回り回転ゲート
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量子テレポーテーションとは	
 
量子オペアンプ（量子演算増幅器）

光子なし	
 
光子あり

UTokyo Online Education 学術俯瞰講義　2017　古澤明　CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/


A
B

2進数の足し算回路（半加算器）

A, B = 0, 1

0+0=00 
0+1=01 
1+0=01 
1+1=10

1桁目

2桁目

NANDゲート

NOTゲート

古典コンピューター 

AB+1 mod 2 

A+1 mod 2 
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A

B

0

1桁目

2桁目

A

0+0=00 
0+1=01 
1+0=01 
1+1=10

量子コンピューター 
2進数の足し算回路（半加算器）

A 
B 
C  

B 

A 

AB+C mod 2 
B 

A A 

A+B mod 2 

制御制御NOT 制御NOT 

補助入力 
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量子コンピューターの本質 

制御NOT 
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量子コンピューターの本質 

制御NOT 
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量子コンピューターの本質 

制御NOT 

量子もつれ 
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不確定性原理

位置と運動量を同時に決めることはできない
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不確定性原理

位置と運動量を同時に決めることはできない

A

1つの量子の
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不確定性原理

位置と運動量を同時に決めることはできない
1つの量子の

1つの量子では1つ物理量を	
 
決めることができる
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1つの量子では1つ物理量を	
 
決めることができる

2つの量子では2つ物理量を	
 
決めることができる

BA
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1つの量子では1つ物理量を	
 
決めることができる

2つの量子では2つ物理量を	
 
決めることができる

2つの量子では相対位置と運動量の和を
同時に決めることができる
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2つの量子では2つ物理量を	
 
決めることができる

2つの量子では相対位置と運動量の和を
同時に決めることができる

の同時固有状態
固有値=0

量子もつれ状態＝EPR状態
UTokyo Online Education 学術俯瞰講義　2017　古澤明　CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/


2つの量子では相対位置と運動量の和を
同時に決めることができる

の同時固有状態
固有値=0

量子もつれ状態＝EPR状態
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2つの量子では相対位置と運動量の和を
同時に決めることができる

の同時固有状態
固有値=0

量子もつれ状態＝EPR状態

シュレーディンガー描像

ハイゼンベルグ描像
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Bob 

in
測定結果に	
 
基づいて操作	
 

Alice 

A Bin

Victor 

位置と運動量	
 
の同時測定 

測定結果

量子テレポーテーション
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量子光学
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AMとFM

AM変調
NHK 
（AM） 
594kHz 

J-WAVE 
（FM） 
81.3MHz  

キャリア波

信号

キャリア波

信号

FM変調

UTokyo Online Education 学術俯瞰講義　2017　古澤明　CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/


ホモダイン検波

LOの位相を変えることで	
 
AMもFMも検波できる

ローカルオシレータ (LO)
キャリア波と同じ周波数 

ミキサー
乗算器

受信したキャリア波

ローパスフィルター 検波された信号
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AMとFM

AM変調
NHK 
（AM） 
594kHz 

J-WAVE 
（FM） 
81.3MHz  

キャリア波

信号

キャリア波

信号

FM変調
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AMとFM

AM変調
NHK 
（AM） 
594kHz 

J-WAVE 
（FM） 
81.3MHz  

キャリア波

信号

キャリア波

信号

FM変調

光子について考える必要はない！

光子のエネルギー＝

h : Planck定数 (6.6×10-34Js)  
ν: キャリア周波数 (Hz)
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可視光の周波数	
 
       100THz AM変調

キャリア波

信号

キャリア波

信号

FM変調

AMとFM
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可視光の周波数	
 
       100THz 

光子について考える必要がある！

AM変調

キャリア波

信号

キャリア波

信号

FM変調

AMとFM
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可視光の周波数	
 
       100THz 

光子について考える必要がある！

AM変調

キャリア波

信号

キャリア波

信号

FM変調

AMとFM

AM信号とFM信号が共役物理量になる！

光子なし	
 
光子あり
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x: cosine component 
p: sine component

量子光学

消滅演算子

光電場の複素振幅

x: 位置	
 
p: 運動量

Photon-number units

共役物理量
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x: cosine component 
p: sine component

量子光学

消滅演算子

光電場の複素振幅

x: 位置	
 
p: 運動量

Photon-number units

共役物理量

x: cosine component 
p: sine component
   x : AM signal 
   p : FM signal
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x: cosine component 
p: sine component

量子光学

消滅演算子

光電場の複素振幅

x: 位置	
 
p: 運動量

Photon-number units

共役物理量

x: cosine component 
p: sine component
   x : AM signal 
   p : FM signal

量子光学	
 
＝光の周波数でのラジオの話

光子なし	
 
光子あり
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量子光学で量子もつれをつくる
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光パラメトリック発振器 (OPO)

スクイーズド光の発生

Laser 

  SHG 

粒子像

ホモダイン測定
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  SHG 

粒子像
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スクイーズド光の発生

Laser 

  SHG 

粒子像

ホモダイン測定
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スクイーズド光

量子もつれ状態にある光ビーム

波動像

粒子像
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スクイーズド光

量子もつれ状態にある光ビーム

波動像

粒子像

AM FM
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スクイーズド光から量子もつれ状態にある光ビームを生成

波動像

AM信号 FM信号 

50/50ビームスプリッター

量子もつれ状態にある光ビーム

cos: AM sin: FM

スクイーズド光
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Input Output

Teleportation of  
a Schrödinger cat state of light

N. Lee, H. Benichi, Y. Takeno, S. Takeda, J. Webb, E. Huntington, & A. Furusawa, Teleportation of Nonclassical Wave Packets of LightScience 332, 330 (2011)p332 Fig3 
http://science.sciencemag.org/content/332/6027/330　（最終閲覧日：2017年5月26日） 
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平成23年4月14日
著作権等の都合により、ここに挿入されていた画像を削除しました

FOX NEWS2011年4月14日記事
Quantum Leap: Scientists Teleport Bits of Light
http://www.foxnews.com/tech/2011/04/14/quantum-leap-
bits-light-teleported-place.html
（最終閲覧日：2017年5月26日）

著作権等の都合により、ここに挿入されていた映像を削除
しました。

ロシア国営放送ВЕСТИ2011年5月16日放送
見出し：Ученые  из  Японии  телепортировали 
запутанный квант
http://www.vesti.ru/doc.html?id=452675
（最終閲覧日；2017年5月26日）著作権等の都合により、ここに挿入されていた画像を削除

しました

ABC NEWS2011年4月15日の記事
見出し：Scientists teleport Schrodinger's cat
http://www.abc.net.au/news/2011-04-15/
scientists-teleport-schrodingers-cat/2614780
(最終閲覧日：2017年5月26日)

Telepotation of Nonclassical 
Wave Packets of Light
Noriyuki　Lee,Hugo　Benichi,
Yuishi　Takeno,Shuntaro　Takeda,
James　Webb,Elanor Huntington,Akira 
Furusawa
Science vol332(2011)pp330-333
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平成25年8月15日

Deterministic quantum teleportation of photonic quantum bits by a hybrid 
technique
Shuntaro Takeda,Takahiro Mizuta,Maria Fuwa,Peter van Loock& Akira Furusawa
nature vol.500(2013),pp315-318
https://www.nature.com/nature/journal/v500/n7462/full/nature12366.html
（最終閲覧日：2017年5月26日）

著作権等の都合により、
ここに挿入されていた画像を削除しました。

2013年8月15日朝日新聞
量子コンピューターに一歩　情報転送の効率　

100倍向上に成功

著作権等の都合により、
ここに挿入されていた画像を削除しました。

2013年8月15日日本経済新聞
情報、瞬時にテレポート未来のITに光
　　　　東大、転送効率を大幅改善 

http://www.nikkei.com/article/
DGXNASDG1403K_U3A810C1CR8000/
（最終閲覧日：2017年5月26日）

著作権等の都合により、
ここに挿入されていた画像を削除しました。

2013年8月15日読売新聞記事
光の粒子　瞬時に情報伝達　量子テレポーテーショ

ン 東大チーム初成功
量子コンピューター」に道
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量子テレポーテーションを用いて 
量子コンピューターをつくる
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量子ビット 連続量

計算基底

共役基底

アダマール変換 フーリエ変換

bit flip

phase flip

x-displacement

p-displacement

CNOT QND

π/8 gate Cubic phase gate

ユニバーサルゲートセット NAND

デジタル アナログ
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量子ビット 連続量

計算基底

共役基底

アダマール変換 フーリエ変換

bit flip

phase flip

x-displacement

p-displacement

CNOT QND

π/8 gate Cubic phase gate

ユニバーサルゲートセット NAND

デジタル アナログ

量子テレポーテーションを用いて	
 
ユニバーサルゲートセットをつくる
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量子テレポーテーション
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補助入力光 X

量子ゲートテレポーテーション

必要とされる	
 
量子力学的操作	
 	
 

3次位相ゲート	
 	
 3次位相状態	
 	
 

4次位相ゲート	
 	
 4次位相状態	
 	
 

量子力学的操作
が施された光	
 	
 

非ガウス型操作	
 	
 非ガウス型状態	
 	
 

強い光で予め生成
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補助入力光 X

量子ゲートテレポーテーション

必要とされる	
 
量子力学的操作	
 	
 

3次位相ゲート	
 	
 3次位相状態	
 	
 

4次位相ゲート	
 	
 4次位相状態	
 	
 

量子力学的操作
が施された光	
 	
 

「量子オペアンプ」

非ガウス型操作	
 	
 非ガウス型状態	
 	
 

外付け素子

強い光で予め生成

量子テレポーテーションを用いて	
 
ユニバーサルゲートセットを作製可能

オペアンプ	
 
演算増幅器
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16000量子波束間の	
 
超大規模量子もつれ生成に成功

量子ゲートテレポーテーションの時間領域多重化

大規模量子エンタングルド状態--時間領域多重で実現	
 	
 

量子テレポー	
 
テーション

量子オペアンプ

Ultra-large-scale continuous-variable cluster states multiplexed in the time domain
Shota Yokoyama, Ryuji Ukai,Seiji C. Armstrong, Chanond　Sornphiphatphong,Toshiyuki Kaji,Shigenari 

Suzuki,Jun-ichi Yoshikawa,Hidehiro Yonezawa,Nicolas C. Menicucci& Akira Furusawa

Nature Photonics 7, (2013),pp982–986 
http://www.nature.com/nphoton/journal/v7/n12/full/nphoton.2013.287.html
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16000量子波束間の	
 
超大規模量子もつれ生成に成功

量子ゲートテレポーテーションの時間領域多重化

大規模量子エンタングルド状態--時間領域多重で実現	
 	
 

量子テレポー	
 
テーション

量子オペアンプ

量子オペアンプである	
 
量子テレポーテーションを多数用いて	
 
量子コンピューター作製可能

Ultra-large-scale continuous-variable cluster states multiplexed in the time domain
Shota Yokoyama, Ryuji Ukai,Seiji C. Armstrong, Chanond　Sornphiphatphong,Toshiyuki Kaji,Shigenari 

Suzuki,Jun-ichi Yoshikawa,Hidehiro Yonezawa,Nicolas C. Menicucci& Akira Furusawa
Nature Photonics 7, (2013),pp982–986 

http://www.nature.com/nphoton/journal/v7/n12/full/nphoton.2013.287.html
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BS

Squeezing of a single photon From particles to waves

without any correction!!

YExploring a New Regime for 
Processing Optical Qubits: 
Squeezing and Unsqueezing 
Single Photons 
Yoshichika Miwa, Jun-ichi 
Yoshikawa, Noriaki Iwata, 
Mamoru Endo, Petr Marek, 
Radim Filip, Peter van Loock, 
and Akira Furusawa 
PHYSICAL REVIEW 
LETTERS,113, 013601(2014) 
https://journals.aps.org/prl/
abstract/10.1103/PhysRevLett.
113.013601 
fig2

relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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013601-3relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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âe
−
iθ
;
θ
¼

0
an
d
θ
¼

π=
2
th
en

co
rr
es
po

nd
to

x̂
an
d
p̂
,
re
sp
ec
tiv

el
y.

T
he

ex
pe
ri
m
en
ta
l
re
su
lts

fo
r
co
nv
er
tin

g
si
ng

le
-p
ho
to
n

st
at
es

in
to

se
ve
ra
lC

SS
s
ar
e
sh
ow

n
in

Fi
g.

2,
an
d
th
os
e
fo
r

th
e
re
ci
pr
oc
al
co
nv
er
si
on

ar
e
gi
ve
n
in
Fi
g.
3.
T
he

to
p
pa
ne
ls

sh
ow

th
e
ph

as
e
de
pe
nd
en
ce

of
qu
ad
ra
tu
re

di
st
ri
bu
tio

ns
ob
ta
in
ed

by
a
se
ri
es

of
ho
m
od
yn

e
m
ea
su
re
m
en
ts
.
Fr
om

th
es
e,
W
ig
ne
r
fu
nc
tio

ns
an
d
ph
ot
on
-n
um

be
rd

en
si
ty

m
at
ri
-

ce
s
ar
e
ca
lc
ul
at
ed
,a
s
sh
ow

n
in

th
e
lo
w
er

pa
ne
ls
.I
n
Fi
g.

2,
th
e
le
ft
m
os
t
co
lu
m
n
sh
ow

s
th
e
in
pu
t
si
ng
le
-p
ho

to
n
st
at
e,

w
hi
le

th
e
th
re
e
ri
gh

t
co
lu
m
ns

sh
ow

th
e
ou

tp
ut

C
SS

s
fo
r

th
re
e
di
ff
er
en
ts
qu
ee
zi
ng

le
ve
ls
.S

im
ila
rl
y,
in

Fi
g.
3,
th
e
le
ft

co
lu
m
n
sh
ow

s
th
e
in
pu
tC

SS
,a
nd

th
e
ri
gh
tc

ol
um

n
sh
ow

s
th
e
ou
tp
ut

si
ng
le
-p
ho
to
n
st
at
e.

W
e
sh
al
l
fi
rs
t
di
sc
us
s
th
e
qu
ad
ra
tu
re

di
st
ri
bu
tio

ns
(t
op

pa
ne
ls
).
T
he

Fo
ck

st
at
e
j1
i
of

a
si
ng
le

ph
ot
on
,w

hi
ch

is
a

ty
pi
ca
l
ca
rr
ie
r
of

di
sc
re
te
-v
ar
ia
bl
e
qu

an
tu
m

in
fo
rm

at
io
n,

is
a
hi
gh
ly

no
nc
la
ss
ic
al

en
er
gy

ei
ge
ns
ta
te

of
a
qu

an
tiz
ed

os
ci
lla
to
r
w
ith

a
to
ta
lly

un
de
te
rm

in
ed

ph
as
e.

T
he

ph
as
e

in
se
ns
iti
vi
ty
of

th
e
qu
ad
ra
tu
re
di
st
ri
bu
tio

n
is
a
ch
ar
ac
te
ri
st
ic

of
a
si
ng
le
-p
ho
to
n
st
at
e,
as

ca
n
be

se
en

in
th
e
le
ftm

os
tp

an
el

of
Fi
g.

2(
a)

an
d
in

th
e
rig

ht
pa
ne
lo

f
Fi
g.

3(
a)
.O

n
th
e
ot
he
r

ha
nd
,a
ny

co
he
re
nt

st
at
e
is
an

ei
ge
ns
ta
te
of

th
e
an
ni
hi
la
tio

n
op
er
at
or
,
âj
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ðâ
†2
−â
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relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.

1.0

0.8

0.6

0.4

0.2

0.0

Photon Number
0 1 32 654 87

Photon Number
0 1 32 654 87

Photon Number
0 1 32 654 87

Photon Number
0 1 32 654 87

(a)

(b)

(c) 0 1 32 654

Phase (degree) Phase (degree)

0 1 32 654

420-2-4

4 2 0 -2 -4

420-2-4

4 2 0 -2 -4

0
1

3
2

6
5
4

0
1

3
2

6
5
4

-0.2

-0.1

0.0

0.1

-0.2

-0.1

0.0

0.1

-4

-2

0

2

4

Q
ua

dr
at

ur
e

-4

-2

0

2

4

0 90 180 270 360 0 90 180 270 360

0 1 32 654

Phase (degree) Phase (degree)

0 1 32 654

420-2-4

4 2 0 -2 -4

420-2-4

4 2 0 -2 -4

0
1

3
2

6
5
4

0
1

3
2

6
5
4

-0.2

-0.1

0.0

0.1

-0.2

-0.1

0.0

0.1

-4

-2

0

2

4

-4

-2

0

2

4

0 90 180 270 360 0 90 180 270 360

P
ro

ba
bi

lit
y

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

p x p x p x p x

FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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013601-3relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
single-photon state, while the other three columns show the output states for a squeezing parameter γ of 0.26, 0.37, and 0.67, from left to
right. (a) Quadrature distributions over a period. (b) Wigner functions. (c) Photon number distributions and photon number
representation of density matrices. The minimum value of −0.22 for the input Wigner function becomes, respectively, −0.15, −0.12, and
−0.06, after the conversion.
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relation ½â; â†" ¼ 1. Similarly, the quadrature operators,
x̂ ¼ ðâþ â†Þ=

ffiffiffi
2

p
and p̂ ¼ ðâ − â†Þ=i

ffiffiffi
2

p
, correspond to

the quantized real and imaginary parts of the optical
complex amplitudes (up to a factor of

ffiffiffi
2

p
), where

½x̂; p̂" ¼ i. Through homodyne detection, the quadrature
x̂ðθÞ can be measured, which gives a Hermitian part of the
operator âe−iθ; θ ¼ 0 and θ ¼ π=2 then correspond to x̂
and p̂, respectively.
The experimental results for converting single-photon

states into several CSSs are shown in Fig. 2, and those for
the reciprocal conversion are given in Fig. 3. The top panels
show the phase dependence of quadrature distributions
obtained by a series of homodyne measurements. From
these, Wigner functions and photon-number density matri-
ces are calculated, as shown in the lower panels. In Fig. 2,
the leftmost column shows the input single-photon state,
while the three right columns show the output CSSs for
three different squeezing levels. Similarly, in Fig. 3, the left
column shows the input CSS, and the right column shows
the output single-photon state.
We shall first discuss the quadrature distributions (top

panels). The Fock state j1i of a single photon, which is a
typical carrier of discrete-variable quantum information,
is a highly nonclassical energy eigenstate of a quantized
oscillator with a totally undetermined phase. The phase
insensitivity of the quadrature distribution is a characteristic

of a single-photon state, as can be seen in the leftmost panel
of Fig. 2(a) and in the right panel of Fig. 3(a). On the other
hand, any coherent state is an eigenstate of the annihilation
operator, âjαi ¼ αjαi. This corresponds to a sinusoidal
wave with mean complex amplitude α and minimal quantum
noise [3]. By superimposing two coherent states, jαi− j−αi,
the quadrature distribution corresponds to two sinusoidal
waveforms with quantum interference at each intersection,
like in the three right panels of Fig. 2(a) and the left panel
of Fig. 3(a). This quantum interference is a witness for a
genuine quantum superposition of jαi and j − αi and it
would never occur for a stochastic mixture of coherent states.
The conversion is achieved by means of a squeezing

operation, ŜðγÞ ¼ eγðâ
†2−â2Þ=2, where γ ∈ R quantifies the

amount of squeezing. In Fig. 2(a), the phase-dependent
oscillations increase with larger squeezing. Three different
squeezing levels, γ ¼ 0.26, 0.37, and 0.67, are demon-
strated, resulting in three different amplitudes of CSSs,
α ¼ 0.91, 1.10, and 1.64, respectively. The gap at the
intersection of the waves becomes less pronounced for
larger γ because of the finite squeezing of the ancilla mode
(about 7 dB relative to shot noise). In an opposite manner,
in Fig. 3(a), a phase-dependent oscillation is canceled by
squeezing, resulting in a phase-independent distribution
with a gap, like for a single-photon state. The input CSS
with α ¼ 0.97 is converted by squeezing with γ ¼ −0.26.
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FIG. 2 (color online). Experimental quantum states for the conversion from particle to wave. The leftmost column shows the input
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½â
;â
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Squeezing of Schrödinger cat  

X

From waves to particles

In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.

This work was partly supported by PDIS, GIA, G-COE,
and APSA commissioned by the MEXT of Japan, FIRST
initiated by the CSTP of Japan, the SCOPE program of the
MIC of Japan, and, JSPS and ASCR under the Japan-Czech
Republic Research Cooperative Program. R. F. acknowl-
edges projects GPP205/12/0577 of GA ČR and FP7 project
No. 308803 (BRISQ2) of EU. P. M. acknowledges projects
GPP205/10/P319 of GA ČR and LH13248 of the Czech
Ministry of Education. P. v. L. acknowledges support from
the BMBF in Germany (QuOReP and HIPERCOM).
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FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.
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FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.
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FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.

This work was partly supported by PDIS, GIA, G-COE,
and APSA commissioned by the MEXT of Japan, FIRST
initiated by the CSTP of Japan, the SCOPE program of the
MIC of Japan, and, JSPS and ASCR under the Japan-Czech
Republic Research Cooperative Program. R. F. acknowl-
edges projects GPP205/12/0577 of GA ČR and FP7 project
No. 308803 (BRISQ2) of EU. P. M. acknowledges projects
GPP205/10/P319 of GA ČR and LH13248 of the Czech
Ministry of Education. P. v. L. acknowledges support from
the BMBF in Germany (QuOReP and HIPERCOM).

(a)

(b)

(c)

Photon Number Photon Number

P
ro

ba
bi

lit
y

1.0

0.8

0.6

0.4

0.2

0.0

0 1 32 654 87

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0
0 1 32 654 87

0 1 32 654

Phase (degree) Phase (degree)

0 1 32 654

420-2-4

4 2 0 -2 -4

420-2-4

4 2 0 -2 -4

0
1

3
2

6
5
4

0
1

3
2

6
5
4

-0.2

-0.1

0.0

0.1

-0.2

-0.1

0.0

0.1

-4

-2

0

2

4

Q
ua

dr
at

ur
e

-4

-2

0

2

4

0 90 180 270 360 0 90 180 270 360

p x p x

FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.
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FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.
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FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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Squeezing of Schrödinger cat  

X

From waves to particles

In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.
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FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.

PRL 113, 013601 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
4 JULY 2014

013601-4

In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.
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FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.
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FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.
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FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.
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FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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In the corresponding Wigner functions (middle panels),
where detector inefficiencies and losses are not corrected,
the nonclassicality of the input and output states becomes
manifest in negative values. These Wigner functions are
converted from rotationally symmetric to asymmetric
[Fig. 2(b)] and from asymmetric to symmetric [Fig. 3(b)],
while preserving their large negative values at the phase-
space origin. In Fig. 2(b), the minimum value of −0.22 at the
input becomes, respectively, −0.15, −0.12, and −0.06, at
the output. In Fig. 3(b), −0.16 at the input becomes −0.10 at
the output.
The density matrices (bottom panels) represent the

particle picture. In the particle picture, the effect of the
squeezing is an infinite superposition of photons added
and subtracted in multiples of two. As a result, squeezing
leads to a superposition of even photon number states when
applied to the vacuum and to a superposition of odd photon
number states when applied to the single-photon state.
Being in such an odd-number superposition is also a
distinct feature of the target CSS,

jαi − j − αi ∝ j1iþ α2ffiffiffi
6

p j3iþ " " " ; ð1Þ

and this is exactly the reason why squeezing achieves the
desired conversion [32].
The diagonal elements of the density matrices represent

photon number distributions, while the off-diagonal ele-
ments correspond to superpositions of j1i and j3i. The input
single-photon state in Fig. 2(c) has a dominant single-photon
component of 84% (without any corrections), while the
input CSS in Fig. 3(c) has dominating one- and three-photon
components compared to the zero-, two-, and four-photon
terms. This also holds for the off-diagonal interference terms
such as j1ih3j. Two-photon creations and annihilations are
revealed by an increase [Fig. 2(c)] and a decrease [Fig. 3(c)]
of the three-photon components, respectively.
In order to quantitatively assess the experimental con-

version processes, besides reconstructing the Wigner func-
tions and density matrices of the input and output states, we
used two additional figures of merit. These are specifically
designed to reveal either the most distinct features of the
particle-to-wave transition or that of the converse, wave-to-
particle transition [33] (for details, see the Supplemental
Material [15]).
From an experimental point of view, it has been

considered notoriously hard to apply a quantum optical
squeezing operation upon more exotic, non-Gaussian
quantum states such as discrete-variable single-photon
states. In our experiment we have succeeded in this difficult
task. By demonstrating the efficient and deterministic
squeezing and unsqueezing of a single photon, we have
opened an entirely new optical toolbox for future quantum-
information applications. In principle, such a unitary,
phase-sensitive amplifier (and attenuator) will allow for
making use of the entire Fock space when processing single
photons, which may help to construct quantum gates
and error correction codes for logical qubits. Using our
universal and reversible low-loss broadband squeezer, we
have for the first time access to a complete set of
deterministic Gaussian operations applicable to nonclass-
ical, non-Gaussian states. These expand the toolbox for
hybrid quantum-information processing [6], and therefore
our result will directly lead to applications in this area. At
the same time, besides providing a completely new class of
optical quantum processors, our experiment bridges two
quantum mechanically distinct regimes: that of particlelike
quantum states such as single photons with that of more
wavelike states such as coherent-state superpositions.

This work was partly supported by PDIS, GIA, G-COE,
and APSA commissioned by the MEXT of Japan, FIRST
initiated by the CSTP of Japan, the SCOPE program of the
MIC of Japan, and, JSPS and ASCR under the Japan-Czech
Republic Research Cooperative Program. R. F. acknowl-
edges projects GPP205/12/0577 of GA ČR and FP7 project
No. 308803 (BRISQ2) of EU. P. M. acknowledges projects
GPP205/10/P319 of GA ČR and LH13248 of the Czech
Ministry of Education. P. v. L. acknowledges support from
the BMBF in Germany (QuOReP and HIPERCOM).

(a)

(b)

(c)

Photon Number Photon Number

P
ro

ba
bi

lit
y

1.0

0.8

0.6

0.4

0.2

0.0

0 1 32 654 87

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0
0 1 32 654 87

0 1 32 654

Phase (degree) Phase (degree)

0 1 32 654

420-2-4

4 2 0 -2 -4

420-2-4

4 2 0 -2 -4

0
1

3
2

6
5
4

0
1

3
2

6
5
4

-0.2

-0.1

0.0

0.1

-0.2

-0.1

0.0

0.1

-4

-2

0

2

4

Q
ua

dr
at

ur
e

-4

-2

0

2

4

0 90 180 270 360 0 90 180 270 360

p x p x

FIG. 3 (color online). Experimental quantum states for the
conversion from wave to particle. The left column shows the
input coherent-state superposition, while the right column shows
the output state for a squeezing parameter γ of −0.26. (a) Quad-
rature distributions over a period. (b)Wigner functions. (c) Photon
number distributions and photon number representation of
density matrices. The minimum value of −0.16 for the input
Wigner function becomes −0.10 after the conversion.
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位相敏感増幅器としてちゃんと機能した!

without any correction!!

YExploring a New Regime for Processing Optical Qubits: Squeezing and Unsqueezing Single Photons 
Yoshichika Miwa, Jun-ichi Yoshikawa, Noriaki Iwata, Mamoru Endo, Petr Marek, Radim Filip, Peter van 
Loock, and Akira Furusawa 
PHYSICAL REVIEW LETTERS,113, 013601(2014) 
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.013601 
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We can make a real-time quadrature-amplitude 
measurement of single photons!  
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Experimental setup  
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著作権等の都合により、
ここに挿入されていた画像を削除しました。
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Ultra-large-scale CV cluster state

Unlimited time-domain multiplexing technology
One-million wave-packet entanglement!!
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