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�ǩǓșǓ �ǩșșǓȖȠƺȠǩȅǿ ΛȣȖǏǓ ǏǓȖ 'ƺǷȣǹȠƾȠ ǟȧȖ XǦΡșǩǷ ǏǓȖ eǓǉǦǿǩșǉǦǓǿ hǿǩΚǓȖșǩȠƾȠ �ȅȖȠǾȣǿǏ ΦȣȖ �ȖǹƺǿǠȣǿǠ ǏǓș
ƺǷƺǏǓǾǩșǉǦǓǿ (ȖƺǏǓș ǓǩǿǓș �ȅǷȠȅȖș ǏǓȖ FƺȠȣȖΛǩșșǓǿșǉǦƺǟȠǓǿ ΚȅȖǠǓǹǓǠȠঀ
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EǓƺșȣȖǓǾǓǿȠ ȅǟ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ΛǩȠǦ ƺǿ ǓǏǠǓ ȒǦƺǿȠȅǾ ƺȠ
ǾǓǠƺΚȅǹȠƺǠǓ ǓǿǓȖǠǩǓș

�ӅԖԝԒҺӈԝ

eǦǓ ȕȣƺǹǩȠΡ ȅǟ ƺ ǾǓǏǩǉƺǹ ǩǾƺǠǩǿǠ șΡșȠǓǾ ǩș ǏǓȠǓȖǾǩǿǓǏ ǈΡ ǦȅΛ ΛǓǹǹ ǩȠ ȠȖƺǿșǟǓȖș ǏǩƺǠǿȅșȠǩǉƺǹǹΡ ǩǾȒȅȖȠƺǿȠ
ǩǿǟȅȖǾƺȠǩȅǿঀ 2ǿ ȠǓȖǾș ȅǟ șȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿॹ ȠǦǓ ȒǓȖǟȅȖǾƺǿǉǓ ȅǟ ƺ șΡșȠǓǾ ǉƺǿ ǈǓ ȅǈǴǓǉȠǩΚǓǹΡ ǉǦƺȖƺǉȠǓȖǩΦǓǏ ǈΡ
ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ শEe'ষॹ ΛǦǩǉǦ ǏǓșǉȖǩǈǓș ȠǦǓ ȠȖƺǿșǟǓȖ ȅǟ ǩǾƺǠǓ șȠȖȣǉȠȣȖǓș ƺș ƺ ǟȣǿǉȠǩȅǿ ȅǟ șȒƺে
Ƞǩƺǹ ǟȖǓȕȣǓǿǉΡঀ Ee' ǾǓƺșȣȖǓǾǓǿȠș ƺȠ Et ǓǿǓȖǠǩǓș ǦƺΚǓ ȒȖǓΚǩȅȣșǹΡ ǈǓǓǿ ǉȅǿǏȣǉȠǓǏ ΛǩȠǦ ƺ ΛǩǏǓ ΚƺȖǩǓȠΡ ȅǟ
ȒǦƺǿȠȅǾșঀ eǦǓ ȒƺȖȠǹΡ ǉȅǿȠȖƺǏǩǉȠȅȖΡ ȖǓȒȅȖȠș ȖƺǩșǓ ȠǦǓ ȕȣǓșȠǩȅǿ ΛǦǓȠǦǓȖ ȠǦǓEe' ǩș ǩǿМȣǓǿǉǓǏ ǈΡ ȠǦǓ ȒǦƺǿȠȅǾ
ǏǓșǩǠǿ ƺǿǏॹ ǩǟ șȅॹ ΛǦƺȠ șǩΦǓ ȅǟ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ Ƞȅ ǓΠȒǓǉȠঀ eǦǩș ȠǦǓșǩș ȒȖǓșǓǿȠș Ee' ǾǓƺșȣȖǓǾǓǿȠș ȅǿ ƺ ǉǹǩǿǩǉƺǹ
EtȒȅȖȠƺǹ ǩǾƺǠǩǿǠ șΡșȠǓǾȣșǓǏ ǏȣȖǩǿǠ ȖƺǏǩƺȠǩȅǿ ȠǦǓȖƺȒΡঀ eǦǓ ǩǿМȣǓǿǉǓș ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșॹ ƺǈșȅȖȒȠǩȅǿ
ȣǿșǦƺȖȒǿǓșș ƺǿǏ șǉƺȠȠǓȖ ȅǿ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ƺȖǓ ǩǿΚǓșȠǩǠƺȠǓǏ ȣșǩǿǠ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿșঀ eȅ ȕȣƺǿȠǩǟΡ ȠǦǓ
ǩǾȒƺǉȠ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ȅǿ ȠǦǓ Ee'ॹ ƺ ǿǓΛ ǾǓȠǦȅǏ ǩș ǏǓΚǓǹȅȒǓǏ ȠǦƺȠ ǉƺǹǉȣǹƺȠǓș ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǩǿ
ƺǿEe' ǾǓƺșȣȖǓǾǓǿȠ ǈƺșǓǏ ȅǿEȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹঀ ^ǓΚǓȖƺǹ ǓǏǠǓ ȒǦƺǿȠȅǾș
ƺȖǓ ȒȖǓșǓǿȠǓǏ ΛǦǩǉǦ ȒȖȅΚǩǏǓ ǦǩǠǦ ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ǟȅȖ ƺ Etࢷ ȒǦȅȠȅǿ ǈǓƺǾঀ eǦǓ ȖǓșȣǹȠș ƺȖǓ ƺȒȒǹǩǉƺǈǹǓ
Ƞȅ ƺǹǹ Et ǩǾƺǠǩǿǠ ǏǓΚǩǉǓș ȅȒǓȖƺȠǓǏ ΛǩȠǦ ƺ ǉȅǾȒƺȖƺǈǹǓ ǈǓƺǾ ȕȣƺǹǩȠΡঀ

�ǩǓ ZȣƺǹǩȠƾȠ ǓǩǿǓș ǾǓǏǩΦǩǿǩșǉǦǓǿ �ǩǹǏǠǓǈȣǿǠșșΡșȠǓǾș ΛǩȖǏ ǏƺǏȣȖǉǦ ǈǓșȠǩǾǾȠॹ ΛǩǓ ǠȣȠ Ǔș ǏǩƺǠǿȅșȠǩșǉǦ ȖǓǹে
ǓΚƺǿȠǓ 2ǿǟȅȖǾƺȠǩȅǿǓǿ ȧǈǓȖȠȖƾǠȠঀ 2ǿ �ǓΦȣǠ ƺȣǟ ǏǩǓ KȖȠșƺȣМȉșȣǿǠ ǹƾșșȠ șǩǉǦ Ǔǩǿ ^ΡșȠǓǾș ȅǈǴǓǷȠǩΚ ǏȣȖǉǦ ǏǩǓ
EȅǏȣǹƺȠǩȅǿșȧǈǓȖȠȖƺǠȣǿǠșǟȣǿǷȠǩȅǿ শEe'ষ ǉǦƺȖƺǷȠǓȖǩșǩǓȖǓǿॹ ǏǩǓ ǏǩǓ vǩǓǏǓȖǠƺǈǓ Κȅǿ �ǩǹǏșȠȖȣǷȠȣȖǓǿ ƺǹș 'ȣǿǷে
Ƞǩȅǿ ǏǓȖ KȖȠșǟȖǓȕȣǓǿΦ ǈǓșǉǦȖǓǩǈȠঀ Ee'েEǓșșȣǿǠǓǿ ǈǓǩ Etে�ǿǓȖǠǩǓǿ ΛȣȖǏǓǿ ǩǿ ǏǓȖ tǓȖǠƺǿǠǓǿǦǓǩȠ ǾǩȠ ǓǩǿǓȖ
tǩǓǹΦƺǦǹ Κȅǿ XǦƺǿȠȅǾǓǿ ǏȣȖǉǦǠǓǟȧǦȖȠঀ �ǩǓ ΦȣǾ eǓǩǹ ΛǩǏǓȖșȒȖȧǉǦǹǩǉǦǓǿ �ȖǠǓǈǿǩșșǓ ΛǓȖǟǓǿ ǏǩǓ 'ȖƺǠǓ ƺȣǟॹ ȅǈ
ǏǩǓEe' ǏȣȖǉǦ Ǐƺș XǦƺǿȠȅǾে�ǓșǩǠǿ ǈǓǓǩǿМȣșșȠ ΛǩȖǏ ȣǿǏ ǩǿΛǓǹǉǦǓȖ(ȖȉȞǓǿȅȖǏǿȣǿǠ ǏǓȖ șΡșȠǓǾƺȠǩșǉǦǓ 'ǓǦǹǓȖ
ǹǩǓǠȠঀ 2ǿ ǏǩǓșǓȖ �ȖǈǓǩȠ ΛǓȖǏǓǿ Ee'েEǓșșȣǿǠǓǿ ƺǿ ǓǩǿǓǾ ǷǹǩǿǩșǉǦǓǿ XȅȖȠƺǹে2ǾƺǠǩǿǠে^ΡșȠǓǾ ǩǿ ǏǓȖ ^ȠȖƺǦǹǓǿে
ȠǦǓȖƺȒǩǓ ΚȅȖǠǓșȠǓǹǹȠঀ �ǩǓ �ǩǿМȧșșǓ Κȅǿ ǠǓȅǾǓȠȖǩșǉǦǓȖ hǿșǉǦƾȖǟǓॹ �ǈșȅȖȒȠǩȅǿșȣǿșǉǦƾȖǟǓ ȣǿǏ ^ȠȖǓȣȣǿǠ ƺȣǟ Ǐƺș
EǓșșǓȖǠǓǈǿǩș ΛǓȖǏǓǿ ǾǩȠǦǩǹǟǓ Κȅǿ EȅǿȠǓে�ƺȖǹȅে^ǩǾȣǹƺȠǩȅǿǓǿ ȣǿȠǓȖșȣǉǦȠঀ hǾ ǏǓǿ �ǩǿМȣșș ǏǓș XǦƺǿȠȅǾে
�ǓșǩǠǿș ƺȣǟ ǏǩǓ Ee' Φȣ ȕȣƺǿȠǩЙΦǩǓȖǓǿॹ ΛǩȖǏ ǓǩǿǓ ǿǓȣǓ EǓȠǦȅǏǓ ǓǿȠΛǩǉǷǓǹȠॹ ǏǩǓ ǏǓǿ șΡșȠǓǾƺȠǩșǉǦǓǿ 'ǓǦǹǓȖ ǩǿ
ǓǩǿǓȖ Ee'েEǓșșȣǿǠ ƺȣǟ ǏǓȖ (ȖȣǿǏǹƺǠǓ ΚȅǿEȅǿȠǓে�ƺȖǹȅে^ǩǾȣǹƺȠǩȅǿǓǿ ǏǓș �ǓȠǓǷȠȅȖে�ǩǿǠƺǿǠșșǩǠǿƺǹș ǈǓȖǓǉǦে
ǿǓȠঀ �ș ΛǓȖǏǓǿ ǾǓǦȖǓȖǓ XǦƺǿȠȅǾǓ ΚȅȖǠǓșȠǓǹǹȠॹ ǏǩǓ ǓǩǿǓ ǦȅǦǓEǓșșǠǓǿƺȣǩǠǷǓǩȠ ǟȧȖ EtেXǦȅȠȅǿǓǿșȠȖƺǦǹȣǿǠࢷ ǈǩে
ǓȠǓǿঀ �ǩǓ �ȖǠǓǈǿǩșșǓ șǩǿǏ ƺȣǟ ƺǹǹǓEtে�ǩǹǏǠǓǈȣǿǠșșΡșȠǓǾǓǾǩȠ ǓǩǿǓȖ ΚǓȖǠǹǓǩǉǦǈƺȖǓǿ ^ȠȖƺǦǹȕȣƺǹǩȠƾȠ ƺǿΛǓǿǏǈƺȖঀ

XԡӅӵӥӈҺԝӥԃӼ ԒӒӵҺԝӒӎ ԝԃ ԝӢӥԖ ԮԃԒӲ

@ȅȅȠ ?ॹ �ǹȅǉǷ �ঀ eǓǉǦǿǩǉƺǹ FȅȠǓॸ �ǉǉȣȖƺǉΡ ȅǟ Ee' ǾǓƺșȣȖǓǾǓǿȠș ΛǩȠǦ ƺǿ ǓǏǠǓ ȒǦƺǿȠȅǾ ƺȠ ǾǓǠƺΚȅǹȠƺǠǓ
ΠেȖƺΡ ǓǿǓȖǠǩǓșঀEǲǮȈǨǙȘ XȅͧȸȈǨȸࣚ ঀࢴࢷࢲॸࢷআࢺࢲࢱࢳ ǏȅǩॸࢱࢲঀࢳࢱࢱࢲইǾȒঀࢴࢵࢹࢴࢲঀ





�ǉǷǿȅΛǹǓǏǠǾǓǿȠș

2 ΛȅȣǹǏ ЙȖșȠ ǹǩǷǓ Ƞȅ ȠǦƺǿǷ XȖȅǟঀ �Ȗঀ �ǿǏȖǓƺș �ǹȅǉǷॹ ǾΡ șȣȒǓȖΚǩșȅȖ ƺǿǏ ǾǓǿȠȅȖ ȅǟ ȠǦǓ ǹƺșȠ ΡǓƺȖșঀ 2 ƺǾ ǠǹƺǏ
ΛǓ ǾǓȠ ƺȠ ȠǦǓ ǉȖȅșșȖȅƺǏș ǩǿ tǩǓǿǿƺॹ ǾƺǿΡ ΡǓƺȖș ƺǠȅঀ

2ǿ ƺǏǏǩȠǩȅǿॹ 2 ΛƺǿȠ Ƞȅ ȠǦƺǿǷ XȖȅǟঀ �Ȗঀ �ǓȖǿǦƺȖǏ ^Ȓƺƺǿ ǟȅȖ ƺǠȖǓǓǩǿǠ Ƞȅ ǈǓ ǾΡ șǓǉȅǿǏ ȖǓǟǓȖǓǓॹ ƺș ΛǓǹǹ ƺș XȖȅǟঀ
�Ȗঀ EƺǿǟȖǓǏ �ƺΡǓȖ ǟȅȖ ȒȖȅΚǩǏǩǿǠ ΚƺǹȣƺǈǹǓ ǟǓǓǏǈƺǉǷ ƺǿǏ șȣȒȒȅȖȠঀ

EΡ șȒǓǉǩƺǹ ȠǦƺǿǷș Ǡȅ Ƞȅ�Ȗঀ [ƺǹǟ[ȅǦǿॹ ƺǹȅǿǠΛǩȠǦ ȠǦǓ ǓǿȠǩȖǓ ȖƺǏǩƺȠǩȅǿ ȠǦǓȖƺȒΡ ȠǓƺǾƺȠ?ǹǩǿǩǷȣǾ�ȅȖȠǾȣǿǏॹ
ΛǦȅǾ 2 ǦƺΚǓ ǦƺǏ ȠǦǓ ǠȖǓƺȠ ǟȅȖȠȣǿǓ Ƞȅ Ǵȅǩǿঀ vǩȠǦȅȣȠ ȠǦǓ ǉǹȅșǓ ǉȅǿǿǓǉȠǩȅǿ Ƞȅ ǉǹǩǿǩǉƺǹ ΛȅȖǷॹ ȠǦǩș ΛȅȖǷ ΛȅȣǹǏ ǿȅȠ
ȅǿǹΡ ǦƺΚǓ ǈǓǓǿ ǩǾȒȅșșǩǈǹǓॹ ǈȣȠ ƺǹșȅ ǾǓƺǿǩǿǠǹǓșșঀ
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�ȅǿȠǓǿȠș

ो 2ӼԝԒԃӎԡӈԝӥԃӼ ࢲ

ौ eӢӒ ӻԃӎԡӵҺԝӥԃӼ ԝԒҺӼԖӜӒԒ ӜԡӼӈԝӥԃӼ ࢶ
ࢲঀࢳ @ǩǿǓƺȖ șΡșȠǓǾș ȠǦǓȅȖΡ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢹ
ࢳঀࢳ eǦǓ ǩǾƺǠǩǿǠ șΡșȠǓǾ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢱࢲ
ࢴঀࢳ eǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢳࢲ
ࢵঀࢳ EǓƺșȣȖǩǿǠ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢵࢲ

ࢲঀࢵঀࢳ ^ǩǿǓ ƺǿǏ șȕȣƺȖǓ ΛƺΚǓ ȖǓșȒȅǿșǓ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢵࢲ
ࢳঀࢵঀࢳ ^ȒȖǓƺǏ ǟȣǿǉȠǩȅǿ ǾǓȠǦȅǏș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢵࢲ

ࢶঀࢳ 2ǿМȣǓǿǉǓș ȅǿ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢹࢲ
ࢲঀࢶঀࢳ ^ƺǾȒǹǩǿǠ ƺǿǏ �ǹǩƺșǩǿǠ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢹࢲ
ࢳঀࢶঀࢳ (ǓȅǾǓȠȖǩǉ hǿșǦƺȖȒǿǓșș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢺࢲ
ࢴঀࢶঀࢳ �ǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢱࢳ
ࢵঀࢶঀࢳ ^ǉƺȠȠǓȖ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢲࢳ

ࢷঀࢳ @ǩȠǓȖƺȠȣȖǓ ȖǓΚǩǓΛ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢵࢳ
ࢸঀࢳ eǦǓ ƺǩǾ ȅǟ ȠǦǩș ΛȅȖǷ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢺࢳ

् EӒԝӢԃӎԖ ҺӼӎEҺԝӒԒӥҺӵԖ ࢲࢴ
ࢲঀࢴ Ee'ǾǓƺșȣȖǓǾǓǿȠ ΛǩȠǦ ƺǿ �X2� ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢲࢴ

ࢲঀࢲঀࢴ eǦǓ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲEt ǏǓȠǓǉȠȅȖ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢴࢴ
ࢳঀࢲঀࢴ eǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢵࢴ

ࢳঀࢴ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿ ȣșǩǿǠ �(^ǿȖǉ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢷࢴ
ࢲঀࢳঀࢴ EȅǏǓǹǩǿǠ ȠǦǓ tƺȖǩƺǿ eȖȣǓ�ǓƺǾ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢺࢴ
ࢳঀࢳঀࢴ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿ ȅǟ ǓǏǠǓ ȒǦƺǿȠȅǾș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢲࢵ
ࢴঀࢳঀࢴ ^ǉȅȖǩǿǠ ȠǦǓ ȒǦȅȠȅǿ МȣǓǿǉǓ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢳࢵ
ࢵঀࢳঀࢴ tƺȖǩƺǿǉǓ ȖǓǏȣǉȠǩȅǿ ȠǓǉǦǿǩȕȣǓș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢴࢵ

ࢴঀࢴ �ȅǾȒȣȠƺȠǩȅǿƺǹ ƺǿƺǹΡșǩș ȅǟ ǓǏǠǓ ǩǾƺǠǓș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢶࢵ
ࢲঀࢴঀࢴ �ǿƺǹΡșǩș ȅǟ ǓΠȒǓȖǩǾǓǿȠƺǹ ǩǾƺǠǓș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢶࢵ
ࢳঀࢴঀࢴ �ǿƺǹΡșǩș ȅǟ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǓǏ ǩǾƺǠǓș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢹࢵ
ࢴঀࢴঀࢴ tǓȖǩЙǉƺȠǩȅǿ ȅǟ ǉȅǾȒȣȠƺȠǩȅǿƺǹ ƺǿƺǹΡșǩș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢹࢵ

ॎ [ӒԖԡӵԝԖ ࢲࢶ
ࢲঀࢵ Ee'ǾǓƺșȣȖǓǾǓǿȠș ȅǿ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢲࢶ

ࢲঀࢲঀࢵ �ǓЙǿǩǿǠ ȠǦǓ [ǓǠǩȅǿ ȅǟ 2ǿȠǓȖǓșȠ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢲࢶ
ࢳঀࢲঀࢵ eǦǓ ǩǿМȣǓǿǉǓ ȅǟ ǿȅǩșǓ ǩǿ ȠǦǓ ǓǏǠǓ ǩǾƺǠǓ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢳࢶ
ࢴঀࢲঀࢵ �ΠȒǓȖǩǾǓǿȠƺǹ șȠȣǏΡ ȅǟ ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢶࢶ

ࢳঀࢵ eǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ƺǿǏ ȠǦǓ ȒǦƺǿȠȅǾEe' ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢹࢶ
ࢴঀࢵ EǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ΛǩȠǦ ǹǓƺǏ ȒǦƺǿȠȅǾș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢲࢷ

ࢲঀࢴঀࢵ �ǿƺǹΡșǩș ȅǟ ȒȖǩǾƺȖΡ ȖƺǏǩƺȠǩȅǿ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢳࢷ
ࢳঀࢴঀࢵ �ǿƺǹΡșǩș ȅǟ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢹࢷ
ࢴঀࢴঀࢵ ^ΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǩǿȠȖȅǏȣǉǓǏ ǈΡ ǹǓƺǏ ȒǦƺǿȠȅǾș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢱࢸ

ࢵঀࢵ 2ǾȒȖȅΚǩǿǠ ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢶࢸ
ࢲঀࢵঀࢵ �ǦƺǿǠǩǿǠ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢶࢸ



ࢳঀࢵঀࢵ �ǦƺǿǠǩǿǠ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ǠǓȅǾǓȠȖΡ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢹࢸ
ࢴঀࢵঀࢵ XȅșȠȒȖȅǉǓșșǩǿǠ ǈΡ ǏǓǉȅǿΚȅǹȣȠǩȅǿ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢱࢹ

ॏ �ԃӼӈӵԡԖӥԃӼ ࢴࢹ

[ӒӜӒԒӒӼӈӒԖ ࢶࢹ

� �ԏԏӒӼӎӥ ࢸࢺ
�ঀࢲ EȅǿȠǓ �ƺȖǹȅ �ȅǏǓ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢸࢺ

�ঀࢲঀࢲ ���EǿȖǉ șƺǾȒǹǓ ǩǿȒȣȠ ЙǹǓ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢸࢺ
�ঀࢲঀࢳ [ƺǏǩƺȠǩȅǿ ȠȖƺǿșȒȅȖȠ ȒƺȖƺǾǓȠǓȖș ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢱࢱࢲ

�ঀࢳ EƺȠǦǓǾƺȠǩǉƺ �ȅǏǓ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ࢴࢱࢲ



@ǩșȠ ȅǟ �ǈǈȖǓΚǩƺȠǩȅǿș

�E'X2 ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ƺǉȠǩΚǓ ǾƺȠȖǩΠ МƺȠেȒƺǿǓǹ ǩǾƺǠǓȖ

�2^ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ

�X2� ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǓǹǓǉȠȖȅǿǩǉ ȒȅȖȠƺǹ ǩǾƺǠǩǿǠ ǏǓΚǩǉǓ

�^' ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǓǏǠǓ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ

''' ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ МƺȠȠǓǿǩǿǠ ЙǹȠǓȖ ǟȖǓǓ

/t@ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ Ǧƺǹǟ ΚƺǹȣǓ ǹƺΡǓȖ

Ƿt ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǷǩǹȅΚȅǹȠƺǠǓ

@^' ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǹǩǿǓ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ

@^2 ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǹǩǿǓƺȖ șǦǩǟȠেǩǿΚƺȖǩƺǿȠ

E� ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ EȅǿȠǓ �ƺȖǹȅ

E@� ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǾȣǹȠǩেǹǓƺǟ ǉȅǹǹǩǾƺȠȅȖ

Ee' ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ

Eh ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǾȅǿǩȠȅȖ ȣǿǩȠș

Et ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǾǓǠƺΚȅǹȠƺǠǓ

F�E ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǿȅǩșǓেǓȕȣǩΚƺǹǓǿȠ ǾȅǏȣǹƺȠǩȅǿ

FX^ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ǿȅǩșǓ ȒȅΛǓȖ șȒǓǉȠȖȣǾ

Ke' ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ȅȒȠǩǉƺǹ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ

X�� ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ȒǓȖǉǓǿȠƺǠǓ ǏǓȒȠǦ ǏȅșǓ

X^' ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ

Xe' ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ȒǦƺșǓ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ

[K2 ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ȖǓǠǩȅǿ ȅǟ ǩǿȠǓȖǓșȠ

^2� ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ șȅȣȖǉǓেȠȅেǩǾƺǠǓȖ ǏǩșȠƺǿǉǓ

^F[ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ șǩǠǿƺǹেȠȅেǿȅǩșǓ ȖƺȠǩȅ

^^� ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ ঀ șȅȣȖǉǓেȠȅেșȣȖǟƺǉǓ ǏǩșȠƺǿǉǓ





1
2ǿȠȖȅǏȣǉȠǩȅǿ

eӢӒԒӒ ӥԖ Ӽԃ ӎӒӼԱӥӼӝ ȠǦƺȠ ǉƺǿǉǓȖ ǩș ƺ ǹǓƺǏǩǿǠ ǉƺȣșǓ ȅǟ ǏǓƺȠǦ ΛȅȖǹǏΛǩǏǓঀ Kǿ ȠǦǓ ȅȠǦǓȖ ǦƺǿǏॹ ȠǦǓ șǉǩǓǿȠǩЙǉ

ȒȖȅǠȖǓșș ǾƺǏǓ ȅΚǓȖ ȠǦǓ ǹƺșȠ ǏǓǉƺǏǓș Ǧƺș ǓǿșȣȖǓǏ ȠǦƺȠ ȠǦǓ ȅȣȠǹȅȅǷ ǟȅȖ ǉƺǿǉǓȖ ȒƺȠǩǓǿȠș ǩș ǈȖǩǠǦȠǓȖ ȠȅǏƺΡ ȠǦƺǿ ǩȠ

ǓΚǓȖ Ǧƺș ǈǓǓǿঀ �ǿǏ ΛǦǩǹǓ ΛǓ ƺȖǓ ǟƺȖ ǟȖȅǾ ȒȅșșǓșșǩǿǠ ƺ ǉȣȖǓ ǟȅȖ ƺǹǹ ǷǩǿǏș ȅǟ ǉƺǿǉǓȖॹ ƺȠ ȠǦǓ șƺǾǓ ȠǩǾǓ ΛǓ ƺȖǓ

ǉǹȅșǓȖ Ƞȅ ȠǦǩș Ǡȅƺǹ ȠǦƺǿ ǓΚǓȖ ǈǓǟȅȖǓঀ �ƺǿǉǓȖ Ǧƺș ǈǓǓǿ ǉƺǹǹǓǏ ȠǦǓ �ǾȒǓȖȅȖ ȅǟ �ǹǹ EƺǹƺǏǩǓșॹ ƺ ȠȖǩǈȣȠǓ Ƞȅ ǩȠș ǓΚǓȖে

ǉǦƺǿǠǩǿǠ ǿƺȠȣȖǓॹ ǓΚǓȖেƺǏƺȒȠǩǿǠ șȠȖƺȠǓǠǩǓșॹ ȖǓǹǓǿȠǹǓșș ΛƺȖǟƺȖǓঀ ࢲ eǦǓ ǠǓǿǓȠǩǉ ǏǩΚǓȖșǩȠΡ ȅǟ ǉƺǿǉǓȖ ǩș ǉȅȣǿȠǓȖǓǏ ΛǩȠǦ

ƺǿ ǓǿșǓǾǈǹǓ ȅǟ ȠȖǓƺȠǾǓǿȠ ǾȅǏƺǹǩȠǩǓșॹ ǩǿǉǹȣǏǩǿǠ șȣȖǠǓȖΡॹ ǉǦǓǾȅȠǦǓȖƺȒΡ ে ƺǿǏ ȖƺǏǩƺȠǩȅǿ ȠǦǓȖƺȒΡঀ

[ƺǏǩƺȠǩȅǿ Ǧƺș ȠǦǓ ȒȅȠǓǿȠǩƺǹ Ƞȅ ǉǦǓǾǩǉƺǹǹΡ ǈȖǓƺǷ ǈȅǿǏș ǩǿ ƺ ǉǓǹǹș �F� ȠǦȖȅȣǠǦ ȠǦǓ ǉȖǓƺȠǩȅǿ ȅǟ ǦǩǠǦǹΡ ȖǓƺǉȠǩΚǓ

ȖƺǏǩǉƺǹș ǩǿ ȠǦǓ ǩǿȠȖƺǉǓǹǹȣǹƺȖ ǾƺȠǓȖǩƺǹঀ eǦǓ ǉǓǹǹ Λǩǹǹ ǹȅșǓ ȠǦǓ ƺǈǩǹǩȠΡ Ƞȅ ȖǓȒȖȅǏȣǉǓॹ ΛǦǩǉǦ ǓΚǓǿȠȣƺǹǹΡ ȖǓșȣǹȠș ǩǿ ǉǓǹǹ

ǏǓƺȠǦঀࢳ �ș ȠǦǩș ƺАǓǉȠș ƺǹǹ ǉǓǹǹșॹ ȠǦǓ ƺȖȠ ȅǟ ȖƺǏǩƺȠǩȅǿ ȠǦǓȖƺȒΡ ǹǩǓș ǩǿ ȠǦǓ ǈƺǹƺǿǉǓ ǈǓȠΛǓǓǿ ȠȣǾȅȖ ǉȅǿȠȖȅǹ ƺǿǏ ǩǿǴȣȖΡ

Ƞȅ ǿȅȖǾƺǹ ȠǩșșȣǓঀ EƺǿΡॹ ǩǟ ǿȅȠ ǾȅșȠॹ ȠǓǉǦǿȅǹȅǠǩǉƺǹ ǏǓΚǓǹȅȒǾǓǿȠș ǩǿ ȠǦǓ ЙǓǹǏ ƺȖǓ ǏȖǩΚǓǿ ǈΡ ȠǦǓ ǏǓșǩȖǓ Ƞȅ ȖǓǏȣǉǓ

ȠǦǓ ȖƺǏǩƺȠǩȅǿেǩǿǏȣǉǓǏ ǾȅȖǈǩǏǩȠΡঀ 2ǟ șȣǉǉǓșșǟȣǹॹ ȠǦǩș ΛȅȣǹǏ ƺǹǹȅΛ ƺǿ ǓșǉƺǹƺȠǩȅǿ ȅǟ ȠǦǓ ǏȅșǓ Ƞȅ ȠǦǓ ȠȣǾȅȖ ƺǿǏ

ȠǦǓȖǓǈΡ ƺǿ ǩǿǉȖǓƺșǓ ǩǿ ȠȣǾȅȖ ǉȅǿȠȖȅǹ ȒȖȅǈƺǈǩǹǩȠΡঀ ࢴ

eǦǓ ЙȖșȠ ƺȒȒǹǩǉƺȠǩȅǿ ȅǟ ΠেȖƺΡș ǟȅȖ ǉƺǿǉǓȖ ȠȖǓƺȠǾǓǿȠ ȠȅȅǷ ȒǹƺǉǓ ǾǓȖǓ ǾȅǿȠǦș ƺǟȠǓȖ ȠǦǓǩȖ ǏǩșǉȅΚǓȖΡ ǈΡ [ȉǿȠে

ǠǓǿ ǩǿ ঀࢶࢺࢹࢲ �ǉǉȅȖǏǩǿǠ Ƞȅ ǦǩșȠȅȖǩǉƺǹ șȅȣȖǉǓșॹ ȠǦǓ ǓȕȣǩȒǾǓǿȠ ǩǿǉǹȣǏǓǏ șǦǓǓȠ ǹǓƺǏ ǟȖȅǾ ƺ �ǦǩǿǓșǓ ȠǓƺ ǉǦǓșȠ Ƞȅ

ȒȖȅȠǓǉȠ ȠǦǓ ǦǓƺǹȠǦΡ ȠǩșșȣǓঀ ࢵ KΚǓȖ ȠǦǓ ǏǓǉƺǏǓșॹ ȠǦǓ ȠǓǉǦǿȅǹȅǠǩǉƺǹ ƺǏΚƺǿǉǓș ǩǿ ȠǦǓ ЙǓǹǏ ǦƺΚǓ ǈǓǓǿ ǓǿȅȖǾȅȣșঀ eȅে

ǏƺΡॹ ǾȅșȠ ȖƺǏǩƺȠǩȅǿ ȠǦǓȖƺȒΡ ȠȖǓƺȠǾǓǿȠș ȣșǓ ǦǩǠǦেǓǿǓȖǠΡ ȒǦȅȠȅǿș ǏǓǹǩΚǓȖǓǏ ǈΡ ƺ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖঀ eǦǓ ǈǓƺǾ

ࢲ



ȕȣƺǹǩȠΡॹ ǈǓƺǾ ǏǩȖǓǉȠǩȅǿșॹ șǦƺȒǓ ƺǿǏ ǩǿȠǓǿșǩȠΡ ȒȖȅЙǹǓș ȅǟ ȠǦǓ ȠȖǓƺȠǾǓǿȠ ЙǓǹǏș ƺȖǓ ǈƺșǓǏ ȅǿ �ࢴ ǉȅǾȒȣȠǓǏ ȠȅǾȅǠে

ȖƺȒǦΡ শ�eষ ǩǾƺǠǓșॹ ȒȅșșǩǈǹΡ șȣȒȒǹǓǾǓǿȠǓǏ ǈΡ ȅȠǦǓȖ ǩǾƺǠǩǿǠ ǾȅǏƺǹǩȠǩǓșঀ KȖǠƺǿș ƺȠ ȖǩșǷ ǩǿ ȒȖȅΠǩǾǩȠΡ Ƞȅ ȠǦǓ

ȠȣǾȅȖ ƺȖǓ șǦǩǓǹǏǓǏ ΛǩȠǦ șȣǈেǾǩǹǹǩǾǓȠǓȖ ƺǉǉȣȖƺǉΡ ȣșǩǿǠ ǾȣǹȠǩǹǓƺǟ ǉȅǹǹǩǾƺȠȅȖș শE@�ষঀ EȅǏǓȖǿ ƺǉǉǓǹǓȖƺȠȅȖș ǉƺǿ

ȒȖȅǏȣǉǓ ƺ ǦǩǠǦেǩǿȠǓǿșǩȠΡ ȅȣȠȒȣȠ শ''' ǈǓƺǾষॹ ΛǦǩǉǦ ȖǓǏȣǉǓș ǈǓƺǾেȅǿ ȠǩǾǓ ƺǿǏ ȠǦǓȖǓǈΡ ǩǿȠȖƺেǟȖƺǉȠǩȅǿƺǹ ȅȖǠƺǿ

ǾȅȠǩȅǿঀ eǦǓǿ ȠǦǓȖǓ ΛǓȖǓ ǩǾȒȅȖȠƺǿȠ ǏǓΚǓǹȅȒǾǓǿȠș ȅǿ ȠǦǓ șȅǟȠΛƺȖǓ șǩǏǓॹ șȣǉǦ ƺș ȅȒȠǩǾǩΦƺȠǩȅǿ ƺǹǠȅȖǩȠǦǾș ǟȅȖ

ǩǿȠǓǿșǩȠΡেǾȅǏȣǹƺȠǓǏ ȠǓǉǦǿǩȕȣǓș শ2E[e ƺǿǏ tE�eষ ȅȖ ǾȅȖǓ ȖǓǉǓǿȠǹΡ ȠǦǓ ǩǿȠȖȅǏȣǉȠǩȅǿ ȅǟEȅǿȠǓ �ƺȖǹȅ ǈƺșǓǏ

ǏȅșǓ ǉƺǹǉȣǹƺȠǩȅǿঀ

�Ȗȣǉǩƺǹ ǩǿ ȠǓȖǾș ȅǟ ǿȅȖǾƺǹ ȠǩșșȣǓ șȒƺȖǩǿǠ ƺș ΛǓǹǹ ƺș ȠȣǾȅȖ ǉȅǿȠȖȅǹ Λƺș ȠǦǓ ǩǿȠȖȅǏȣǉȠǩȅǿ ȅǟ ΚƺȖǩȅȣș ǩǾƺǠǩǿǠ

ȠǓǉǦǿǩȕȣǓș ǩǿȠȅ ȠǦǓ ȖƺǏǩƺȠǩȅǿ ȠǦǓȖƺȒΡ ȒȖȅǉǓșș শǩǾƺǠǓেǠȣǩǏǓǏ ȖƺǏǩƺȠǩȅǿ ȠǦǓȖƺȒΡॹ 2([eষঀࢶ �Ƞ ȠǦǓ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖে

ƺȠȅȖॹ ǩǾƺǠǩǿǠ ǩș ȣșǓǏ Ƞȅ ȒȅșǩȠǩȅǿ ȠǦǓ ȒƺȠǩǓǿȠ ΛǩȠǦ ȖǓșȒǓǉȠ Ƞȅ ȠǦǓ ǩǿǉȅǾǩǿǠ ǈǓƺǾ Ƞȅ ǾǩǾǩǉ ȠǦǓ ǩǿǩȠǩƺǹ �e șǉƺǿঀ

eǦǓ ǓΠȒǓǉȠǓǏ ȖǓșǩǏȣƺǹ șǓȠȣȒ ǓȖȖȅȖ ǩș ǉȅǾȒǓǿșƺȠǓǏ ǏȣȖǩǿǠ ȠȖǓƺȠǾǓǿȠ ȒǹƺǿǿǩǿǠ ǈΡ ƺ șǓȠȣȒ ǾƺȖǠǩǿ ƺȖȅȣǿǏ ȠǦǓ

ǏǓǹǩǿǓƺȠǓǏ ǉǹǩǿǩǉƺǹ ȠȣǾȅȖ ΚȅǹȣǾǓঀ 2ǟ ȠǦǓ ȒȅșǩȠǩȅǿǩǿǠ ƺǉǉȣȖƺǉΡ ǩǿǉȖǓƺșǓșॹ ȠǦǓ șƺǟǓȠΡ ǾƺȖǠǩǿ ǉƺǿ ǈǓ ȖǓǏȣǉǓǏ ƺǿǏ

ǿȅȖǾƺǹ ȠǩșșȣǓ ǉƺǿ ǈǓ șȒƺȖǓǏঀ

eǦǓ ǓƺȖǹǩǓșȠ ǟȅȖǾ ȅǟ ǩǾƺǠǓ ǠȣǩǏƺǿǉǓ ƺȠ ȠǦǓ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖॹ ΡǓȠ șȠǩǹǹ ǩǿ ȣșǓॹ ǩș ȒȅȖȠƺǹ ǩǾƺǠǩǿǠঀ 2Ƞ ȣșǓș ȠǦǓ

ȠȖǓƺȠǾǓǿȠ ǈǓƺǾ ƺș ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓ Ƞȅ ƺǉȕȣǩȖǓ ƺ ǾǓǠƺΚȅǹȠƺǠǓ শEtষ ǩǾƺǠǓ ȅǟ ȠǦǓ ȒƺȠǩǓǿȠ ƺǿƺȠȅǾΡ ƺǿǏ ǉȅǾȒƺȖǓ

ǩȠ ΛǩȠǦ ȠǦǓ ƺǿƺȠȅǾΡ ȣșǓǏ ǟȅȖ ȠȖǓƺȠǾǓǿȠ ȒǹƺǿǿǩǿǠঀ eǦǓ Et ȖƺǏǩƺȠǩȅǿ Λƺș ȅȖǩǠǩǿƺǹǹΡ ȖǓǉȅȖǏǓǏ ΛǩȠǦ ǩǿǏȣșȠȖǩƺǹ

ΠেȖƺΡ ЙǹǾșॹ ΛǦǩǉǦ ΛǓȖǓ ǹƺȠǓȖ ȖǓȒǹƺǉǓǏ ǈΡ ǓǹǓǉȠȖȅǿǩǉ ȒȅȖȠƺǹ ǩǾƺǠǩǿǠ ǏǓΚǩǉǓș শ�X2�ষॹ ǿȅΛƺǏƺΡș ǩǿ ȠǦǓ ǟȅȖǾ ȅǟ

ƺǾȅȖȒǦȅȣș șǩǹǩǉȅǿ МƺȠ ȒƺǿǓǹ ǏǓȠǓǉȠȅȖșঀ

�ǹȠǦȅȣǠǦ ǾȅǏǓȖǿ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖș ƺȖǓ ȠΡȒǩǉƺǹǹΡ ǓȕȣǩȒȒǓǏ ΛǩȠǦ ƺǿ ƺǏǏǩȠǩȅǿƺǹ ǠƺǿȠȖΡেǾȅȣǿȠǓǏ ǷǩǹȅΚȅǹȠে

ƺǠǓ শǷtষ ǩǾƺǠǩǿǠ șΡșȠǓǾॹ ΛǦǩǉǦ ƺǹǹȅΛș ǟȅȖ ǦǩǠǦǓȖ șȅǟȠেȠǩșșȣǓ ǉȅǿȠȖƺșȠ ΛǦǩǹǓ ȖǓǏȣǉǩǿǠ ȠǦǓ ǩǾƺǠǩǿǠ ǏȅșǓॹ ȒȅȖȠƺǹ

ǩǾƺǠǩǿǠ ǩș șȠǩǹǹ ȣșǓǏ Ƞȅ ǾƺȠǉǦ ǈȅǿΡ ƺǿƺȠȅǾΡ ƺǿǏ Ƞȅ ȒȖȅΚǩǏǓ ǩǿȠȖƺেǟȖƺǉȠǩȅǿƺǹ МȣȅȖȅșǉȅȒǩǉ ǩǾƺǠǓș ǏȣȖǩǿǠ șȒǓǉǩƺǹ

ȠǓǉǦǿǩȕȣǓș șȣǉǦ ƺș ȖǓșȒǩȖƺȠȅȖΡেǠƺȠǓǏ ƺǿǏ șȠǓȖǓȅȠƺǉȠǩǉ ȖƺǏǩȅȠǦǓȖƺȒΡঀࢷ 2ǿ ƺǏǏǩȠǩȅǿॹ ȠǦǓ ǩǿȠȖȅǏȣǉȠǩȅǿ ȅǟ ǉȅǾȒǹǓΠ

ǩǿȠǓǿșǩȠΡেǾȅǏȣǹƺȠǓǏ ȠȖǓƺȠǾǓǿȠ ЙǓǹǏș Ǧƺș ǟȅȣǿǏ ȠǦǓ Et ǏǓȠǓǉȠȅȖ ΛǩȠǦ ǩȠș ǦǩǠǦ șȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿ ƺǿǏ ǏȅșǓ ǹǩǿে

ǓƺȖǩȠΡ Ƞȅ ǈǓ ȠǦǓ ȒǓȖǟǓǉȠ Ƞȅȅǹ ǟȅȖ ȒȖǓেȠȖǓƺȠǾǓǿȠ ȕȣƺǹǩȠΡ ƺșșȣȖƺǿǉǓॹ șȣǉǦ ƺș ǉǦǓǉǷǩǿǠE@� ȒȅșǩȠǩȅǿș ƺǿǏ ȠǦǓ ǹǩǿǓƺȖ

ƺǉǉǓǹǓȖƺȠȅȖ ȅȣȠȒȣȠ শȒȅȖȠƺǹ ǏȅșǩǾǓȠȖΡষঀ ࢸ

eǦǓ ȕȣƺǹǩȠΡ ȅǟ ƺǿΡ ǾǓǏǩǉƺǹ ǩǾƺǠǩǿǠ șΡșȠǓǾ ǩș ǏǓȠǓȖǾǩǿǓǏ ǈΡ ǦȅΛ ΛǓǹǹ ǩȠ ȠȖƺǿșǟǓȖș ǏǩƺǠǿȅșȠǩǉƺǹǹΡ ǩǾȒȅȖȠƺǿȠ

ǩǿǟȅȖǾƺȠǩȅǿঀ 2ǿ ȠǓȖǾș ȅǟ șȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿॹ ȠǦǓ ȒǓȖǟȅȖǾƺǿǉǓ ȅǟ ƺ șΡșȠǓǾ ǉƺǿ ǈǓ ȅǈǴǓǉȠǩΚǓǹΡ ǏǓșǉȖǩǈǓǏ ǈΡ ȠǦǓ

ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿॹ ΛǦǩǉǦ șȒǓǉǩЙǓș ȠǦǓ ȠȖƺǿșǟǓȖ ȅǟ ǩǾƺǠǓ șȠȖȣǉȠȣȖǓș ƺș ƺ ǟȣǿǉȠǩȅǿ ȅǟ ȠǦǓǩȖ șȒƺȠǩƺǹ ǟȖǓে

ȕȣǓǿǉΡ ǉȅǾȒȅǿǓǿȠșঀ eǦǓȖǓ Ǧƺș ǿǓΚǓȖ ǈǓǓǿ ǾȣǉǦ ǩǿΚǓșȠǩǠƺȠǩȅǿ ǩǿȠȅ ȠǦǓ ǩǾƺǠǓ ȕȣƺǹǩȠΡ ȅǟ Et șΡșȠǓǾșॹ ȒȖǓșȣǾে

ƺǈǹΡ ƺș ȠǦǓΡ ƺȖǓ ǈƺșǓǏ ǩǿ ƺ ȠǦǓȖƺȒǓȣȠǩǉॹ ȖƺȠǦǓȖ ȠǦƺǿ ǏǩƺǠǿȅșȠǩǉ ǉȅǿȠǓΠȠঀ 'ȅȖ ǾǓƺșȣȖǓǾǓǿȠș ȅǟ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ

ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿॹ ǓΠǩșȠǩǿǠ ȠǓǉǦǿǩȕȣǓș ǟȅȖ Ƿt șΡșȠǓǾș ΛǓȖǓ ƺǏƺȒȠǓǏ ǟȅȖ ȣșǓ ΛǩȠǦEt ȖƺǏǩƺȠǩȅǿঀ eǦǩș ǩș ǠǓǿǓȖƺǹǹΡ

ƺ șȅȣǿǏ ƺȒȒȖȅƺǉǦॹ ƺș ȠǦǓ ȣǿǏǓȖǹΡǩǿǠ ȒǦΡșǩǉƺǹ ǉȅǿǉǓȒȠș ƺȖǓ ȠǦǓ șƺǾǓঀ /ȅΛǓΚǓȖॹ ȠǦǓ ǩǾȒƺǉȠ ȅǟ ǈǓƺǾ ȕȣƺǹǩȠΡ ȅǿ

ȠǦǓ ǩǾƺǠǩǿǠ ȒȖȅǉǓșș ǾȣșȠ ǈǓ ȣǿǏǓȖșȠȅȅǏ Ƞȅ ǓǿșȣȖǓ ƺǿ ƺǉǉȣȖƺȠǓ ȖǓșȣǹȠঀ

ࢳ



eǦǩș ȠǦǓșǩș ǏǩșǉȣșșǓș ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ȅǟ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ƺȠ Et ǓǿǓȖǠǩǓș ȣșǩǿǠ ƺǿ ǓǏǠǓ

ȒǦƺǿȠȅǾঀ 2Ƞ ǏǓǾȅǿșȠȖƺȠǓș ȠǦǓ ǉǦƺǹǹǓǿǠǓș ǩǾȒȅșǓǏ ǈΡ ȠǦǓ ǈǓƺǾ ȕȣƺǹǩȠΡ ƺǿǏ ȅȣȠǹǩǿǓș ƺ ǾǓȠǦȅǏ Ƞȅ ȕȣƺǿȠǩǟΡ ȠǦǓ

șΡșȠǓǾƺȠǩǉ ǾǓƺșȣȖǓǾǓǿȠ ǓȖȖȅȖ ƺȖǩșǩǿǠ ǟȖȅǾ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿঀ 2Ƞ ǏǩșǉȣșșǓș ȠǦǓ ȣǿǏǓȖǹΡǩǿǠ ǉƺȣșǓș ȅǟ ȠǦǓ șΡșে

ȠǓǾƺȠǩǉ ǓȖȖȅȖ ƺǿǏ ȒȖȅȒȅșǓș ǓǏǠǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿș ǟȅȖ ǾǓƺșȣȖǓǾǓǿȠș ΛǩȠǦ ǦǩǠǦ ƺǉǉȣȖƺǉΡঀ

ࢴ



ࢵ



2
eǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ

�ԝ ԝӢӒ ӢӒҺԒԝ ԃӜ ӥӻҺӝӥӼӝৱ ȠǦǓȖǓ ǩș ȠǦǓ ǉȅǿȠȖƺșȠঀ 2ǿ ƺ șȕȣƺȖǓ ΛƺΚǓ ǠȖƺȠǩǿǠ ǟȅȖ ǏǩƺǠǿȅșȠǩǉ ΠেȖƺΡ șΡșȠǓǾș

শ'ǩǠঀ ষॹࢲঀࢳ ȠǦǓ ǉȅǿȠȖƺșȠ ǩș ȒȖȅΚǩǏǓǏ ǈΡ ȠǦǓ ǏǩАǓȖǓǿǉǓ ǩǿ ΠেȖƺΡ ǩǿȠǓȖƺǉȠǩȅǿ ǈǓȠΛǓǓǿ ȠǦǓ ǹǓƺǏ ǟȅǩǹ ƺǿǏ ȠǦǓ șȣȖȖȅȣǿǏে

ǩǿǠ XEE�ঀ vǦǓȖǓ ȠǦǓ ǹǓƺǏ ǟȅǩǹ ǩș ȒȖǓșǓǿȠॹ ȠǦǓ ΠেȖƺΡ ƺȠȠǓǿȣƺȠǩȅǿ ǩș ǦǩǠǦǓȖॹ ΛǦǩǉǦ ǩș ǏǓȒǩǉȠǓǏ ǈΡ ǦǩǠǦǓȖ ǠȖǓΡ

ΚƺǹȣǓș ǩǿ ȠǦǓ ǩǾƺǠǓঀ eǦǓ ǩǿǦǓȖǓǿȠ ȤǧȓǲǨȿ ǨȤȞȿȵǙȸȿ ǩș ǈƺșǓǏ ȅǿ ȠǦǓ ȒǦΡșǩǉƺǹ ȒȖȅȒǓȖȠǩǓș ȅǟ ȠǦǓ ǾƺȠǓȖǩƺǹ ǩǿ ǉȅǾǈǩǿƺে

Ƞǩȅǿ ΛǩȠǦ ȠǦǓ ǉǦƺȖƺǉȠǓȖǩșȠǩǉș ȅǟ ȠǦǓ ΠেȖƺΡ ǈǓƺǾঀ �ƺșǓǏ ȅǿ ȠǦǓ ǾƺΠǩǾȣǾ ƺǿǏ ǾǩǿǩǾȣǾ ȒǦȅȠȅǿ МȣǓǿǉǓ ΛǦǩǉǦ

ǓΠǩȠș ȠǦǓ ȅǈǴǓǉȠ ǩǿ ƺ ȖǓǠǩȅǿ ȅǟ ǩǿȠǓȖǓșȠ শ2ȝǙͦ ƺǿǏ 2ȝȈȞষॹ ȠǦǓ ǉȅǿȠȖƺșȠ ǉƺǿ ǈǓ ǾƺȠǦǓǾƺȠǩǉƺǹǹΡ ǓΠȒȖǓșșǓǏ ƺș

� =
2ȝǙͦ − 2ȝȈȞ

2ȝǙͦ + 2ȝȈȞ
. শࢳঀࢲষ

eǦǩș ǏǓЙǿǩȠǩȅǿ ǩș ƺǹșȅ ǷǿȅΛǿ ƺșEǩǉǦǓǹșȅǿ ǉȅǿȠȖƺșȠ ȅȖ ǉȅǿȠȖƺșȠ ǾȅǏȣǹƺȠǩȅǿঀࢹ 2Ƞ ǉƺǿ ǓȕȣƺǹǹΡ ǈǓ ȣșǓǏ Ƞȅ ǉƺǹǉȣǹƺȠǓ

ȠǦǓ ȈȝǙǿǲ ǨȤȞȿȵǙȸȿॹ ǩǿ ȠǦǩș ǉƺșǓ ǈƺșǓǏ ȅǿ ȠǦǓ ǾƺΠǩǾȣǾ ƺǿǏ ǾǩǿǩǾȣǾ ǩǾƺǠǓ ǩǿȠǓǿșǩȠΡঀ eǦǓ ȒǓȖǟȅȖǾƺǿǉǓ ȅǟ ƺǿ

ǩǾƺǠǩǿǠ șΡșȠǓǾ ǩș ǏǓȠǓȖǾǩǿǓǏ ǈΡ ǦȅΛ ƺǉǉȣȖƺȠǓǹΡ ǩȠ ǩș ƺǈǹǓ Ƞȅ ȖǓȒȖȅǏȣǉǓ ȠǦǓ ȅǈǴǓǉȠॹ ǩঀǓঀ Ƞȅ ȠȖƺǿșǟǓȖ ȠǦǓ ȅǈǴǓǉȠ

ǉȅǿȠȖƺșȠ ǩǿȠȅ ƺǿ ǩǾƺǠǓ ǉȅǿȠȖƺșȠঀ

eǦǓȖǓ ƺȖǓ ƺ ǏƺΦΦǹǩǿǠ ǿȣǾǈǓȖ ȅǟ ǾǓȠȖǩǉș Ƞȅ ȕȣƺǿȠǩǟΡ ǩǾƺǠǓ ȕȣƺǹǩȠΡॹ ǈȣȠ ǩǿ ǓșșǓǿǉǓ ȠǦǓȖǓ ƺȖǓ ȠΛȅǾƺǩǿ ǉȣǹȒȖǩȠșॹ

ǿȅǩșǓ ƺǿǏ șȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿॹ ƺǿǏ ȠǦǓΡ ǈȅȠǦ ΛȅȖǷ ǈΡ ǏǓǉȖǓƺșǩǿǠ ȠǦǓ ǉȅǿȠȖƺșȠ ȅǿ ȠǦǓ ΛƺΡ ǟȖȅǾ ȅǈǴǓǉȠ Ƞȅ ǩǾƺǠǓঀ

FȅǩșǓ ƺǏǏș ȖƺǿǏȅǾ МȣǉȠȣƺȠǩȅǿș Ƞȅ ȠǦǓ ȒȖǩǾƺȖΡ șǩǠǿƺǹॹ ǩǿǉȖǓƺșǩǿǠ ǈȅȠǦ 2ȝǙͦ ƺǿǏ 2ȝȈȞॹ ΛǦǩǉǦ ǓАǓǉȠǩΚǓǹΡ ǏǩǾǩǿে

ࢶ



)LJXUH ���� 5DGLRJUDSK RI D VTXDUH ZDYH JUDWLQJ�
FRQVLVWLQJ RI 300$ DQG DQ LQODLG OHDG IRLO� 7KH
OLPLWLQJ UHVROXWLRQ PDUNV WKH KLJKHVW VSDWLDO IUHTXHQF\
WKDW FDQ EH UHVROYHG E\ WKH REVHUYHU�

ǩșǦǓș ȠǦǓ ǩǾƺǠǓ ǉȅǿȠȖƺșȠঀ vǦǓǿ șȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿ ǩș ǹȅΛॹ ȒǦȅȠȅǿș ǟȖȅǾ ȅǈǴǓǉȠ ƺȖǓƺș ȅǟ ǦǩǠǦ ƺǿǏ ǹȅΛ ƺȠȠǓǿȣƺȠǩȅǿ

ƺȖǓ ǾƺȒȒǓǏ ȅǿȠȅ ȠǦǓ șƺǾǓ ǏǓȠǓǉȠȅȖ ƺȖǓƺঀ 2ȝǙͦ ƺǿǏ 2ȝȈȞ ǉȅǿΚǓȖǠǓॹ ǓȕȣƺǹǹΡ ǏǩǾǩǿǩșǦǩǿǠ ȠǦǓ ǉȅǿȠȖƺșȠঀ eǦǓ ǩǾȒƺǉȠ

ȅǟ șȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿ ǏǓȒǓǿǏș ȅǿ ȠǦǓ șǩΦǓ ȅǟ ȠǦǓ ǩǾƺǠǓ ǏǓȠƺǩǹ ǩǿ ȕȣǓșȠǩȅǿঀ �ȖȅƺǏ ǹǩǿǓș ǩǿ ƺ șȕȣƺȖǓ ΛƺΚǓ ǠȖƺȠǩǿǠ

ƺȖǓ ǓƺșǩǹΡ ǏǩșȠǩǿǠȣǩșǦƺǈǹǓঀ �ș ȠǦǓ ǹǩǿǓș ǏȖƺΛ ǉǹȅșǓȖ ȠȅǠǓȠǦǓȖॹ ƺǹǹ ȠǦƺȠ ȖǓǾƺǩǿș ǩǿ ȠǦǓ ǩǾƺǠǓ ƺȖǓ ǩǿǏǩșȠǩǿǠȣǩșǦƺǈǹǓ

șǦƺǏǓș ȅǟ ǠȖƺΡঀ eǦǩș ǩș ƺǿ ȅǈΚǩȅȣș ǓΠƺǾȒǹǓ Ƞȅ ǩǹǹȣșȠȖƺȠǓ ȠǦƺȠ ȠǦǓ ȒǓȖǟȅȖǾƺǿǉǓ ȅǟ ƺǿ ǩǾƺǠǩǿǠ șΡșȠǓǾ ǾȣșȠ ǈǓ

șȒǓǉǩЙǓǏ ƺș ƺ ǟȣǿǉȠǩȅǿ ȅǟ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡঀ

[ȅȣȠǩǿǓ ȠǓșȠș ȣșǓǏ ǟȅȖ ȕȣƺǹǩȠΡ ƺșșȣȖƺǿǉǓ ǓǾȒǹȅΡ șȕȣƺȖǓ ΛƺΚǓ ǠȖƺȠǩǿǠș Ƞȅ ǏǓȠǓȖǾǩǿǓ ȠǦǓ ǹǩǾǩȠǩǿǠ ȖǓșȅǹȣȠǩȅǿ ȅǟ

ȠǦǓ șΡșȠǓǾॹ ǩঀǓঀ ȠǦǓ ǦǩǠǦǓșȠ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ȒȖǓșǓǿȠ ǩǿ ȠǦǓ ǠȖƺȠǩǿǠ ȠǦƺȠ ǉƺǿ șȠǩǹǹ ǈǓ ȖǓșȅǹΚǓǏ ǈΡ ƺ ǦȣǾƺǿ ȅǈșǓȖΚǓȖঀ

^ǩǾǩǹƺȖǹΡॹ ǿȅǩșǓ ƺșșǓșșǾǓǿȠ ǩș ǉȅǿǏȣǉȠǓǏ ǈΡ ȠǦǓ șǩǾȒǹǓǾǓȠȖǩǉ ȅǟ ȠǦǓ șǩǠǿƺǹেȠȅেǿȅǩșǓ ȖƺȠǩȅ শ^F[ষॹ ΛǦǩǉǦ ȠȖƺǉǷș ǈΡ

ǦȅΛǾȣǉǦ ȠǦǓ ȣșǓǟȣǹ șǩǠǿƺǹ șȣȖȒƺșșǓș ȠǦǓ ǈƺǉǷǠȖȅȣǿǏ ǿȅǩșǓঀ �ȅȠǦ ȠǦǓ ^F[ ƺǿǏ ȠǦǓ ǹǩǾǩȠǩǿǠ ȖǓșȅǹȣȠǩȅǿ ȖǓǏȣǉǓ

ȠǦǓ șΡșȠǓǾঢ়ș ȒǓȖǟȅȖǾƺǿǉǓ Ƞȅ ƺ șǩǿǠǹǓ ǿȣǾǈǓȖঀ � ǾȅȖǓ ǏǓȠƺǩǹǓǏ ǏǓșǉȖǩȒȠǩȅǿ ǉƺǿ ǈǓ ƺǉǦǩǓΚǓǏ ǈΡ ǏǓșǉȖǩǈǩǿǠ ȠǦǓ

șΡșȠǓǾ ǉǦƺȖƺǉȠǓȖǩșȠǩǉș ǩǿ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ǏȅǾƺǩǿঀ 'ȅȖ ǿȅǩșǓॹ ȠǦǩș ǩș ȠǦǓ ǿȅǩșǓ ȒȅΛǓȖ șȒǓǉȠȖȣǾ শFX^ষঀ 'ȅȖ

șȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿॹ ȠǦǩș ǩș ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ শEe'ষঀ

eǦǓ șȕȣƺȖǓ ΛƺΚǓ ǠȖƺȠǩǿǠ ǉƺǿ șǓȖΚǓ ƺș ƺǿ ǓΠƺǾȒǹǓ Ƞȅ ǩǹǹȣșȠȖƺȠǓ ȠǦǓEe' শ'ǩǠঀ ষঀࢳঀࢳ eǦǓ ǉȅǿȠȖƺșȠ ǩǿ ȠǦǓ ȅǈǴǓǉȠॹ

ǏǓЙǿǓǏ ǈΡ ȠǦǓǾƺΠǩǾȣǾ ƺǿǏǾǩǿǩǾȣǾ ǩǿȠǓǿșǩȠΡ ΚƺǹȣǓșॹ ǩș ǉȅǿșȠƺǿȠ ǟȅȖ ƺǹǹ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓșঀ 2ǿ ȠǦǓ ǩǾƺǠǓॹ ȠǦǓ

ǉȅǿȠȖƺșȠ ǏǓǉȖǓƺșǓș ΛǩȠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡঀ eǦǓ ȠȖƺǿșǟǓȖ ǟȖȅǾ ȅǈǴǓǉȠ Ƞȅ ǩǾƺǠǓ ǉȅǿȠȖƺșȠ ǩș ǏǓșǉȖǩǈǓǏ ǈΡ ȠǦǓ Ee'ঀ

�ǾȅǿǠșȠ ȅȠǦǓȖ ȠǦǩǿǠșॹ ȠǦǓ Ee' ǉƺǿ ǈǓ ȣșǓǏ Ƞȅ ȅǈǴǓǉȠǩΚǓǹΡ ǉȅǾȒƺȖǓ ǏǩАǓȖǓǿȠ ǩǾƺǠǩǿǠ șΡșȠǓǾș ǩǿ ȠǓȖǾș ȅǟ

șȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿঀ eΛȅ șΡșȠǓǾș ǾƺΡ ǦƺΚǓ Ǔȕȣƺǹ ǹǩǾǩȠǩǿǠ ȖǓșȅǹȣȠǩȅǿॹ ǩঀǓঀ ǟƺǹǹ ǈǓǹȅΛ ȠǦǓ ǿȅǩșǓেǓȕȣǩΚƺǹǓǿȠ ǾȅǏȣǹƺে

Ƞǩȅǿ শF�Eষ ƺȠ ȠǦǓ șƺǾǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡॹ ǈȣȠ ȒǓȖǟȅȖǾ ΚǓȖΡ ǏǩАǓȖǓǿȠ ǈǓǟȅȖǓ ȠǦǩș ȒȅǩǿȠঀ

eǦǓ ǉȅǿǉǓȒȠș ȅǟ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ƺǿƺǹΡșǩș ΛǓȖǓ ǏǓΚǓǹȅȒǓǏ ǩǿ ǓǹǓǉȠȖȅǿǩǉș ƺǿǏ ǉȅǾǾȣǿǩǉƺȠǩȅǿ ȠǦǓȅȖΡঀ �ǓǟȅȖǓ

ƺȒȒǹΡǩǿǠ ȠǦǓǾ ǩǿ ȠǦǓ ǉȅǿȠǓΠȠ ȅǟ ǉǹǩǿǩǉƺǹEt ǩǾƺǠǩǿǠ șΡșȠǓǾșॹ ȠǦǓǾƺȠǦǓǾƺȠǩǉƺǹ Ƞȅȅǹș ǟȅȖ ƺ 'ȅȣȖǩǓȖেǈƺșǓǏ ƺǿƺǹΡșǩș

ȅǟ ǩǾƺǠǓ ȖǓșȅǹȣȠǩȅǿ ƺȖǓ ǏǓșǉȖǩǈǓǏঀ eΛȅ ǉǦƺȖƺǉȠǓȖǩșȠǩǉș ƺȖǓ ȖǓȕȣǩȖǓǏ ǩǿ ȅȖǏǓȖ Ƞȅ ȒȖȅȒǓȖǹΡ ǏǓЙǿǓ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ

ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ǟȅȖ ƺ șΡșȠǓǾॸ ǹǩǿǓƺȖǩȠΡ ƺǿǏ șȒƺȠǩƺǹ ǩǿΚƺȖǩƺǿǉǓঀ

ࢷ



)LJXUH ���� ,QWHQVLW\ GLVWULEXWLRQ RI D VTXDUH ZDYH
REMHFW DQG LPDJH� 7KH PRGXODWLRQ WUDQVIHU IXQFWLRQ
GHVFULEHV WKH ORVV LQ FRQWUDVW GXULQJ WKH LPDJLQJ
SURFHVV DV D IXQFWLRQ RI VSDWLDO IUHTXHQF\�
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ौ৺ो @ӥӼӒҺԒ ԖԱԖԝӒӻԖ ԝӢӒԃԒԱ

� ȠΛȅেǏǩǾǓǿșǩȅǿƺǹ ȒǦΡșǩǉƺǹ șΡșȠǓǾॹ șȣǉǦ ƺș ƺǿ ǩǾƺǠǩǿǠ șΡșȠǓǾॹ ǉƺǿ ǈǓ ȖǓȒȖǓșǓǿȠǓǏ ǈΡ ƺǿ ȅȒǓȖƺȠȅȖ ^{}ॹ ΛǦǩǉǦ

ƺǉȠș ȅǿ ƺǿ ǩǿȒȣȠ ǟȣǿǉȠǩȅǿ Ǿ(ͦ, ͧ) Ƞȅ ȒȖȅǏȣǉǓ ƺǿ ȅȣȠȒȣȠ ǟȣǿǉȠǩȅǿ ǿ(ͦ, ͧ)ॸ ࢺ

ǿ(ͦ, ͧ) = ^{Ǿ(ͦ, ͧ)} শࢳঀࢳষ

eǦǓ ǩǿȒȣȠ ǟȣǿǉȠǩȅǿ Ǿ(ͦ, ͧ) ǉƺǿ ǈǓ ȠǦȅȣǠǦȠ ȅǟ ƺș ƺ ǹǩǿǓƺȖ ǉȅǾǈǩǿƺȠǩȅǿ ȅǟ ΛǓǩǠǦȠǓǏ ƺǿǏ ǏǩșȒǹƺǉǓǏ ǏǓǹȠƺ ǟȣǿǉȠǩȅǿș

Ǿ(ͦ, ͧ) =
∫ ∞

−∞

∫ ∞

−∞
Ǿ(ͦ′, ͧ′)ܳ(ͦ− ͦ′)ܳ(ͧ− ͧ′) Ǐͦ′ Ǐͧ′ শࢳঀࢴষ

ȣșǩǿǠ ȠǦǓ șǩǟȠǩǿǠ ȒȖȅȒǓȖȠΡ ȅǟ ȠǦǓ ǏǓǹȠƺ ǟȣǿǉȠǩȅǿঀ 2ǟ ȠǦǓ șΡșȠǓǾ ǈǓǦƺΚǓș ǹǩǿǓƺȖॹ șȣǉǦ ȠǦƺȠ

^{Ǚࣥ · Ǿࣥ(ͦ, ͧ) + Ǚࣦ · Ǿࣦ(ͦ, ͧ)} = Ǚࣥ · ^{Ǿࣥ(ͦ, ͧ)}+ Ǚࣦ · ^{Ǿࣦ(ͦ, ͧ)}, শࢳঀࢵষ

ȠǦǓ ǟȣǿǉȠǩȅǿƺǹǩȠΡ ȅǟ ȠǦǓ ȅȒǓȖƺȠȅȖ ^{} ǉƺǿ ǈǓ ΛȖǩȠȠǓǿ ƺș

ǿ(ͦ, ͧ) = ^
{∫ ∞

−∞

∫ ∞

−∞
Ǿ(ͦ′, ͧ′)ܳ(ͦ− ͦ′)ܳ(ͧ− ͧ′) Ǐͦ′ Ǐͧ′

}
শࢳঀࢶষ

=

∫ ∞

−∞

∫ ∞

−∞
Ǿ(ͦ′, ͧ′)^{ܳ(ͦ− ͦ′)ܳ(ͧ− ͧ′)} Ǐͦ′ Ǐͧ′ শࢳঀࢷষ

=

∫ ∞

−∞

∫ ∞

−∞
Ǿ(ͦ′)ȅ(ͦ, ͧ; ͦ′, ͧ′) Ǐͦ′ Ǐͧ′. শࢳঀࢸষ

eǦǓ ǓΠȒȖǓșșǩȅǿ ȅ(ͦ, ͧ; ͦ′, ͧ′) = ^{ܳ(ͦ− ͦ′)ܳ(ͧ− ͧ′)} ǩș ǉƺǹǹǓǏ ȠǦǓ ȈȝȱɂȘȸǲ ȵǲȸȱȤȞȸǲ ǾɂȞǨȿȈȤȞঀ ࢺ eǦǓ ǩǿȠǓǹǹǩǠǓǿǉǓ

ǏȖƺΛǿ ǟȖȅǾ �ȕঀ শࢳঀࢷষ ǩș ȠǦƺȠ ȠǦǓ șΡșȠǓǾ ǩș ǟȣǹǹΡ ǉǦƺȖƺǉȠǓȖǩΦǓǏ ǈΡ ǩȠș ȖǓșȒȅǿșǓ Ƞȅ ƺ ǏǓǹȠƺ ǟȣǿǉȠǩȅǿ ǩǿȒȣȠঀ

� ǹǩǿǓƺȖ șΡșȠǓǾ ǩș șƺǩǏ Ƞȅ ǈǓ șǦǩǟȠেǩǿΚƺȖǩƺǿȠ ǩǟ ȠǦǓ ǩǾȒȣǹșǓ ȖǓșȒȅǿșǓ ǟȣǿǉȠǩȅǿ ȅǿǹΡ ǏǓȒǓǿǏș ȅǿ ȠǦǓ ǏǩАǓȖǓǿǉǓ

ͦ − ͦ′ ȅȖ ͧ − ͧ′ ƺǿǏ ǿȅȠ ȅǿ ȠǦǓ ǩǿǏǩΚǩǏȣƺǹ ΚƺȖǩƺǈǹǓșॹ șȅ ȠǦƺȠ ȅ(ͦ, ͧ; ͦ′, ͧ′) = ȅ(ͦ − ͦ′, ͧ − ͧ′)ঀ �ȒȒǹǩǓǏ ǩǿ ȠǦǓ

ǉȅǿȠǓΠȠ ȅǟ ǩǾƺǠǩǿǠॹ ȠǦǓ șΡșȠǓǾ ǩș șǦǩǟȠেǩǿΚƺȖǩƺǿȠ ǩǟ ȠǦǓ ȖǓșȒȅǿșǓ Ƞȅ ƺ ȒȅǩǿȠ șȅȣȖǉǓ ȖǓǾƺǩǿș ȠǦǓ șƺǾǓॹ ȖǓǠƺȖǏǹǓșș

ȅǟ ȠǦǓ ȒȅșǩȠǩȅǿ ȅǟ ȠǦǓ ȒȅǩǿȠ șȅȣȖǉǓ ȖǓǹƺȠǩΚǓ Ƞȅ ȠǦǓ ǩǾƺǠǩǿǠ ȒǹƺǿǓঀ 2ǿ ȠǦǩș ǉƺșǓॹ �ȕঀ শࢳঀࢸষ ǉƺǿ ǈǓ ǩǏǓǿȠǩЙǓǏ ƺș ƺ

ǉȅǿΚȅǹȣȠǩȅǿ ǩǿȠǓǠȖƺǹ

ǿ(ͦ, ͧ) =
∫ ∞

−∞

∫ ∞

−∞
Ǿ(ͦ′, ͧ′)ȅ(ͦ− ͦ′, ͧ− ͧ′) Ǐͦ′ Ǐͧ′ = Ǿ(ͦ, ͧ) ! ȅ(ͦ, ͧ), শࢳঀࢹষ

ΛǦǓȖǓ ! ǏǓǿȅȠǓș ȠǦǓ ǉȅǿΚȅǹȣȠǩȅǿ ȅȒǓȖƺȠǩȅǿঀࢺ

2ǿ șΛǩȠǉǦǩǿǠ ǟȖȅǾ ȠǦǓ șȒƺȠǩƺǹ Ƞȅ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ǏȅǾƺǩǿॹ ǩঀǓঀ ǈΡ ƺȒȒǹΡǩǿǠ 'ȅȣȖǩǓȖ ȠȖƺǿșǟȅȖǾ ȠǓǉǦǿǩȕȣǓșॹ

ࢹ



ȠǦǓ ȒȖȅǉǓșș ȅǟ ǉȅǿΚȅǹȣȠǩȅǿ ǩǿ �ȕঀ শࢳঀࢹষ ǉƺǿ ǈǓ ȖǓȒǹƺǉǓǏ ǈΡ șȠȖƺǩǠǦȠǟȅȖΛƺȖǏ ǾȣǹȠǩȒǹǩǉƺȠǩȅǿॸ

F (ǿ(ͦ, ͧ)) = F (Ǿ(ͦ, ͧ) ! ȅ(ͦ, ͧ)) শࢳঀࢺষ

((ܽ, ܶ) = '(ܽ, ܶ) ·/(ܽ, ܶ). শࢳঀࢱࢲষ

'(ܽ, ܶ) ǏǓǿȅȠǓș ȠǦǓ ǩǿȒȣȠ șȒǓǉȠȖȣǾॹ ((ܽ, ܶ) ǏǓǿȅȠǓș ȠǦǓ ȅȣȠȒȣȠ șȒǓǉȠȖȣǾ ƺǿǏ/(ܽ, ܶ)ॹ ΛǦǩǉǦ ȖǓǹƺȠǓș ȠǦǓ ǩǿȒȣȠ

ƺǿǏȅȣȠȒȣȠ șȒǓǉȠȖƺॹ ǩș ǉƺǹǹǓǏ ƺ ȿȵǙȞȸǾǲȵ ǾɂȞǨȿȈȤȞঀ ࢺ eǦȅȣǠǦǿȅǿǓΛ ǩǿǟȅȖǾƺȠǩȅǿǦƺș ǈǓǓǿ ǠǓǿǓȖƺȠǓǏॹ ȠǦǓ șǩǾȒǹǩǉǩȠΡ

ȅǟ ǏǓșǉȖǩǈǩǿǠ ƺ ǹǩǿǓƺȖ ƺǿǏ șȒƺȠǩƺǹǹΡ ǩǿΚƺȖǩƺǿȠ শ@^2ষ șΡșȠǓǾ ȣșǩǿǠ �ȕঀ শࢳঀࢱࢲষ ǩș ƺȒȒǓƺǹǩǿǠঀ

2ǿ ȠǦǓ ǉƺșǓ ȅǟ ƺ ǏǩǠǩȠƺǹ ǩǾƺǠǩǿǠ șΡșȠǓǾ ΛǩȠǦ ƺ ȒǩΠǓǹƺȠǓǏ ǏǓȠǓǉȠȅȖ ƺȖȖƺΡॹ ȠǦǓ ǩǿȒȣȠ ǩș ǠǩΚǓǿ ǩǿ ȠǦǓ șƺǾȒǹǓǏ ƺǿǏ

ȠǦǓȖǓǟȅȖǓ ǏǩșǉȖǓȠǓ ȖǓȒȖǓșǓǿȠƺȠǩȅǿ ȅ(ͦ, ͧ)=̂ȅ(ȝ۹ͦ, Ȟ۹ͧ) =: ȅȝȞॹ ΛǩȠǦE×F șƺǾȒǹǓǏ ΚƺǹȣǓș ƺǿǏ ȠǦǓ șƺǾȒǹǩǿǠ

ǏǩșȠƺǿǉǓș ۹ͦ ƺǿǏ ۹ͧঀ eǦǓ ǏǩșǉȖǓȠǓ 'ȅȣȖǩǓȖ ȠȖƺǿșǟȅȖǾࢱࢲ ǉƺǿ ǈǓ ƺȒȒȖȅΠǩǾƺȠǓǏ ƺș

/ȖȘ =

∫ ∞

−∞

∫ ∞

−∞
ȅ(ͦ, ͧ)ǲ−Ȉࣦܿ(ܽȖͦ+ܶȘͧ)ǏͦǏͧ ≈

E−ࣥ∑

ȝ=ࣤ

F−∑ࣥ

Ȟ=ࣤ

ȅȝȞǲ−Ȉࣦܿ( Ȗȝ
E + ȘȞ

F ), শࢳঀࢲࢲষ

ΛǩȠǦ ȠǦǓ ǏǩșǉȖǓȠǓ ǟȖǓȕȣǓǿǉΡ ΚƺǹȣǓș

ܽȖ=̂
Ȗ

E۹ͦ
, Ȗ = ࣤ, ࣥ, ...,E, শࢳঀࢳࢲষ

ܶȘ=̂
Ș

F۹ͧ
, Ș = ࣤ, ࣥ, ...,F. শࢳঀࢴࢲষ

ࢺ



ौ৺ौ eӢӒ ӥӻҺӝӥӼӝ ԖԱԖԝӒӻ

eǦǓ ǉȅǿǉǓȒȠȣƺǹ ǉǦƺǿǠǓ ǟȖȅǾ ȠǦǓ șȒƺȠǩƺǹ Ƞȅ ȠǦǓ ǟȖǓȕȣǓǿǉΡ ǏȅǾƺǩǿ ǩș ƺ ȒȅΛǓȖǟȣǹ Ƞȅȅǹ Ƞȅ ǏǓșǉȖǩǈǓ ȠǦǓ ǩǿǦǓȖǓǿȠ

ǩǾƺǠǩǿǠ ȕȣƺǹǩȠΡ ȅǟ ƺ șΡșȠǓǾঀ �ȒȒǹǩǓǏ Ƞȅ ƺ ȠΛȅেǏǩǾǓǿșǩȅǿƺǹ ΠেȖƺΡ ǩǾƺǠǩǿǠ șΡșȠǓǾॹ ȠǦǓ ǩǿȒȣȠ ǉȅǿșǩșȠș ȅǟ ȠǦǓ

ȒǦȅȠȅǿ ǏǩșȠȖǩǈȣȠǩȅǿ ǉȖǓƺȠǓǏ ȠǦȖȅȣǠǦ ȒƺȖȠǩƺǹ ƺǈșȅȖȒȠǩȅǿ ȅǟ ΠেȖƺΡș ǈΡ ȠǦǓ ȅǈǴǓǉȠঀ 2ǿ ȠǦǩș ǉȅǿȠǓΠȠॹ ȠǦǓ ǩǾȒȣǹșǓ

ȖǓșȒȅǿșǓ ǟȣǿǉȠǩȅǿ ǩǿȠȖȅǏȣǉǓǏ ǩǿ �ȕঀ শࢳঀࢸষ ǩș ǾȅȖǓ ǉȅǾǾȅǿǹΡ ǷǿȅΛǿ ƺș ȠǦǓ ȱȤȈȞȿ ȸȱȵǲǙǮ ǾɂȞǨȿȈȤȞ শX^'ষঀ ࢲࢲ eǦǓ

ƺǈȅΚǓ ȖǓǹƺȠǩȅǿ �ȕঀ শࢳঀࢹষ ȠǦȣș șȠƺȠǓș ȠǦƺȠ ȠǦǓ Йǿƺǹ ǩǾƺǠǓ Ȉȝ(ͦ, ͧ) ǩș Ǔȕȣƺǹ Ƞȅ ȠǦǓ ǩǿȒȣȠ ǟȣǿǉȠǩȅǿ ǏǓșǉȖǩǈǩǿǠ ȠǦǓ

ȅǈǴǓǉȠ Ȥǧȓ(ͦ, ͧ)ॹ ǉȅǿΚȅǹȣȠǓǏ ΛǩȠǦ ȠǦǓ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿॸ

ǩǾ(ͦ, ͧ) = ȅǈǴ(ͦ, ͧ) ! X^'(ͦ, ͧ) শࢳঀࢵࢲষ

)LJXUH ���� 7KH SRLQW VSUHDG IXQFWLRQ RI DQ LPDJLQJ
V\VWHP UHYHDOV WKH V\VWHP·V SHUIRUPDQFH E\ LWV
GHYLDWLRQ IURP D GHOWD GLVWULEXWLRQ�

�ǿ ǩǏǓƺǹ ǩǾƺǠǩǿǠ șΡșȠǓǾǦƺș ƺǿ ǩǾȒȣǹșǓ ȖǓșȒȅǿșǓX^'(ͦ, ͧ) = ܳ(ͦ, ͧ)ॹ ΛǦǩǉǦȒȖȅǏȣǉǓș ƺǿ ǩǾƺǠǓ ǩǾ(ͦ, ͧ)ȅǈǴ(ͦ, ͧ)

ȠǦƺȠ ǩș ƺǿ ǓΠƺǉȠ ȖǓȒǹǩǉƺ ȅǟ ȠǦǓ ǩǿȒȣȠ ǏǩșȠȖǩǈȣȠǩȅǿঀ eǦǓ ȠǓȖǾ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ ȖǓǟǓȖș Ƞȅ ȠǦǓ ƺǈǩǹǩȠΡ ȅǟ ƺ șΡșে

ȠǓǾ Ƞȅ ǟȅȖǾ ƺ ȒȅǩǿȠ ǩǾƺǠǓ ȅǟ ƺ ȒȅǩǿȠ ȅǈǴǓǉȠ শ'ǩǠঀ ষঀࢴঀࢳ eǦǓ ƺȖǓƺ ȣǿǏǓȖ ȠǦǓ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ ǩș ǏǓЙǿǓǏ Ƞȅ

ǈǓ ȣǿǩȠΡॸ

∞∫

−∞

∞∫

−∞

X^'(ͦ, ͧ) Ǐͦ Ǐͧ = ࣥ শࢳঀࢶࢲষ

2Ƞ ǟȅǹǹȅΛș ȠǦƺȠ ȠǦǓ șȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿ ȒȖȅȒǓȖȠǩǓș ȅǟ ȠǦǓ șΡșȠǓǾ Λǩǹǹ ǈǓ ǉǹȅșǓǹΡ ǹǩǿǷǓǏ Ƞȅ ȠǦǓ șǦƺȒǓ ȅǟ ȠǦǓ ȒȅǩǿȠ

șȒȖǓƺǏ ǟȣǿǉȠǩȅǿঀ eǦǓ ǉȅǿΚȅǹȣȠǩȅǿ ȅȒǓȖƺȠǩȅǿ ǉƺǿ ǈǓ ǩǿȠǓȖȒȖǓȠǓǏ ƺș ȠƺǷǩǿǠ ȠǦǓ ЙǿǓǹΡ șƺǾȒǹǓǏ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ

ƺǿǏ ǉȖǓƺȠǩǿǠ ƺ șǓȠ ȅǟ ΛǓǩǠǦȠǓǏ ǩǾȒȣǹșǓ ȖǓșȒȅǿșǓșॹ ȠǦǓ șȣȒǓȖȒȅșǩȠǩȅǿ ȅǟ ΛǦǩǉǦ ǉȖǓƺȠǓș ȠǦǓ ǩǾƺǠǓ শ'ǩǠঀ ষঀࢵঀࢳ �ǿ

ǩǿǉȖǓƺșǓǏ șȒȖǓƺǏ ȅǟ ȠǦǓ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ Λǩǹǹ ȠǦȣș ȣǹȠǩǾƺȠǓǹΡ ȅǈșǉȣȖǓ ЙǿǓ ǏǓȠƺǩǹș ǩǿ ȠǦǓ ǩǾƺǠǓঀ

� ΛȅȖǏ ȅǟ ǉƺȣȠǩȅǿॸ eǦǓ ǟȅǹǹȅΛǩǿǠ ǉȅǿǉǓȒȠ ȅǟ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ǩș ǓǿȠǩȖǓǹΡ ǈƺșǓǏ ȅǿ ȠǦǓ ƺșে

șȣǾȒȠǩȅǿ ȠǦƺȠ ȠǦǓ ǩǾƺǠǩǿǠ șΡșȠǓǾȣǿǏǓȖ ǩǿΚǓșȠǩǠƺȠǩȅǿ ǈǓǦƺΚǓș ǹǩǿǓƺȖ ƺǿǏ șȒƺȠǩƺǹǹΡ ǩǿΚƺȖǩƺǿȠॹ șȅ ȠǦƺȠ ȠǦǓ ǩǾƺǠǩǿǠ

ȒȖȅǉǓșș ǉƺǿ ǈǓ ǏǓșǉȖǩǈǓǏ ƺș ƺ ǉȅǿΚȅǹȣȠǩȅǿ ȅȒǓȖƺȠǩȅǿঀ �ȅǿȠȖƺȖΡ Ƞȅ ȠǦǓ ǠǓǿǓȖƺǹ ǈǓǹǩǓǟॹ ǾȅșȠ ǩǾƺǠǩǿǠ șΡșȠǓǾș Ǐȅ

ǿȅȠ șƺȠǩșǟΡ ȠǦǩș ǉȅǿǏǩȠǩȅǿঀࢳࢲ �ǿ ȅǈΚǩȅȣș ǓΠƺǾȒǹǓ ǟȅȖ ǿȅǿেǹǩǿǓƺȖǩȠΡ ƺȖǓ șǉȖǓǓǿেЙǹǾ șΡșȠǓǾșॹ ΛǦǓȖǓ ȠǦǓ ȅȒȠǩǉƺǹ

ࢱࢲ



ǏǓǿșǩȠΡ ǈƺșǓǏ ȅǿ ȠǦǓ ǓΠȒȅșȣȖǓ ǩș șǩǠǾȅǩǏ ǩǿ șǦƺȒǓঀ 'ȣȖȠǦǓȖǾȅȖǓॹ ǩǾƺǠǩǿǠ șΡșȠǓǾș ΛǩȠǦ ȒǩΠǓǹƺȠǓǏ ǏǓȠǓǉȠȅȖș ƺȖǓ

ǿȅȠ șȒƺȠǩƺǹǹΡ ǩǿΚƺȖǩƺǿȠॹ ǈǓǉƺȣșǓ ȠǦǓ ȖǓșȒȅǿșǓ Ƞȅ ƺ ȒȅǩǿȠ șȅȣȖǉǓ Λǩǹǹ ǏǩАǓȖ ǏǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ȒȅșǩȠǩȅǿ ȅǟ ȠǦǓ ȒȅǩǿȠ

șȅȣȖǉǓ ȖǓǹƺȠǩΚǓ Ƞȅ ȠǦǓ ȒǩΠǓǹ ǠȖǩǏঀ 2ǿ ȅȖǏǓȖ Ƞȅ ȒȖȅЙȠ ǟȖȅǾ ȠǦǓ ǈǓǿǓЙȠș ȅǟ ǹǩǿǓƺȖ șΡșȠǓǾș ȠǦǓȅȖΡॹ ǉǓȖȠƺǩǿ ǾǓƺșȣȖǓș

ǿǓǓǏ Ƞȅ ǈǓ ȠƺǷǓǿ Ƞȅ ȠȖƺǿșǟȅȖǾ ȅȖǩǠǩǿƺǹǹΡ ȣǿșȣǩȠƺǈǹǓ șΡșȠǓǾș ǩǿȠȅ @^2 șΡșȠǓǾșঀ 'ȅȖ ǓΠƺǾȒǹǓॹ ȠǦǓ ȅȣȠȒȣȠ ȅǟ ƺ

șǉȖǓǓǿেЙǹǾ ǉȅǾǈǩǿƺȠǩȅǿ ǉƺǿ ǈǓ ǹǩǿǓƺȖǩΦǓǏॹ ǩǟ ȠǦǓ ǾǓƺșȣȖǓǏ ȅȒȠǩǉƺǹ ǏǓǿșǩȠΡ ǩș ȖǓǹƺȠǓǏ Ƞȅ ȠǦǓ ǓΠȒȅșȣȖǓ ǈΡ ΛƺΡ ȅǟ

ƺ ǉǦƺȖƺǉȠǓȖǩșȠǩǉ ǉȣȖΚǓঀ 'ȣȖȠǦǓȖǾȅȖǓॹ ȒǩΠǓǹƺȠǓǏ șΡșȠǓǾș ǉƺǿ ǈǓ ȖǓǠƺȖǏǓǏ ƺș șȒƺȠǩƺǹǹΡ ǩǿΚƺȖǩƺǿȠ ƺș ǹȅǿǠ ƺș ȠǦǓ șƺǾে

ȒǹǩǿǠ ƺȒǓȖȠȣȖǓ ǩș șǾƺǹǹ ǉȅǾȒƺȖǓǏ Ƞȅ ȠǦǓ șǩΦǓ ȅǟ ȠǦǓ ǏǓȠƺǩǹ șȠȖȣǉȠȣȖǓșঀ ࢴࢲ @ǩǿǓƺȖǩȠΡ ƺǿǏ șȒƺȠǩƺǹ ǩǿΚƺȖǩƺǿǉǓ ǟȅȖ ȠǦǓ

ǩǾƺǠǩǿǠ șΡșȠǓǾ ȒȖǓșǓǿȠǓǏ ǩǿ ȠǦǩș ȠǦǓșǩș Λǩǹǹ ǈǓ ǏǩșǉȣșșǓǏ ǩǿ ȠǦǓ ǟȅǹǹȅΛǩǿǠ ǉǦƺȒȠǓȖঀ

������ ��	
��� ��	���� = ���

���	��� ������ �������� ��� �� ��	
��� ��	����� �����

*
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)LJXUH ���� &RQYROXWLRQ LQ WKH LPDJLQJ SURFHVV� 7KH LPDJH RI HDFK GLVFUHWH SRLQW LQ WKH REMHFW LV DQ LPSXOVH UHVSRQVH DW WKH FRQMX�
JDWH LPDJH�SODQH ORFDWLRQ� ZKLFK LV ZHLJKWHG E\ WKH LQWHQVLW\ GLVWULEXWLRQ DW WKH UHVSHFWLYH SRLQW LQ WKH REMHFW� 7KLV LV HTXLYDOHQW WR D
FRQYROXWLRQ RI WKH REMHFW GLVWULEXWLRQ ZLWK WKH LPSXOVH UHVSRQVH RI WKH V\VWHP� $GDSWHG IURP %RUHPDQ� ��

ࢲࢲ



ौ৺् eӢӒ ӻԃӎԡӵҺԝӥԃӼ ԝԒҺӼԖӜӒԒ ӜԡӼӈԝӥԃӼ

vǦǓǿ �ȕঀ শࢳঀࢵࢲষ ǩș ȠȖƺǿșǟǓȖȖǓǏ Ƞȅ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ǏȅǾƺǩǿॹ ΛǓ ȅǈȠƺǩǿ ȠǦǓ ǟȅǹǹȅΛǩǿǠ ǓΠȒȖǓșșǩȅǿșॸ

F (ǩǾ(ͦ, ͧ)) = F (ȅǈǴ(ͦ, ͧ) ! X^'(ͦ, ͧ)) শࢳঀࢷࢲষ

2E(ܽ, ܶ) = K�=(ܽ, ܶ) ·Ke'(ܽ, ܶ). শࢳঀࢸࢲষ

eǦǓ ǿȅȖǾƺǹǩΦǓǏ 'ȅȣȖǩǓȖ ȠȖƺǿșǟȅȖǾ ȅǟ ȠǦǓ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ ǩș ȠǦǓ ȤȱȿȈǨǙȘ ȿȵǙȞȸǾǲȵ ǾɂȞǨȿȈȤȞ শKe'ষॹ ΛǦǩǉǦ

ǉƺǿ ǈǓ șǓȒƺȖƺȠǓǏ ǩǿȠȅ ǩȠș ǾƺǠǿǩȠȣǏǓ ƺǿǏ ȒǦƺșǓ

Ke'(ܽ, ܶ) = |Ke'(ܽ, ܶ)| · Ǔ−Ȉܷ(ܽ,ܶ) শࢳঀࢹࢲষ

= Ee'(ܽ, ܶ) · Ǔ−ȈXe'(ܽ,ܶ). শࢳঀࢺࢲষ

eǦǓ ǾƺǠǿǩȠȣǏǓ ȅǟ ȠǦǓ ȅȒȠǩǉƺǹ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ǩș ȠǦǓ ȝȤǮɂȘǙȿȈȤȞ ȿȵǙȞȸǾǲȵ ǾɂȞǨȿȈȤȞ শEe'ষॹ ΛǦǩǉǦ ǩș ǏǩȖǓǉȠǹΡ

ȖǓǹƺȠǓǏ Ƞȅ ȠǦǓ ȖǓșȅǹȣȠǩȅǿ ȒȅΛǓȖ ȅǟ ȠǦǓ șΡșȠǓǾঀࢵࢲ �ȅǾǈǩǿǩǿǠ �ȕঀ শࢳঀࢺࢲষ ƺǿǏ �ȕঀ শࢳঀࢵࢲষॹ ΛǓ ȅǈȠƺǩǿ

Ee'(ܽ, ܶ) = |F (X^'(ͦ, ͧ))|. শࢳঀࢱࢳষ

eǦǓEe' ǩș ǿȅȖǾƺǹǩΦǓǏ Ƞȅ ǦƺΚǓ ȣǿǩȠ ΚƺǹȣǓ ƺȠ ΦǓȖȅ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡঀ eǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓș ܽ ƺǿǏ ܶ ƺȖǓ ǓΠȒȖǓșșǓǏ

ǩǿ ǹǩǿǓ ȒƺǩȖș ȒǓȖ ǾǩǹǹǩǾǓȠǓȖॹ ǹȒইǾǾॹ ȅȖ șǩǾȒǹΡ ǾǾ−ࣥঀ

eǦǓ ǉȅǾȒǹǓΠ ȒǦƺșǓ ȒȅȖȠǩȅǿॹ ΛǦǩǉǦ ǩș ǉƺǹǹǓǏ ȠǦǓ ȱȅǙȸǲ ȿȵǙȞȸǾǲȵ ǾɂȞǨȿȈȤȞॹ শXe'ষॹ ǩș ȖǓșȒȅǿșǩǈǹǓ ǟȅȖ ȒǦƺșǓ șǦǩǟȠș

ǩǿ ȠǦǓ ǩǾƺǠǓঀ 2Ƞ ǩș ǩǾȒȅȖȠƺǿȠ ǩǿ ȅȒȠǩǉșॹ ǓঀǠঀ ǏǓșǉȖǩǈǩǿǠ ȠǦǓ ǓАǓǉȠș ȅǟ ǹǓǿș ƺǈǓȖȖƺȠǩȅǿșॹ ǈǓǉƺȣșǓ ǩȠ ȖǓΚǓƺǹș ǩǟ ȠǦǓ X^'

ǩș ƺǿǩșȅȠȖȅȒǩǉ ȅȖ ȅАেǉǓǿȠǓȖঀ 'ȅȖ ƺ ǉǹǩǿǩǉƺǹ ΠেȖƺΡ ǩǾƺǠǩǿǠ șΡșȠǓǾॹ ȠǦǓ ȒǦƺșǓ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ǩș ȅǟ ǾǩǿȅȖ ǩǿȠǓȖǓșȠॹ

ƺș ǩȠș ǉȅǿȠȖǩǈȣȠǩȅǿ ǩș ȅǿǹΡ șǩǠǿǩЙǉƺǿȠ ƺȠ ΚǓȖΡ ǦǩǠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓșॹ ΛǦǩǉǦ ƺȖǓ ȅȣȠșǩǏǓ ȅȣȖ ȖƺǿǠǓ ȅǟ ǩǿȠǓȖǓșȠঀ ࢶࢲ

eǦǓ ǏǓǠȖƺǏƺȠǩȅǿ ȅǟ ǩǾƺǠǓ ȖǓșȅǹȣȠǩȅǿ ǦƺȒȒǓǿș ǩǿ șǓΚǓȖƺǹ șȠǓȒș ƺǹȅǿǠ ȠǦǓ ǩǾƺǠǩǿǠ ǉǦƺǩǿॹ ǓƺǉǦ ȅǟ ΛǦǩǉǦ ǩș

ƺșșȣǾǓǏ Ƞȅ ǈǓ ƺǿ ǩǿǏǩΚǩǏȣƺǹ șȣǈșΡșȠǓǾঀࢵࢲ eȅ ǏǓșǉȖǩǈǓ șȣǉǦ ƺ ǉȅǿǉƺȠǓǿƺȠǓǏ ǩǾƺǠǩǿǠ șΡșȠǓǾॹ ȠǦǓ ȅΚǓȖƺǹǹ ȒȅǩǿȠ

șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ ǉƺǿ ǈǓ ΛȖǩȠȠǓǿ ƺș

X^'ȿȤȿǙȘ(ͦ, ͧ) = X^'ࣥ(ͦ, ͧ) ! X^'ࣦ(ͦ, ͧ) ! . . . শࢳঀࢲࢳষ

�Ρ ǾȅΚǩǿǠ ȠǦǓ Ǐǩșǉȣșșǩȅǿ Ƞȅ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ǏȅǾƺǩǿॹ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ȠǦǓ ΚƺȖǩȅȣș șȣǈșΡșȠǓǾș ǉƺǿ ǈǓ ǉȅǾে

ǟȅȖȠƺǈǹΡ șǓȒƺȖƺȠǓǏॸ

Ee'ȿȤȿǙȘ(ܽ, ܶ) = Ee'ࣥ(ܽ, ܶ) ·Ee'ࣦ(ܽ, ܶ) · . . . শࢳঀࢳࢳষ

ࢳࢲ



)LJXUH ���� 7KH LPDJLQJ FKDLQ� LOOXVWUDWLQJ WKH LQÁXHQFHV RQ WKH VSDWLDO UHVROXWLRQ� (DFK VWHS LQ WKH FKDLQ FDQ EH LQWHUSUHWHG DV D VXE�
V\VWHP ZLWK LQGLYLGXDO WUDQVIHU IXQFWLRQ� $GDSWHG IURP *LJHU HW DO� ��

eǦǓ Ǿƺǩǿ șȠǓȒș ǩǿ ȠǦǓ ǩǾƺǠǩǿǠ ǉǦƺǩǿ ȅǟ ƺ ǏǩǠǩȠƺǹ ΠেȖƺΡ șΡșȠǓǾ ƺȖǓ ǩǾƺǠǓ ǟȅȖǾƺȠǩȅǿॹ ǏǓȠǓǉȠǩȅǿॹ ǏǩǠǩȠǩΦƺȠǩȅǿॹ

ȒȖȅǉǓșșǩǿǠ ƺǿǏ ǏǩșȒǹƺΡǩǿǠ শ'ǩǠঀ ষঀࢶঀࢳ ࢴࢲ �ȣȖǩǿǠ ǩǾƺǠǓ ǟȅȖǾƺȠǩȅǿॹ ȠǦǓ șǩΦǓ ƺǿǏ șǦƺȒǓ ȅǟ ȠǦǓ ǟȅǉƺǹ șȒȅȠॹ ƺș ΛǓǹǹ

ƺș ȠǦǓ ǩǾƺǠǩǿǠ ǠǓȅǾǓȠȖΡ ƺǿǏ ȠǦǓ ȖǓșȣǹȠǩǿǠ ǾƺǠǿǩЙǉƺȠǩȅǿ ǏǓȠǓȖǾǩǿǓ ȠǦǓ șǦƺȖȒǿǓșș ȅǟ ǏǓȠƺǩǹ șȠȖȣǉȠȣȖǓșঀ �ș ȠǦǓ

ǩǾƺǠǩǿǠ ǠǓȅǾǓȠȖΡ ǩș ǏǩАǓȖǓǿȠ ǟȅȖ ǓΚǓȖΡ ȒƺȠǩǓǿȠॹ șȅ ǩș ȠǦǓ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș শ(hষ ǩǿȠȖȅǏȣǉǓǏ ǏȣȖǩǿǠ ȠǦǩș

șȠǓȒঀ eǦǓ ǏǓȠǓǉȠȅȖ ȖǓșȒȅǿșǓ শ�[ষ ǉȅǾȒȖǩșǓș șȣǉǦ ǓАǓǉȠș ƺș ΠেȖƺΡ șǉƺȠȠǓȖǩǿǠ ƺǿǏ ǹǩǠǦȠ ǏǩАȣșǩȅǿ ǩǿ ȠǦǓ ǏǓȠǓǉȠȅȖ

șΡșȠǓǾॹ ǏǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ȒǦΡșǩǉƺǹ șȠȖȣǉȠȣȖǓ ȅǟ ȠǦǓ șΡșȠǓǾঀ �Ƞ ȠǦǓ ǏǩǠǩȠǩΦƺȠǩȅǿ șȠƺǠǓॹ ȠǦǓ șΡșȠǓǾ ǩș ǩǿМȣǓǿǉǓǏ ǈΡ

ȠǦǓ ƺΚǓȖƺǠǩǿǠ ǓАǓǉȠ ȅǟ ȠǦǓ șƺǾȒǹǩǿǠ ƺȒǓȖȠȣȖǓ শ^ষॹ ƺș ΛǓǹǹ ƺș ȠǦǓ șƺǾȒǹǩǿǠ ȒȖȅǉǓǏȣȖǓঀ eǦǓ ǹƺȠȠǓȖ ǩș ǓΠȒȖǓșșǓǏ ǈΡ ƺ

ǉȅǿΚȅǹȣȠǩȅǿ ȅȒǓȖƺȠǩȅǿ ΛǩȠǦ ƺ ǉȅǾǈ ǟȣǿǉȠǩȅǿ ȠǦƺȠ ǏǓȒǓǿǏș ȅǿ ȠǦǓ șƺǾȒǹǩǿǠ ǏǩșȠƺǿǉǓș ۹ͦ ƺǿǏ ۹ͧঀ eǦǓ ǹƺșȠ ȠΛȅ

șȠǓȒș ǩǿ ȠǦǓ ǩǾƺǠǓ ǉǦƺǩǿ ǉȅǿȠƺǩǿ ǩǿМȣǓǿǉǓș ǟȖȅǾ ȒȅșȠেȒȖȅǉǓșșǩǿǠ ȅȖ ЙǹȠǓȖǩǿǠ শ'ষ ƺǿǏ ȠǦǓ ǏǩșȒǹƺΡ ƺȒǓȖȠȣȖǓ শ�ষঀ

eǦǓ ȅΚǓȖƺǹǹ Ee' ǉƺǿ ǈǓ ΛȖǩȠȠǓǿ ƺș

Ee'(ܽ, ܶ) =








Ee'(h(ܽ, ܶ) ·

Ee'X[^: ȒȖǓșƺǾȒǹǓǏ ǏǓȠǓǉȠȅȖ Ee'
︷ ︸︸ ︷
Ee'�[(ܽ, ܶ) ·Ee'^(ܽ, ܶ)



 !
+∞∑

ȝ=−∞

+∞∑

Ȟ=−∞
ܳ(ܽ− ȝ

۹ͦ
, ܶ− Ȟ

۹ͧ
)






·Ee''(ܽ, ܶ) ·Ee'�(ܽ, ܶ) শࢳঀࢴࢳষ

eȅǾǓƺșȣȖǓ ȠǦǓ ǩǿȠȖǩǿșǩǉ ȒȖȅȒǓȖȠǩǓș ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖॹ ǠȣǩǏǓǹǩǿǓș ȅǟ ȠǦǓ 2ǿȠǓȖǿƺȠǩȅǿƺǹ �ǹǓǉȠȖȅȠǓǉǦǿǩǉƺǹ�ȅǾǾǩșে

șǩȅǿ শ2��ষ ȖǓǉȅǾǾǓǿǏ ȠǦǓ ȱȵǲȸǙȝȱȘǲǮ ǏǓȠǓǉȠȅȖEe' শEe'X[^ষঀ ࢷࢲ 2Ƞ ǩǿǉǹȣǏǓș ȠǦǓ ǏǓȠǓǉȠȅȖ ȖǓșȒȅǿșǓ শ�[ষ ƺǿǏ

ȠǦǓ ǓАǓǉȠ ȅǟ ȠǦǓ șƺǾȒǹǩǿǠ ƺȒǓȖȠȣȖǓ শ^ষঀ �ǏǏǩȠǩȅǿƺǹ ǩǿМȣǓǿǉǓș șȣǉǦ ƺș ȠǦǓ ǩǾƺǠǩǿǠ ǠǓȅǾǓȠȖΡ ȅȖ ȒȅșȠেȒȖȅǉǓșșǩǿǠ

ƺȖǓ ǏǓǹǩǈǓȖƺȠǓǹΡ ǓΠǉǹȣǏǓǏঀ eǦǓ șƺǾȒǹǩǿǠ șȠƺǠǓ শǉȅǿΚȅǹȣȠǩȅǿΛǩȠǦ ǉȅǾǈ ǟȣǿǉȠǩȅǿষ ǩș ƺǹșȅ ǓΠǉǹȣǏǓǏ ǟȖȅǾ ȠǦǓEe'

ǾǓƺșȣȖǓǾǓǿȠॹ ƺș ǩȠ ǉƺǿ ȒȅȠǓǿȠǩƺǹǹΡ ǉȅȖȖȣȒȠ ȠǦǓǾǓƺșȣȖǓǾǓǿȠ ȖǓșȣǹȠ শǾȅȖǓ ȅǿ ȠǦǩș ǩǿ ^ǓǉȠǩȅǿ ষঀࢲঀࢶঀࢳ �ΚǓǿ ȠǦȅȣǠǦ

ǩȠ ǩș ǿȅȠ ƺǹΛƺΡș ǓΠȒǹǩǉǩȠǹΡ șȠƺȠǓǏॹ ǾǓƺșȣȖǓǾǓǿȠș ȖǓȒȅȖȠǓǏ ǟȅȖ ǏǩǠǩȠƺǹ ΠেȖƺΡ ǩǾƺǠǩǿǠ șΡșȠǓǾș ǠǓǿǓȖƺǹǹΡ ȖǓǟǓȖ Ƞȅ ȠǦǓ

ȒȖǓșƺǾȒǹǓǏ ǏǓȠǓǉȠȅȖ Ee'ঀ

ࢴࢲ



ौ৺ॎ EӒҺԖԡԒӥӼӝ ԝӢӒ ӻԃӎԡӵҺԝӥԃӼ ԝԒҺӼԖӜӒԒ ӜԡӼӈԝӥԃӼ

eǦǓ Ee' Λƺș ǾȅȠǩΚƺȠǓǏ ǩǿ ȠΛȅ ǏǩАǓȖǓǿȠ ΛƺΡșॹ ЙȖșȠ ƺș ȠǦǓ ǹȅșș ǩǿ ǉȅǿȠȖƺșȠ ǟȖȅǾ ȅǈǴǓǉȠ Ƞȅ ǩǾƺǠǓॹ ȠǦǓǿ ƺș ȠǦǓ

șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ șȒǓǉȠȖȣǾ ȅǟ ȠǦǓ ǩǾȒȣǹșǓ ȖǓșȒȅǿșǓঀ �ȅȠǦ ΛƺΡș ǉƺǿ ǈǓ ƺǿǏ ǦƺΚǓ ǈǓǓǿ ȣșǓǏ ȠȅǾǓƺșȣȖǓ ȠǦǓEe'ঀ

ौ৺ॎ৺ो ^ӥӼӒ ҺӼӎ ԖԑԡҺԒӒ ԮҺԭӒ ԒӒԖԏԃӼԖӒ

eǦǓ ǓƺȖǹǩǓșȠ ǾǓƺșȣȖǓǾǓǿȠș ȅǟ ȠǦǓǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿॹ ƺǹȠǦȅȣǠǦ ǩȠ ǏǩǏ ǿȅȠ ΡǓȠ Ǡȅ ǈΡ ȠǦƺȠ ǿƺǾǓॹ ǉƺǿ ǈǓ

ȠȖƺǉǓǏ ǈƺǉǷ ^ǓǹΛΡǿ ǩǿ ȠǦǓ ǹƺȠǓ șঀࢱࢵࢺࢲ ࢸࢲ 2ǿ Ǧǩș ȅȒȠǩǉƺǹ ǹƺǈȅȖƺȠȅȖΡॹ ^ǓǹΛΡǿ ǟȅȣǿǏ ȠǦƺȠ ȠǦǓ ȒǦȅȠȅǠȖƺȒǦǩǉ ǩǾƺǠǓ ȅǟ

ƺ șǩǿǓ ΛƺΚǓ ǈƺȖ ȒƺȠȠǓȖǿΛƺș ƺǹΛƺΡș ƺǿȅȠǦǓȖ șǩǿǓ ΛƺΚǓ ǈƺȖ ȒƺȠȠǓȖǿ ȅǟ ȠǦǓ șƺǾǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡॹ ǈȣȠ ΛǩȠǦ ȖǓǏȣǉǓǏ

ǉȅǿȠȖƺșȠ ƺǿǏ ƺǏǴȣșȠǓǏ șȒƺȠǩƺǹ ȒǦƺșǓঀ ^ǓǹΛΡǿ șȠƺȠǓǏ ȠǦƺȠ ƺ șΡșȠǓǾঢ়ș ǹǩǾǩȠǩǿǠ ȖǓșȅǹȣȠǩȅǿ ǉƺǿ ǈǓ ǏǓȠǓȖǾǩǿǓǏ ǈΡ

ЙǿǏǩǿǠ ȠǦǓ ǩǿȠǓȖșǓǉȠǩȅǿ ȅǟ ȠǦǓ șǩǿǓ ΛƺΚǓ ȖǓșȒȅǿșǓ ΛǩȠǦ ƺ ǟȖǓȕȣǓǿǉΡেǏǓȒǓǿǏǓǿȠ ȠǦȖǓșǦȅǹǏ ǉȣȖΚǓ șǦȅΛǩǿǠ ȠǦǓ

ǹǓƺșȠ ǏǓȠǓǉȠƺǈǹǓ ǾȅǏȣǹƺȠǩȅǿঀ /ǩș ȖǓșǓƺȖǉǦ ǉƺǿ ǈǓ șǓǓǿ ƺș ȠǦǓ ЙȖșȠ ǾǓƺșȣȖǓǾǓǿȠ ȅǟ ȠǦǓ ȅȒȠǩǉƺǹ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿঀ

eǦǓ ǉǦƺǿǠǓș ǩǿ ǾȅǏȣǹƺȠǩȅǿ ƺǿǏ ȒǦƺșǓ ΛȅȣǹǏ ȠǦǓșǓ ǏƺΡș ǈǓ ǉƺǹǹǓǏ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ƺǿǏ ȒǦƺșǓ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿșঀ

'ȅȖ ƺǿ ΠেȖƺΡ șΡșȠǓǾॹ ǩȠ ǩș ȒȖƺǉȠǩǉƺǹǹΡ ǩǾȒȅșșǩǈǹǓ ȠȅǾƺǿȣǟƺǉȠȣȖǓ ƺ șǩǿǓΛƺΚǓ ǠȖƺȠǩǿǠΛǩȠǦ ȠǦǓ ȖǓȕȣǩȖǓǏ ƺǉǉȣȖƺǉΡॹ

șȅ șȕȣƺȖǓ ΛƺΚǓ ǈƺȖ ȒƺȠȠǓȖǿș ƺȖǓ ȣșǓǏ ǩǿșȠǓƺǏঀࢹࢲ 'ȅȖ ȠǦǩș ȒȣȖȒȅșǓॹ �ȅǹȠǾƺǿ ȖǓǹƺȠǓǏ ȠǦǓ șȕȣƺȖǓ ΛƺΚǓ ȖǓșȒȅǿșǓ ȵ(ܽ)

Ƞȅ ȠǦǓ ǏǓșǩȖǓǏ șǩǿǓ ΛƺΚǓ ȖǓșȒȅǿșǓ[(ܽ) ǈΡ ΛǦƺȠ ǩș ȠǦǓșǓ ǏƺΡș ǷǿȅΛǿ ƺș �ȅǹȠǾƺǿঢ়ș 'ȅȖǾȣǹƺࢺࢲॸ

[(ܽ) =
ܿ
ࣨ

[
ȵ(ܽ) +

ȵ(ࣧܽ)
ࣧ

− ȵ(ࣩܽ)
ࣩ

+
ȵ(࣫ܽ)
࣫

+ . . .

]
শࢳঀࢵࢳষ

vǦǩǹǓ ȠǦǓȅȖǓȠǩǉƺǹǹΡ șȅȣǿǏॹ ƺȒȒǹǩǉƺȠǩȅǿ ȅǟ ȠǦǓ ǟȅȖǾȣǹƺ ȖǓȕȣǩȖǓș ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ȅǟ șǓΚǓȖƺǹ ǦǩǠǦǓȖ ǦƺȖǾȅǿǩǉș Ƞȅ

ƺǉǦǩǓΚǓ ƺ ǠȅȅǏ ǓșȠǩǾƺȠǓॹ ΛǦǩǉǦ ǉƺǿ ǈǓ ǏǩГǉȣǹȠ ǟȅȖ ǦǩǠǦ ȖǓșȅǹȣȠǩȅǿ ǩǾƺǠǩǿǠ șΡșȠǓǾșঀࢱࢳ 2Ƞ ƺǹșȅ ȖǓȕȣǩȖǓș ƺ ǹƺȖǠǓ

ǿȣǾǈǓȖ ȅǟ ȠǓșȠ ȒƺȠȠǓȖǿșॹ ƺș ǓƺǉǦ ǟȖǓȕȣǓǿǉΡ ȠǦƺȠ ǩș Ƞȅ ǈǓ ǾǓƺșȣȖǓǏ ǾȣșȠ ǦƺΚǓ ƺ șǓȠ ȅǟ ƺǏǏǩȠǩȅǿƺǹ ǈƺȖ ȒƺȠȠǓȖǿș

ǟȅȖ ȠǦǓ ǦǩǠǦǓȖ ǦƺȖǾȅǿǩǉșঀ 'ȅȖ ȠǦǩș ȖǓƺșȅǿॹ ΛǓ ǾƺǩǿǹΡ șǓǓ șȠȣǏǩǓș ǩǿ ΛǦǩǉǦ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ǩș

ǾǓƺșȣȖǓǏ ƺȠ ƺ ǦƺǿǏǟȣǹ ȅǟ ǟȖǓȕȣǓǿǉǩǓș ƺǿǏ șȣǈșǓȕȣǓǿȠǹΡ ǩǿȠǓȖȒȅǹƺȠǓǏঀ �șȒǓǉǩƺǹǹΡ ȠǦǓ ǹȅΛ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓ ȠǓǿǏș

Ƞȅ ǈǓ ǿǓǠǹǓǉȠǓǏঀࢲࢳ �ǓșȒǩȠǓ ȠǦǓșǓ ǏǩșƺǏΚƺǿȠƺǠǓșॹ ȠǦǓ ǈƺȖ ȒƺȠȠǓȖǿ ǉǓȖȠƺǩǿǹΡ Ǧƺș ƺ ǹǓǠǩȠǩǾƺǉΡ ƺș ƺ șǩǾȒǹǓ ȠǓșȠ Ƞȅȅǹ ǟȅȖ

ȕȣƺǹǩȠΡ ƺșșȣȖƺǿǉǓ ƺǿǏ ǩș ǟȅȖ ȠǦƺȠ ȒȣȖȒȅșǓ ǉȅǾǾǓȖǉǩƺǹǹΡ ƺΚƺǩǹƺǈǹǓঀ ࢳࢳ �ș Et ǩǾƺǠǩǿǠ șΡșȠǓǾș ȠǓǿǏ Ƞȅ ȒȅșșǓșș ƺ

ǹȅΛ ǹǩǾǩȠǩǿǠ ȖǓșȅǹȣȠǩȅǿॹ ȠǦǓΡ ƺȖǓ ȒȅȠǓǿȠǩƺǹǹΡ șȣǩȠǓǏ ǟȅȖ ƺǿƺǹΡșǩș ΛǩȠǦ ƺ ǈƺȖ ȒƺȠȠǓȖǿঀ eǦǩș ȠǓǉǦǿǩȕȣǓ Λƺș ǏǓșǉȖǩǈǓǏ

ǩǿ ƺ ȒȣǈǹǩǉƺȠǩȅǿ ǈΡ (ȅȒƺǹ ƺǿǏ ^ƺǾƺǿȠॹ ΛǦǩǉǦ ǉƺǿ șǓȖΚǓ ƺș ƺ ǠȣǩǏǓǹǩǿǓ ǟȅȖ ȠǦǓ ǩǿȠǓȖǓșȠǓǏ ȖǓƺǏǓȖঀ ࢴࢳ

ौ৺ॎ৺ौ ^ԏԒӒҺӎ ӜԡӼӈԝӥԃӼ ӻӒԝӢԃӎԖ

eǦǓ șǩǿǓ ΛƺΚǓ ȖǓșȒȅǿșǓ ЙǿƺǹǹΡ ȖǓǉǓǩΚǓǏ ȠǦǓ ǿƺǾǓ ȝȤǮɂȘǙȿȈȤȞ ȿȵǙȞȸǾǲȵ ǾɂȞǨȿȈȤȞ ƺȖȅȣǿǏ ࢳࢷࢺࢲ ǟȖȅǾ ?ȣȖȠ [ȅșșে

Ǿƺǿǿॹ ƺ ȒǩȅǿǓǓȖ ǩǿ ȖƺǏǩȅǹȅǠǩǉ ǩǾƺǠǩǿǠ ȖǓșǓƺȖǉǦঀࢵࢳॹࢶࢳ [ȅșșǾƺǿǿ Λƺș ǟƺǾǩǹǩƺȖ ΛǩȠǦ ǹǩǿǓƺȖ șΡșȠǓǾș ȠǦǓȅȖΡ ƺǿǏ

ƺǏǏǓǏ ƺ șȅȣǿǏ ǾƺȠǦǓǾƺȠǩǉƺǹ ǟȖƺǾǓΛȅȖǷ Ƞȅ ȠǦǓ ǟȅȖǾǓȖǹΡ ǓǾȒǩȖǩǉƺǹ ƺǿƺǹΡșǩș ȅǟ ǉȅǿȠȖƺșȠॹ ǩǾƺǠǓ șǦƺȖȒǿǓșș ƺǿǏ

ࢵࢲ



ǿȅǩșǓঀ /Ǔ ǩǿȠȖȅǏȣǉǓǏ șǓΚǓȖƺǹ ǟȣǿǏƺǾǓǿȠƺǹ ƺǿƺǹΡșǩș ȠȅȅǹșॹǾȅșȠ ǿȅȠƺǈǹΡ ȠǦǓ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿॹ ȠǦǓ ǹǩǿǓ șȒȖǓƺǏ

ǟȣǿǉȠǩȅǿॹ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ƺǿǏ ȠǦǓvǩǓǿǓȖ șȒǓǉȠȖȣǾঀࢲࢲॹࢷࢳ �ƺșǓǏ ȅǿ Ǧǩș ǩǏǓƺșॹ ȠǦǓEe' ǉƺǿ ǈǓ

ǏǓȠǓȖǾǩǿǓǏ ΛǩȠǦ ƺ șǩǾȒǹǓ ǓǏǠǓ ȅȖ șǹǩȠ ȒǦƺǿȠȅǾঀ

eǦǓ ȅǈΚǩȅȣș ǾǓȠǦȅǏ Ƞȅ ǾǓƺșȣȖǓ ȠǦǓ Ee' ƺǉǉȅȖǏǩǿǠ Ƞȅ �ȕঀ শࢳঀࢱࢳষ ǩș Ƞȅ ȣșǓ ƺ ȒȅǩǿȠ șȅȣȖǉǓॹ ǾƺȠǦǓǾƺȠǩǉƺǹǹΡ

ȖǓȒȖǓșǓǿȠǓǏ ǈΡ ƺ ȠΛȅেǏǩǾǓǿșǩȅǿƺǹ ǏǓǹȠƺ ǟȣǿǉȠǩȅǿ

ȅǈǴ(ͦ, ͧ) = ܳ(ͦ, ͧ), শࢳঀࢶࢳষ

ǩǿ ΛǦǩǉǦ ǉƺșǓ ȠǦǓ Ee' ǉƺǿ ǈǓ ǓΠȠȖƺǉȠǓǏ ǟȖȅǾ ȠǦǓ ǩǾƺǠǓ ȅǟ ȠǦǓ ȒȅǩǿȠ șȅȣȖǉǓ ƺș

Ee'(ܽ, ܶ) = |F (X^'(ͦ, ͧ))| শࢳঀࢷࢳষ

= |F (ܳ(ͦ, ͧ) ! X^'(ͦ, ͧ))| শࢳঀࢸࢳষ

= |F (ǩǾ(ͦ, ͧ))|. শࢳঀࢹࢳষ

2ǿ ȒȖƺǉȠǩǉǓॹ ǩȠ ǩș ȠΡȒǩǉƺǹǹΡ ǩǿǉȅǿΚǓǿǩǓǿȠ Ƞȅ ǓǾȒǹȅΡ ƺ ȒȅǩǿȠ șȅȣȖǉǓॹ ƺș ȠǦǓ ȖǓșȣǹȠǩǿǠ ȒǦȅȠȅǿ МȣǓǿǉǓ ǩș ΚǓȖΡ șǾƺǹǹঀ ࢸࢳ

2ǿșȠǓƺǏॹ ΛǓ ǾǓƺșȣȖǓ ȠǦǓ ȖǓșȒȅǿșǓ Ƞȅ ƺ ǹǩǿǓ șȅȣȖǉǓॹ ǠǩΚǓǿ ǈΡ ƺ ǏǓǹȠƺ ǟȣǿǉȠǩȅǿ ǩǿ ͦেǏǩȖǓǉȠǩȅǿ ƺǿǏ ƺ ǉȅǿșȠƺǿȠ ǩǿ

ͧেǏǩȖǓǉȠǩȅǿॸ

Ȥǧȓ(ͦ, ͧ) = ܳ(ͦ)ࣥ(ͧ). শࢳঀࢺࢳষ

eǦǩș ƺǹǹȅΛș ȣș Ƞȅ ȅǈȠƺǩǿ ȠǦǓ Ee' ǩǿ ȠǦǓ ǏǩȖǓǉȠǩȅǿ ȒǓȖȒǓǿǏǩǉȣǹƺȖ Ƞȅ ȠǦǓ ȅȖǩǓǿȠƺȠǩȅǿ ȅǟ ȠǦǓ ǹǩǿǓ șȅȣȖǉǓॹ ǩǿ ȠǦǩș

ǉƺșǓ ȠǦǓ ͦেǏǩȖǓǉȠǩȅǿॸ

Ee'(ܽ) = |F (ܳ(ͦ)ࣥ(ͧ) ! X^'(ͦ, ͧ))| শࢳঀࢱࢴষ

= |F (@^'(ͦ))|. শࢳঀࢲࢴষ

eǦǓ ȒǦȅȠȅǿ ǏǩșȠȖǩǈȣȠǩȅǿ ȒȖȅΚǩǏǓǏ ǈΡ ƺ șǹǩȠ ȒǦƺǿȠȅǾ ƺǉȠș ƺș ƺ ǹǩǿǓ șȅȣȖǉǓঀ eǦǓ ȒȖȅЙǹǓ ȅǟ ȠǦǓ ǩǿȠǓǿșǩȠΡ ǏǩșȠȖǩǈȣে

Ƞǩȅǿ শ'ǩǠঀ ƺষࢷঀࢳ ȒǓȖȒǓǿǏǩǉȣǹƺȖ Ƞȅ ȠǦǓ ǹǩǿǓॹ ǩș ǉƺǹǹǓǏ ȠǦǓ ȘȈȞǲ ȸȱȵǲǙǮ ǾɂȞǨȿȈȤȞ শ@^'ষঀ

�ǹȠǓȖǿƺȠǩΚǓǹΡॹ ƺ șȠǓȒ ǟȣǿǉȠǩȅǿ ǩǿȒȣȠ

ȅǈǴ(ͦ, ͧ) = /(ͦ)ࣥ(ͧ) শࢳঀࢳࢴষ

ǉƺǿ ǈǓ ǉȖǓƺȠǓǏ ǈΡ ǾǓƺǿș ȅǟ ƺǿ ǓǏǠǓ ȒǦƺǿȠȅǾঀ �ƺșǓǏ ȅǿ ȠǦǓ ǩǿȠǓǿșǩȠΡ ǏǩșȠȖǩǈȣȠǩȅǿ ȅǟ ȠǦǓ ǓǏǠǓ ǩǾƺǠǓ শ'ǩǠঀ ǈষॹࢷঀࢳ

ȠǦǓ ȒȖȅЙǹǓ ȒǓȖȒǓǿǏǩǉȣǹƺȖ Ƞȅ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ ǩș ǏǓЙǿǓǏ ƺș ȠǦǓ ǲǮǿǲ ȸȱȵǲǙǮ ǾɂȞǨȿȈȤȞ শ�^'ষঀ �Ρ ǏǓЙǿǩȠǩȅǿॹ ȠǦǓ

ࢶࢲ



�D� ,QWHQVLW\ GLVWULEXWLRQ RI D VOLW LPDJH� �E� ,QWHQVLW\ GLVWULEXWLRQ RI DQ HGJH LPDJH�

)LJXUH ���� 7KH 07) FDQ EH FDOFXODWHG IURP D OLQH RU HGJH VSUHDG IXQFWLRQ� H[WUDFWHG IURP WKH LPDJH RI D VOLW RU HGJH SKDQWRP�

@^' ǩș ȠǦǓ șȒƺȠǩƺǹ ǏǓȖǩΚƺȠǩΚǓ ȅǟ ȠǦǓ �^'ॸ

�^'(ͦ) = /(ͦ)ࣥ(ͧ) ! X^'(ͦ, ͧ) =
∫

@^'(ͦ) Ǐͦ. শࢳঀࢴࢴষ

vǓ ȅǈȠƺǩǿ ȠǦǓ Ee' șǩǾǩǹƺȖ Ƞȅ �ȕঀশࢳঀࢱࢴষॹ ΛǩȠǦ ƺǿ ƺǏǏǩȠǩȅǿƺǹ ǏǩАǓȖǓǿȠǩƺȠǩȅǿ șȠǓȒॸ

Ee'(ܽ) =
∣∣∣∣F
(

Ǐ
Ǐͦ

�^'(ͦ)
)∣∣∣∣ শࢳঀࢵࢴষ

= |F (@^'(ͦ))|. শࢳঀࢶࢴষ

�ȅȠǦ șǹǩȠ ƺǿǏ ǓǏǠǓ ǾǓȠǦȅǏ ǦƺΚǓ ǈǓǓǿ ȣșǓǏ ΛǩȠǦ ΠেȖƺΡ ǩǾƺǠǩǿǠ șΡșȠǓǾșঀ eǦǓ ȅǈΚǩȅȣș ǏǩАǓȖǓǿǉǓ ǩș ȠǦǓ ƺǏে

ǏǩȠǩȅǿƺǹ ǏǩАǓȖǓǿȠǩƺȠǩȅǿ ǟȅȖ ȠǦǓ ǓǏǠǓ ǾǓȠǦȅǏঀ 'ȅȖ ȠǦǓ ǏǩșǉȖǓȠǓ ǩǾƺǠǓ ǏƺȠƺॹ ȠǦǩș șȠǓȒ ǩș ȒǓȖǟȅȖǾǓǏ ΛǩȠǦ ƺ ЙǿǩȠǓে

ǓǹǓǾǓǿȠ ȠǓǉǦǿǩȕȣǓ ΛǦǩǉǦ ƺȒȒȖȅΠǩǾƺȠǓș ȠǦǓ ȠȖȣǓ ǏǓȖǩΚƺȠǩΚǓ ǈΡ ȠǦǓ șǹȅȒǓ ǈǓȠΛǓǓǿ ǿǓǩǠǦǈȅȖǩǿǠ ȒǩΠǓǹșঀ eǦǓ ǓȖȖȅȖ

ǩǿȠȖȅǏȣǉǓǏ ǈΡ ȠǦǩș ƺȒȒȖȅΠǩǾƺȠǩȅǿ ǉƺǿ ǈǓ ǉȅȖȖǓǉȠǓǏ ǈΡ ǏǩΚǩǏǩǿǠ ȠǦǓEe'ǈΡ ȠǦǓ ǟȖǓȕȣǓǿǉΡ ȖǓșȒȅǿșǓ ȅǟ ȠǦǓ ЙǿǩȠǓে

ǓǹǓǾǓǿȠ ǏǩАǓȖǓǿȠǩƺȠǩȅǿ শșǓǓ ȒƺǠǓ ষঀࢸࢵ ࢹࢳ �ǩАǓȖǓǿȠǩƺȠǩȅǿ ƺǹșȅ ǩǿǉȖǓƺșǓș ȠǦǓ ǿȅǩșǓ ǩǿ ȠǦǓ ǩǾƺǠǓ ǏƺȠƺॹ ΛǦǩǉǦ ǹǓƺǏș

Ƞȅ ƺ ǿȅǩșǩǓȖ Ee' ƺǿǏ ǉƺǿ ȒȅȠǓǿȠǩƺǹǹΡ ǩǿȠȖȅǏȣǉǓ ƺ ǈǩƺș ǓȖȖȅȖ শǾȅȖǓ ȅǿ ȠǦǩș ǩǿ ^ǓǉȠǩȅǿ ষঀࢳঀࢲঀࢵ /ȅΛǓΚǓȖॹ ȠǦǩș Ǐǩșে

ƺǏΚƺǿȠƺǠǓ ǉƺǿ ǈǓ ȅΚǓȖǉȅǾǓ ǈΡ ƺǉȕȣǩȖǩǿǠ ǓǏǠǓ ǩǾƺǠǓș ΛǩȠǦ ƺ ǦǩǠǦǓȖ ǓΠȒȅșȣȖǓ ȅȖ ƺΚǓȖƺǠǩǿǠ șǓΚǓȖƺǹ ǓǏǠǓ ǩǾƺǠǓșॹ

ǈȅȠǦ ȅǟ ΛǦǩǉǦ ȖǓǏȣǉǓ ȠǦǓ ǿȅǩșǓ ǹǓΚǓǹ ǩǿ ȠǦǓ �^'ঀࢺࢳ

Ee' ǾǓƺșȣȖǓǾǓǿȠș ΛǩȠǦ ƺ șǹǩȠ ȒǦƺǿȠȅǾ ȒȅșǓ șǓΚǓȖƺǹ ǉǦƺǹǹǓǿǠǓșॸ 'ǩȖșȠǹΡॹ ȠǦǓ șǹǩȠ ǾȣșȠ ǈǓ ȒȖǓǉǩșǓǹΡ ƺǹǩǠǿǓǏ

ΛǩȠǦ ȠǦǓ ǉǓǿȠȖƺǹ ƺΠǩș ȅǟ ȠǦǓ ȖƺǏǩƺȠǩȅǿॹ ȅȠǦǓȖΛǩșǓ ȠǦǓ ȒǦȅȠȅǿ МȣǓǿǉǓ ΛǦǩǉǦ ǹǓƺΚǓș ȠǦǓ ȒǦƺǿȠȅǾ ǩș Ƞȅȅ șǾƺǹǹ Ƞȅ ǈǓ

ǏǓȠǓǉȠǓǏঀ eǦǩș ȖǓȕȣǩȖǓș ƺǿ ǩȠǓȖƺȠǩΚǓ ȒȖȅǉǓǏȣȖǓΛǩȠǦ șǓΚǓȖƺǹ ȠǓșȠ ǩǾƺǠǓș ȒȖǩȅȖ Ƞȅ ȠǦǓǾǓƺșȣȖǓǾǓǿȠঀ XȅȅȖ ƺǹǩǠǿǾǓǿȠ

Λǩǹǹ ǩǿȠȖȅǏȣǉǓ ƺǿ ǓȖȖȅȖ ǩǿ ȠǦǓEe'ঀࢱࢴ eǦǓ șǹǩȠ ȒǦƺǿȠȅǾ ȅǿǹΡ ƺǉȠș ƺș ƺ ǹǩǿǓ șȅȣȖǉǓ ǩǟ ȠǦǓ ΛǩǏȠǦ ȅǟ ȠǦǓ șǹǩȠ ǩș șǾƺǹǹ

ǉȅǾȒƺȖǓǏ Ƞȅ ȠǦǓ 'v/Eȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ȖǓșȒȅǿșǓঀ 2ǿ ǠǓǿǓȖƺǹॹ ƺ ǉȅȖȖǓǉȠǩȅǿ ǟȅȖ ȠǦǓ șǹǩȠ ΛǩǏȠǦ ǿǓǓǏș Ƞȅ ǈǓ ƺȒȒǹǩǓǏঀ

eǦǩș ȖǓȕȣǩȖǓș ǷǿȅΛǹǓǏǠǓ ȅǟ ȠǦǓ ǓΠƺǉȠ șǹǩȠ ΛǩǏȠǦॹ ǓঀǠঀ ȠǦȖȅȣǠǦ ЙǹǾ ǾǓƺșȣȖǓǾǓǿȠș ȅȖ șǩǾȣǹƺȠǩȅǿșঀ ࢳࢴॹࢲࢴ �ǿȅȠǦǓȖ

ࢷࢲ



ǾƺǴȅȖ ǉȅǿǉǓȖǿ ǩș ȠǦǓ ǿȅȖǾƺǹǩΦƺȠǩȅǿ ȅǟ ȠǦǓ ȖǓșȣǹȠǩǿǠ Ee'ঀ �Ρ ǏǓЙǿǩȠǩȅǿॹ ȠǦǓ ΦǓȖȅ ǟȖǓȕȣǓǿǉΡ ǉȅǾȒȅǿǓǿȠ ȅǟ ȠǦǓ

Ee' ǩș ǏǓЙǿǓǏ ƺș ȠǦǓ ǩǿȠǓǠȖƺǹ ȅΚǓȖ ȠǦǓ @^'ॸ

Ee'(ࣤ) = |F (@^'(ͦ))|ܽ=ࣤ =

∞∫

−∞

@^'(ͦ) Ǐͦ শࢳঀࢷࢴষ

2ǟ ȠǦǓȖǓ ǩș ƺǿ ȅАșǓȠ ǩǿ ȠǦǓ @^'ॹ ȠǦǓ 'ȅȣȖǩǓȖ ȠȖƺǿșǟȅȖǾ ȒƺșșǓș ȠǦǩș ȅАșǓȠ ȅǿ Ƞȅ Ee'(ࣤ)ॹ ȠǦǓ �� ǉȅǾȒȅǿǓǿȠঀ

�ș ȠǦǓ Ee' ǩș șǉƺǹǓǏ Ƞȅ ǩȠș ΦǓȖȅ ǟȖǓȕȣǓǿǉΡ ΚƺǹȣǓॹ ȠǦǓ ȅАșǓȠ Λǩǹǹ ǈǩƺș ȠǦǓ Ee' ƺȠ ƺǹǹ ȅȠǦǓȖ ǟȖǓȕȣǓǿǉǩǓșঀ eǦǩș

ǾǓƺǿș ȠǦƺȠ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ǾȣșȠ ȒȖȅǏȣǉǓ ƺǿ ƺǉǉȣȖƺȠǓ ǓșȠǩǾƺȠǓ ǟȅȖ ȠǦǓ @^' ǩǿȠǓǠȖƺǹঀ XȖȅǈǹǓǾș ƺȖǩșǓ ǟȖȅǾ

ȠǦȖǓǓ șǩǏǓșॸ 'ǩȖșȠǹΡॹ ȠǦǓ șǩǠǿƺǹ ǉƺǿ ǈǓ ǩǿМȣǓǿǉǓǏ ǈΡ ȖƺǏǩƺȠǩȅǿ ȠǦƺȠ ǩș ȠȖƺǿșǾǩȠȠǓǏ ȠǦȖȅȣǠǦ ȠǦǓ ǈǹȅǉǷș ǟȅȖǾǩǿǠ ȠǦǓ

șǹǩȠ ȒǦƺǿȠȅǾঀ eǦǩș Λǩǹǹ ȒȖǓΚǓǿȠ ȠǦǓ @^' Ƞƺǩǹș ǟȖȅǾ ǏȖȅȒȒǩǿǠ Ƞȅ ΦǓȖȅ ƺǿǏ ȠǦǓȖǓǟȅȖǓ ȖǓȕȣǩȖǓș șȣǈȠȖƺǉȠǩȅǿ ȅǟ ƺ

ǉǹȅșǓǏেșǹǩȠ ǩǾƺǠǓঀ ࢴࢴ ^ǓǉȅǿǏǹΡॹ ǩǟ ȠǦǓ @^' Ǧƺș ƺ ǹȅǿǠǓȖ ȖƺǿǠǓ ȠǦƺǿ ȠǦǓ ȖǓǠǩȅǿ ȅǟ ǩǿȠǓȖǓșȠ ȣșǓǏ ǟȅȖ Ee' ƺǿƺǹΡșǩșॹ

ȠǦǓ ȖǓșȣǹȠǩǿǠ ȠȖȣǿǉƺȠǩȅǿ ǓȖȖȅȖ ƺАǓǉȠș ȠǦǓ @^' ǩǿȠǓǠȖƺǹ ǩǿ ƺ șǩǾǩǹƺȖ ǟƺșǦǩȅǿঀࢵࢴॹࢶࢴ eǦǩȖǏǹΡॹ ȠǦǓ ǿȅǩșǓ ǩǿ ȠǦǓ șǩǠǿƺǹ

ǉƺǿ ǾƺǷǓ ǩȠ ǏǩГǉȣǹȠ Ƞȅ ǓșȠǩǾƺȠǓ ȠǦǓ ȠȖȣǓ @^' ǈƺșǓǹǩǿǓঀ ࢴࢴ

EǓƺșȣȖǓǾǓǿȠș ΛǩȠǦ ƺ șǹǩȠ ȒǦƺǿȠȅǾ ǉƺǿ ȒȖȅǏȣǉǓ ƺǉǉȣȖƺȠǓ ȖǓșȣǹȠșॹ ǈȣȠ ȠǦǓ ȒȖȅǉǓǏȣȖǓ ǩș ǉǦƺǹǹǓǿǠǩǿǠ ƺǿǏ ȒȖȅǿǓ

Ƞȅ ǓȖȖȅȖșঀ Kǿ ȠǦǓ ȅȠǦǓȖ ǦƺǿǏॹ ȠǦǓ ǓǏǠǓ ǾǓȠǦȅǏ Ǧƺș ǈǓǓǿ șǦȅΛǿ Ƞȅ ǈǓ ȖȅǈȣșȠ ƺǠƺǩǿșȠ ȒǦƺǿȠȅǾ ǾǩșƺǹǩǠǿǾǓǿȠ

ǈΡ șǓΚǓȖƺǹ ǉǓǿȠǩǾǓȠǓȖșࢱࢴ ƺǿǏ ǩș ǉȅǿșǩǏǓȖǓǏ Ƞȅ ǈǓ șȣȒǓȖǩȅȖ ǟȅȖ ǾǓƺșȣȖǩǿǠ ȠǦǓ ǹȅΛেǟȖǓȕȣǓǿǉΡ ȖǓșȒȅǿșǓঀ ࢷࢴ eǦǓșǓ

ЙǿǏǩǿǠș ΛǓǿȠ ǩǿȠȅ ȠǦǓ 2�� ࢲেࢱࢳࢳࢳࢷ ȖǓȒȅȖȠॹ ΛǦǩǉǦ ȖǓǉȅǾǾǓǿǏș ȠǦǓ ǓǏǠǓ ǾǓȠǦȅǏ ǟȅȖ Ee' ǾǓƺșȣȖǓǾǓǿȠș ƺȠ

Ƿt ǓǿǓȖǠǩǓșঀ ࢷࢲ �ș Λǩǹǹ ǈǓǉȅǾǓ ǓΚǩǏǓǿȠ ǟȖȅǾ ȠǦǓ ǹǩȠǓȖƺȠȣȖǓ ȖǓΚǩǓΛॹ ǿȅ ǉȅǿșǓǿșȣș Ǧƺș ΡǓȠ ǈǓǓǿ ǟȅȖǾǓǏ ǟȅȖ Ee'

ǾǓƺșȣȖǓǾǓǿȠș ǩǿ ȠǦǓ ȠǦǓȖƺȒǓȣȠǩǉ ǓǿǓȖǠΡ ȖƺǿǠǓঀ �ƺșǓǏ ȅǿ ȠǦǓ ƺǈȅΚǓ ǉȅǿșǩǏǓȖƺȠǩȅǿș ǦȅΛǓΚǓȖॹ ȠǦǓ ǓΠȒǓȖǩǾǓǿȠș

ƺǿǏ șǩǾȣǹƺȠǩȅǿș ȒȖǓșǓǿȠǓǏ ǩǿ ȠǦǩș ȠǦǓșǩș ΛǓȖǓ ǓǿȠǩȖǓǹΡ ǟȅǉȣșǓǏ ȅǿ ȠǦǓ ǓǏǠǓ ǾǓȠǦȅǏঀ

ࢸࢲ



ौ৺ॏ 2ӼӜӵԡӒӼӈӒԖ ԃӼ ԝӢӒ ӻӒҺԖԡԒӒӻӒӼԝ

eǦǩș ȠǦǓșǩș Λǩǹǹ ǩǿΚǓșȠǩǠƺȠǓ ȠǦǓ ƺǉǉȣȖƺǉΡ ȅǟ Ee' ǾǓƺșȣȖǓǾǓǿȠș ƺȠ Et ǓǿǓȖǠǩǓș ΛǦǩǉǦ ƺȖǓ ǉȅǿǏȣǉȠǓǏ ΛǩȠǦ ƺǿ

ǓǏǠǓ ȒǦƺǿȠȅǾঀ �ǓǹȅΛ ǟȅǹǹȅΛș ƺ ǈȖǩǓǟ șȣǾǾƺȖΡ ȅǟ ǟƺǉȠȅȖș ΛǦǩǉǦ ǾǩǠǦȠ ǩǿМȣǓǿǉǓ Ee' ǾǓƺșȣȖǓǾǓǿȠș ƺǿǏ Λǩǹǹ

ƺȒȒǓƺȖ ȖǓȒǓƺȠǓǏǹΡ ǏȣȖǩǿǠ ȠǦǩș ΛȅȖǷঀ

ौ৺ॏ৺ो ^ҺӻԏӵӥӼӝ ҺӼӎ �ӵӥҺԖӥӼӝ

eǦǓ șǩΦǓ ȅǟ ȠǦǓ ȒǩΠǓǹ ƺȒǓȖȠȣȖǓ ǩș ƺǿ ǩǾȒȅȖȠƺǿȠ ǏǓȠǓǉȠȅȖ ǉǦƺȖƺǉȠǓȖǩșȠǩǉঀ EȅǏǓȖǿ ȖƺǏǩȅȠǦǓȖƺȒΡ ǓǾȒǹȅΡș �X2�ș ȠǦƺȠ

ƺȖǓ ǈƺșǓǏ ȅǿ ƺǉȠǩΚǓ ǾƺȠȖǩΠ МƺȠ ȒƺǿǓǹ ǩǾƺǠǩǿǠ শ�E'X2ষ ȠǓǉǦǿȅǹȅǠΡঀࢸࢴ 'ȅȖ ȠǦǓșǓ șΡșȠǓǾșॹ ȠǦǓ șǩΦǓ ȅǟ ƺ ǏǓȠǓǉȠȅȖ

ǓǹǓǾǓǿȠ ƺǿǏ ȠǦǓȖǓǈΡ ȠǦǓ șƺǾȒǹǩǿǠǏǩșȠƺǿǉǓș ƺȖǓ ЙǿǩȠǓঀ eǦǓ ǩǿǉȅǾǩǿǠȒǦȅȠȅǿМȣǓǿǉǓ ǩș șȒƺȠǩƺǹǹΡ ƺΚǓȖƺǠǓǏȅΚǓȖ ȠǦǓ

ƺȖǓƺ ȅǟ ȅǿǓ ȒǩΠǓǹঀ �ΠȒȖǓșșǓǏ ǩǿ ȅǿǓ ǏǩǾǓǿșǩȅǿॹ șȒƺȠǩƺǹ ƺΚǓȖƺǠǩǿǠ ȅΚǓȖ ƺ ǏǓȠǓǉȠȅȖ ǓǹǓǾǓǿȠ ȅǟ ΛǩǏȠǦ ۹ ǩș ǓȕȣǩΚƺǹǓǿȠ

Ƞȅ ǉȅǿΚȅǹΚǩǿǠ ȠǦǓ ǩǿȒȣȠ ȅǈǴ(ͦ)ΛǩȠǦ ƺ ȖǓǉȠƺǿǠȣǹƺȖ ǟȣǿǉȠǩȅǿ ȅǟ ΛǩǏȠǦ ۹ॸ

ǩǾ(ͦ) = ȅǈǴ(ͦ) ! ȖǓǉȠ(ͦ/۹) শࢳঀࢸࢴষ

eȖƺǿșǟǓȖȖǓǏ Ƞȅ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ǏȅǾƺǩǿॹ ȠǦǓ ǟȖǓȕȣǓǿǉΡ ЙǹȠǓȖ ȒȖȅǏȣǉǓǏ ǈΡ ȠǦǓ ȒǩΠǓǹ ƺȒǓȖȠȣȖǓ ǩș ƺ șǩǿǉ ǟȣǿǉে

Ƞǩȅǿ শ'ǩǠঀ ষࢸঀࢳ ΛǩȠǦ ȠǦǓ ЙȖșȠ ΦǓȖȅ ƺȠ ܽࣤ = ࣥ/۹ॸ

Ee'^(ܽ) = |șǩǿǉ(ܿܽ۹)| =
∣∣∣∣
șǩǿ(ܿܽ۹)
ܿܽ۹

∣∣∣∣ শࢳঀࢹࢴষ

1/�

�

���

�

����	�
 �������

��
�
��
��
�
	

�

)LJXUH ���� 6LQF IXQFWLRQ 07) IRU GHWHFWRU HOHPHQWV
�SL[HOV� RI ZLGWK ۹� LQVHUW DUURZ� $W ܽࣤ = ࣥ/۹�
WKH SL[HO DSHUWXUH H[WHQGV RYHU RQH SHULRG RI WKH
VLJQDO� VR WKDW WKH FRQWUDVW PRGXODWLRQ LV HQWLUHO\
H[WLQJXLVKHG

Kǿƺ ȖǓǹƺȠǓǏ ǿȅȠǓॹ ȠǦǓ ЙǿǩȠǓ șǩΦǓ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǓǹǓǾǓǿȠș ƺǹșȅ ƺАǓǉȠș ȠǦǓ ǏƺȠƺ ƺǉȕȣǩșǩȠǩȅǿ ǩǿ ȠǓȖǾș ȅǟ șƺǾȒǹǩǿǠঀ

2ǟΛǓ ƺșșȣǾǓǿǓǠǹǩǠǩǈǹǓ ǏǓƺǏ șȒƺǉǓ ǈǓȠΛǓǓǿ ƺǏǴƺǉǓǿȠ ȒǩΠǓǹșॹ ǩঀǓঀ ǩǟ ȠǦǓ ȒǩΠǓǹ ȒǩȠǉǦ ǉȅǩǿǉǩǏǓșΛǩȠǦ ȠǦǓ ȒǩΠǓǹ ƺȒǓȖȠȣȖǓ

۹ॹ ȠǦǓ ǩǿǉȅǾǩǿǠ șǩǠǿƺǹ ǉƺǿ ȅǿǹΡ ǈǓ șƺǾȒǹǓǏ ȖǓǹǩƺǈǹΡ ǟȅȖ ǟȖǓȕȣǓǿǉǩǓș ǈǓǹȅΛ ȠǦǓ FΡȕȣǩșȠ ǹǩǾǩȠ ܽFͧॸ

ܽ <
ࣥ
ࣦ۹

= ܽFͧ. শࢳঀࢺࢴষ

'ȅȖ ȠǦǓ Et ǏǓȠǓǉȠȅȖ ǾǓǿȠǩȅǿǓǏ ǩǿ ȠǦǩș ȠǦǓșǩș শtƺȖǩƺǿ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲষ ΛǩȠǦ ƺ ȒǩΠǓǹ ȒǩȠǉǦ ȅǟ ࢷࢴࢴঀࢱ ܻǾॹ ȠǦǓ

ࢹࢲ



FΡȕȣǩșȠ ǟȖǓȕȣǓǿǉΡ ǩș ࣥ/ࣦ۹ࢲঀࢺࢵǾǾ−ࣥঀ

eǦǓFΡȕȣǩșȠ ǉȅǿǏǩȠǩȅǿ șȠƺȠǓș ȠǦƺȠ ƺǿ ȣǿƺǾǈǩǠȣȅȣș ȖǓǉȅǿșȠȖȣǉȠǩȅǿ ȅǟ ƺ ǟȖǓȕȣǓǿǉΡ ǉȅǾȒȅǿǓǿȠ ȖǓȕȣǩȖǓșǾȅȖǓ

ȠǦƺǿ ȠΛȅ șƺǾȒǹǓș ȒǓȖ ǉΡǉǹǓঀ 2ǟ ȠǦǓ șǩǠǿƺǹ ǩș ȣǿǏǓȖșƺǾȒǹǓǏॹ ƺǿΡ ǟȖǓȕȣǓǿǉΡ ܽ ≥ ܽFͧ Λǩǹǹ ǈǓ ǾǩșǩǿȠǓȖȒȖǓȠǓǏ ƺǿǏ ЙȠ

ǩǿȠȅ ȠǦǓ ȖǓǠǩȅǿ ࣤ ≤ ܽ < ܽFͧঀ eǦǓ ȖǓșȣǹȠǩǿǠ ǩǾƺǠǓ ƺȖȠǓǟƺǉȠ ǩș ǉƺǹǹǓǏ ǙȘȈǙȸȈȞǿঀ ࢹࢴ

�ǹǩƺșǩǿǠ ǈȖǓƺǷș ȠǦǓ șȒƺȠǩƺǹ ǩǿΚƺȖǩƺǿǉǓ ȅǟ ȠǦǓ șΡșȠǓǾঀ ^ǓǉȠǩȅǿ ࢲঀࢴঀࢴ ǏǓșǉȖǩǈǓș ȠǦǓ șȠǓȒș ȠƺǷǓǿ Ƞȅ ƺȖȠǩЙǉǩƺǹǹΡ

ǩǿǉȖǓƺșǓ ȠǦǓFΡȕȣǩșȠ ǟȖǓȕȣǓǿǉΡॹ șȅ ȠǦƺȠ ȠǦǓ ǓǿȠǩȖǓ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓ ȒȖǓșǓǿȠ ǩǿ ȠǦǓ ǩǿǉȅǾǩǿǠ șǩǠǿƺǹ ǉƺǿ ǈǓ șƺǾȒǹǓǏ

ΛǩȠǦȅȣȠ ƺǹǩƺșǩǿǠঀ

ौ৺ॏ৺ौ (ӒԃӻӒԝԒӥӈ hӼԖӢҺԒԏӼӒԖԖ

eǦǓ ȠǓȖǾ ǿǲȤȝǲȿȵȈǨ ɂȞȸȅǙȵȱȞǲȸȸ ȖǓǟǓȖș Ƞȅ ȠǦǓ ǹȅșș ȅǟ ǏǓЙǿǩȠǩȅǿ ǩǿ ƺ ȖƺǏǩȅǠȖƺȒǦǩǉ ǩǾƺǠǓ ǉƺȣșǓǏ ǈΡ ȠǦǓ ЙǿǩȠǓ șǩΦǓ

Ǿ ȅǟ ȠǦǓ ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓ শǩǿșȠǓƺǏ ȅǟ ƺǿ ǩǏǓƺǹ ȒȅǩǿȠ șȅȣȖǉǓষঀ ࢺࢴ �ȣǓ Ƞȅ ȠǦǓ ǓΠȠȖƺǟȅǉƺǹ ȖƺǏǩƺȠǩȅǿॹ ƺ șǩǿǠǹǓ ȒȅǩǿȠ ǩǿ

ȠǦǓ ȅǈǴǓǉȠ ǩș ȒȖȅǴǓǉȠǓǏ ȅǿȠȅ ǏǩАǓȖǓǿȠ ȒȅșǩȠǩȅǿș ǩǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ȒǹƺǿǓ শ'ǩǠঀ ƺষঀࢹঀࢳ �ƺșǓǏ ȅǿ ȠǦǓ ǩǾƺǠǩǿǠ ǠǓȅǾǓȠȖΡॹ

D

d

f

w
�D� 7KH HGJH RI D WKLQ� UDGLRSDTXH SODWH� VXVSHQGHG LQ PLG�
DLU� DSSHDUV DV D SHQXPEUD RYHU WKH ZLGWK ͡ LQ WKH HGJH
LPDJH� 6RXUFH VL]H H[DJJHUDWHG IRU LOOXVWUDWLRQ�

�E� 7KH SHQXPEUD IRU D VROLG HGJH SKDQWRP� ZKHUH WKH
HQWUDQFH SODQH LV DW D GLVWDQFH ȿ � SKDQWRP WKLFNQHVV� IURP
WKH GHWHFWRU� KDV QRW \HW EHHQ LQYHVWLJDWHG�

)LJXUH ���� *HRPHWULF XQVKDUSQHVV LV LQWURGXFHG ZKHQ D SRLQW LQ WKH REMHFW LV SURMHFWHG RQWR GLIIHUHQW SRLQWV LQ WKH LPDJH� GHSHQGLQJ
RQ WKH VL]H RI WKH UDGLDWLRQ VRXUFH� ,W LV PRUH VHYHUH ZKHQ WKH GLVWDQFH EHWZHHQ REMHFW DQG GHWHFWRU LV ODUJH�

ȠǦǓ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ͡ ǉƺȣșǓǏ ǈΡ ƺ ȣǿǩǟȅȖǾ șȅȣȖǉǓ șǩΦǓ Ǿ ǉƺǿ ǈǓ ǉƺǹǉȣǹƺȠǓǏ ƺș

͡ = Ǿ · Ǯ
�
, শࢳঀࢱࢵষ

ΛǦǓȖǓ ȠǦǓ șȅȣȖǉǓেȅǈǴǓǉȠ ǏǩșȠƺǿǉǓ � ƺǿǏ ȠǦǓ ȅǈǴǓǉȠেǏǓȠǓǉȠȅȖ ǏǩșȠƺǿǉǓ Ǯ ƺȖǓ ǹƺȖǠǓ ǉȅǾȒƺȖǓǏ Ƞȅ ȠǦǓ ȠǦǩǉǷǿǓșș ȿ

ȅǟ ȠǦǓ ȅǈǴǓǉȠঀ ࢺࢴ eǦǓ ǓǏǠǓ ȅǟ ƺǿ ȅǈǴǓǉȠ ƺȒȒǓƺȖș ƺș ƺ ǹǩǿǓƺȖ ȠȖƺǿșǩȠǩȅǿ ǟȖȅǾ ǹȅΛ Ƞȅ ǦǩǠǦ ǩǾƺǠǓ ǩǿȠǓǿșǩȠǩǓșॹ ǉƺǹǹǓǏ

ࢺࢲ
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�� )LJXUH ���� 7KH 07) FRPSRQHQW IRU JHRPHWULF XQ�

VKDUSQHVV LV D VLQF IXQFWLRQ� $W ܽࣤ = ࣥ/͡ VSDWLDO
IUHTXHQF\� WKH ZLGWK RI WKH SHQXPEUD HTXDOV WKH ZLGWK
RI RQH OLQH SDLU�

ȠǦǓ ȱǲȞɂȝǧȵǙঀ eǦǓ șȠƺǿǏƺȖǏ ȅȒǓȖƺȠǩǿǠ ȒȖȅǉǓǏȣȖǓș ǟȅȖ ǉǹǩǿǩǉƺǹ ΠেȖƺΡ ǩǾƺǠǩǿǠ ƺΚȅǩǏ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǈΡ

ȒȅșǩȠǩȅǿǩǿǠ ȠǦǓ ȒƺȠǩǓǿȠ ƺș ǉǹȅșǓǹΡ ƺș ȒȅșșǩǈǹǓ Ƞȅ ȠǦǓ ǏǓȠǓǉȠȅȖ শȅȖ ΚǩǉǓ ΚǓȖșƺষ ƺǿǏǾƺΠǩǾǩΦǩǿǠ ȠǦǓ șȅȣȖǉǓেȠȅেǩǾƺǠǓȖ

ǏǩșȠƺǿǉǓ শ^2��+ ȿ+ Ǯষঀ eǦǓ șƺǾǓ ƺȒȒǹǩǓș Ƞȅ ȠǦǓ ƺǉȕȣǩșǩȠǩȅǿ ȅǟ ȠǓșȠ ǩǾƺǠǓș ǟȅȖ ȕȣƺǹǩȠΡ ƺșșȣȖƺǿǉǓॹ ΛǦǓȖǓ ȠǦǓ

ȠǓșȠ ȅǈǴǓǉȠ ǩș ȒǹƺǉǓǏ ǩǿ ǏǩȖǓǉȠ ǉȅǿȠƺǉȠ ΛǩȠǦ ȠǦǓ ǏǓȠǓǉȠȅȖ Ƞȅ ǓǹǩǾǩǿƺȠǓ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșঀ ࢱࢵ

eΡȒǩǉƺǹ șȅȣȖǉǓ șǩΦǓș ǟȅȖ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖș ƺȖǓ ǩǿ ȠǦǓ ȖƺǿǠǓ ȅǟ ࢲ ে ॹࢲࢵǾǾࢳ ǉȅǾȒƺȖǓǏ Ƞȅ ǓАǓǉȠǩΚǓ ǟȅǉƺǹ șȒȅȠ

ȅǟ ࢴঀࢱ ে ࢳࢵǾǾࢳঀࢲ ǩǿ ǏǩƺǠǿȅșȠǩǉ ȖƺǏǩȅǠȖƺȒǦΡ șΡșȠǓǾșঀ �ΠȠȖƺǟȅǉƺǹ ȖƺǏǩƺȠǩȅǿ ƺǉȠș ȅǿ ȠǦǓ ǩǾƺǠǩǿǠ șǩǠǿƺǹ ǩǿ ȠǦǓ

șƺǾǓ ΛƺΡ ƺș ƺΚǓȖƺǠǩǿǠ ȠǦǓ șǩǠǿƺǹ ΛǩȠǦ ƺ ȖǓǉȠƺǿǠȣǹƺȖ ΛǩǿǏȅΛ ȅǟ ΛǩǏȠǦ ͡ঀ �ȅǿșǓȕȣǓǿȠǹΡॹ ȠǦǓ Ee' ȅǟ ǠǓȅǾǓȠȖǩǉ

ȣǿșǦƺȖȒǿǓșșॹ Ee'(hॹ ǩș ƺǹșȅ ȖǓȒȖǓșǓǿȠǓǏ ǈΡ ƺ șǩǿǉ ǟȣǿǉȠǩȅǿ শ'ǩǠঀ ষॸࢺঀࢳ

Ee'(h(ܽ) = |șǩǿǉ(ܿܽ͡)| =
∣∣∣∣
șǩǿ(ܿܽ͡)
ܿܽ͡

∣∣∣∣ . শࢳঀࢲࢵষ

[ȅșșǾƺǿǿ ƺǿǏ @ȣǈǈǓȖȠș ǦƺΚǓ ΚƺǹǩǏƺȠǓǏ ȠǦǩș ǟȅȖǾȣǹƺ ǟȅȖ Ƿt ǩǾƺǠǩǿǠ șΡșȠǓǾșঀࢺࢴ vǦǓȠǦǓȖ ȠǦǓ ƺǈȅΚǓ ǏǓșǉȖǩȒে

Ƞǩȅǿ ǩș ǓȕȣƺǹǹΡ ƺȒȒǹǩǉƺǈǹǓ Ƞȅ Et șΡșȠǓǾș Λǩǹǹ ǈǓ ǩǿΚǓșȠǩǠƺȠǓǏ ǏȣȖǩǿǠ ȠǦǓ ǉȅȣȖșǓ ȅǟ ȠǦǩș ΛȅȖǷঀ eǦǓ șǩΦǓ ȅǟ ȠǦǓ

ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓ ǩș șǓǹǏȅǾ ǾǓƺșȣȖǓǏ ǟȅȖ ƺ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ ƺǿǏ ȠǦǓȖǓ ƺȖǓ ǉȅǿǉǓȒȠȣƺǹ ǏǩАǓȖǓǿǉǓș ǉȅǾȒƺȖǓǏ Ƞȅ

ȠǦǓ ǟȅǉƺǹ șȒȅȠ ȅǟ ƺǿ ΠেȖƺΡ ȠȣǈǓঀ 2ǿ ƺǏǏǩȠǩȅǿॹ ȠǦǓ șȒǓǉǩƺǹ ǉƺșǓ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǟȅȖ ƺ șȅǹǩǏ ǓǏǠǓ ȒǦƺǿȠȅǾ

Λǩǹǹ ǈǓ ǉȅǿșǩǏǓȖǓǏॹ ΛǦǩǉǦ ǩș ǩǿ ǏǩȖǓǉȠ ΛǩȠǦ ȠǦǓ ǏǓȠǓǉȠȅȖ শǮ = ࣤষ ǈȣȠ ΛǦȅșǓ ǓǿȠȖƺǿǉǓ ȒǹƺǿǓ ǩș ƺȠ ȠǦǓ ǏǩșȠƺǿǉǓ ȿ

ǟȖȅǾ ȠǦǓ ǏǓȠǓǉȠȅȖ șȣȖǟƺǉǓ শ'ǩǠঀ ǈষঀࢹঀࢳ

ौ৺ॏ৺् �ӅԖԃԒԏԝӥԃӼ ԡӼԖӢҺԒԏӼӒԖԖ

eǦǓ ȖƺǏǩƺȠǩȅǿ ǈǓƺǾȅǟ ƺ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ ǩș ǏǩΚǓȖǠǓǿȠॹ ΛǩȠǦ ȠǦǓ ЙǓǹǏ șǩΦǓ ǈǓǩǿǠ ǏǓЙǿǓǏ ƺȠ ȠǦǓ ǩșȅǉǓǿȠǓȖঀ 2ǾƺǠǩǿǠ

ΛǩȠǦ ƺ ǏǩΚǓȖǠǓǿȠ ǈǓƺǾ ǉƺǿ ǩǿȠȖȅǏȣǉǓ ȣǿșǦƺȖȒǿǓșșॹ ǈǓǉƺȣșǓ ȠǦǓ ǏǩΚǓȖǠǓǿǉǓ ǉƺȣșǓș ΚƺȖǩƺȠǩȅǿș ǩǿ ȠǦǓ ƺǈșȅȖȒȠǩȅǿ

ǹǓǿǠȠǦ শ'ǩǠঀ ষঀࢱࢲঀࢳ eǦǩș ȣǿșǦƺȖȒǿǓșș Λƺș ȠǓȖǾǓǏ ǙǧȸȤȵȱȿȈȤȞ ɂȞȸȅǙȵȱȞǲȸȸঀ ࢵࢵॹࢴࢵ �ǹȠǦȅȣǠǦ ȠǦǓ ȠǓȖǾ ǩȠșǓǹǟ ǩș șǓǹǏȅǾ

ȣșǓǏॹ ȠǦǓ ǓАǓǉȠ ǩș ΛǓǹǹ ǷǿȅΛǿॹ ǓঀǠঀ ƺș ȠǦǓ ǉƺȣșǓ ȅǟ ȠǦǓ ǦǓǓǹ ǓАǓǉȠ ǩǿ ƺǿ ΠেȖƺΡ ȠȣǈǓঀ 2ǿ ǉȅǿȠȖƺșȠ Ƞȅ ǠǓȅǾǓȠȖǩǉ

ȣǿșǦƺȖȒǿǓșșॹ ǩȠ ǩș ǿȅȠ ȠǦǓ ǏǩșȠƺǿǉǓ ǟȖȅǾ ȠǦǓ ǏǓȠǓǉȠȅȖ ΛǦǩǉǦ ǏǓȠǓȖǾǩǿǓș ȠǦǓ ȣǿșǦƺȖȒǿǓșșॹ ǈȣȠ ȠǦǓ șǦƺȒǓ ȅǟ ȠǦǓ

ȅǈǴǓǉȠ ǩǿ ȖǓǹƺȠǩȅǿ Ƞȅ ȠǦǓ ǏǩΚǓȖǠǓǿǉǓ ƺǿǠǹǓ ȅǟ ȠǦǓ ǈǓƺǾঀࢱࢵ � ǉȅǿǓ ΛǩȠǦ ȠǦǓ ǓǏǠǓș ȒƺȖƺǹǹǓǹ Ƞȅ ȠǦǓ ǏǩΚǓȖǠǩǿǠ ǈǓƺǾ

Λǩǹǹ ǈǓ ǟȖǓǓ ǟȖȅǾ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșșॹ ΛǦǩǹǓ ȠǦǓ ȅȣȠǹǩǿǓ ȅǟ ƺǿ ȅǈǴǓǉȠ ΛǩȠǦ ȣǿǩǟȅȖǾ ȠǦǩǉǷǿǓșș Λǩǹǹ ƺȒȒǓƺȖ

ࢱࢳ



)LJXUH ����� 'LYHUJHQW [�UD\V SDVVLQJ WKURXJK DQ
HGJH SKDQWRP RI XQLIRUP WKLFNQHVV PLJKW LQWURGXFH D
WUHQG LQ WKH VLJQDO GXH WR GLIIHUHQW DEVRUSWLRQ OHQJWKV�

ǈǹȣȖȖǓǏঀ

'ȅȖ ƺǿ ǓǏǠǓ ȒǦƺǿȠȅǾॹ ȠǦǓȖǓ ǩș ȠǦǓ ȒȅșșǩǈǩǹǩȠΡ ȅǟ ƺ ǏǓǉǹǩǿǓ ǩǿ șǩǠǿƺǹ ǩǿȠǓǿșǩȠΡ ǟȅȖ ƺȖǓƺș ǟȣȖȠǦǓȖ ƺΛƺΡ ǟȖȅǾ ȠǦǓ

ǉǓǿȠȖƺǹ ƺΠǩșঀ /ȅΛǓΚǓȖॹ ȠǦǓ Ee' ǩș ǉƺǹǉȣǹƺȠǓǏ ǟȖȅǾ ȠǦǓ ǉǓǿȠȖƺǹ ǩǾƺǠǓ ȖǓǠǩȅǿ ȅǿǹΡঀ vǦǓȠǦǓȖ ȠǦǓ ΚƺȖǩƺȠǩȅǿș ȅǟ

ƺǈșȅȖȒȠǩȅǿ ǹǓǿǠȠǦ ΛǩȠǦǩǿ ȠǦǓ ȒǦƺǿȠȅǾ ƺȖǓ ȖǓǹǓΚƺǿȠ ǏǓȒǓǿǏș ȅǿ ȠǦǓ ǈǓƺǾ ǏǩΚǓȖǠǓǿǉǓ ƺǿǠǹǓ ƺǿǏ ȠǦǓȖǓǈΡ ȅǿ ȠǦǓ

ȖǓǹƺȠǩȅǿ ǈǓȠΛǓǓǿ ȠǦǓ șǩΦǓ ȅǟ ȠǦǓ ǉǓǿȠȖƺǹ ǩǾƺǠǓ ȖǓǠǩȅǿ ƺǿǏ ȠǦǓ șȅȣȖǉǓেȠȅেǏǓȠǓǉȠȅȖ ǏǩșȠƺǿǉǓঀ eǦǓ ȖȅǹǓ ȅǟ ƺǈșȅȖȒȠǩȅǿ

ȣǿșǦƺȖȒǿǓșș ǩǿEe'ǾǓƺșȣȖǓǾǓǿȠș Ǧƺș ǿȅȠ ΡǓȠ ǈǓǓǿ ǩǿΚǓșȠǩǠƺȠǓǏ ƺǿǏΛǩǹǹ ǈǓ ƺ șȣǈǴǓǉȠ ȅǟ Ǐǩșǉȣșșǩȅǿ ǩǿ ȠǦǓ ǉȅȣȖșǓ

ȅǟ ȠǦǩș ΛȅȖǷঀ

ौ৺ॏ৺ॎ ^ӈҺԝԝӒԒ

2ǿ ȠǦǓ ȒǦȅȠȅǿ ǓǿǓȖǠΡ ȖƺǿǠǓ ǓǾȒǹȅΡǓǏ ǩǿ ȖƺǏǩȅȠǦǓȖƺȒΡॹ ȠǦǓ ȖǓǹǓΚƺǿȠ ΠেȖƺΡ ǩǿȠǓȖƺǉȠǩȅǿ ȒȖȅǉǓșșǓș ƺȖǓ ȒǦȅȠȅǓǹǓǉȠȖǩǉ

ƺǈșȅȖȒȠǩȅǿॹ ǩǿǉȅǦǓȖǓǿȠ șǉƺȠȠǓȖ ǏȣǓ Ƞȅ ȠǦǓ �ȅǾȒȠȅǿ ǓАǓǉȠ ƺǿǏ ȒƺǩȖ ȒȖȅǏȣǉȠǩȅǿ শ'ǩǠঀ ষঀࢲࢲঀࢳ eǦǓ ȒǦȅȠȅǿ ǈǓƺǾ

ȅǟ ƺ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ Λǩǹǹ ǩǿǓΚǩȠƺǈǹΡ ǠǓǿǓȖƺȠǓ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿঀ 2Ƞ Ǧƺș ǈǓǓǿ șǦȅΛǿ ȠǦƺȠ ȠǦǓ ȖȅǹǓ ȅǟ ǓǹǓǉȠȖȅǿș

ǩǿ ǟȅȖǾǩǿǠ ȠǦǓ Et ǩǾƺǠǓ ǩș ǾǩǿȅȖࢶࢵॹࢷࢵॹ șȅ ȠǦƺȠ ȠǦǓ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ ǉȅǿșǩșȠș ǾƺǩǿǹΡ ȅǟ �ȅǾȒȠȅǿ șǉƺȠȠǓȖǓǏ

ȒǦȅȠȅǿș ƺǿǏ ǈȖǓǾșșȠȖƺǦǹȣǿǠঀ

)LJXUH ����� 5HODWLYH SUREDELOLW\ RI [�UD\ LQWHUDFWLRQ
DV D IXQFWLRQ RI SKRWRQ HQHUJ\ IRU D 7XQJVWHQ DE�
VRUEHU� VKRZLQJ WKH WKHUDSHXWLF HQHUJ\ UDQJH� 'DWD
DFFRUGLQJ WR 1,67 GDWDEDVH� ঁ

total attenuation

photoel. absorption

incoherent scatter

pair production
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)LJXUH ����� ,QWHUDFWLRQ RI WKH UDGLDWLRQ ZLWK WKH HGJH
SKDQWRP LQWURGXFHV VHFRQGDU\ UDGLDWLRQ� ZKLFK FDQ
SRWHQWLDOO\ UHDFK WKH GHWHFWRU�

^ǉƺȠȠǓȖ ǓǿȠǓȖș ȠǦǓ ǩǾƺǠǩǿǠ ǉǦƺǩǿ ƺș ƺǿ ƺǏǏǩȠǩȅǿƺǹ șǩǠǿƺǹॹ ǿȅȠ ƺș ƺ ǉȅǿΚȅǹȣȠǩȅǿ ȅȒǓȖƺȠǩȅǿঀ �ș ǩȠ ǩș ǉȖǓƺȠǓǏΛǩȠǦǩǿ

ȠǦǓ ȒǦƺǿȠȅǾ ǩȠșǓǹǟॹ ǩȠ ǩș ǾƺǩǿǹΡ ȒȖǓșǓǿȠ ǩǿ ȠǦǓ ƺȖǓƺ ǈǓǹȅΛ ȠǦǓ ȒǦƺǿȠȅǾॹ ǈȣȠ ǾƺΡ ƺǹșȅ ǓΠȠǓǿǏ ǩǿȠȅ ȠǦǓ ȅȒǓǿ ЙǓǹǏ

ǏȣǓ Ƞȅ ǩȠș ƺǿǠȣǹƺȖ ǏǩșȠȖǩǈȣȠǩȅǿ শ'ǩǠঀ ষঀࢳࢲঀࢳ eǦǓ ǩǾȒǹǩǉƺȠǩȅǿș ȅǟ șǉƺȠȠǓȖ ǩǿ Ee' ǾǓƺșȣȖǓǾǓǿȠș ǦƺΚǓ ǈǓǓǿ ǏǓে

șǉȖǩǈǓǏ ǩǿ ƺǿ ǩǾȒȅȖȠƺǿȠ ȒȣǈǹǩǉƺȠǩȅǿ ǈΡFǓǩȠΦǓǹ ǓȠ ƺǹঀॹ ΛǦǩǉǦ ǏǩșǉȣșșǓǏ ȠǦǓ ǩǾȒƺǉȠ ȅǟ ǓǏǠǓ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș ȅǿ

Ee'ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ƺȠ Ƿt ȖƺǏǩƺȠǩȅǿ ȕȣƺǹǩȠΡ শࢱࢳেࢱࢳࢲ ǷǓtষঀ ࢸࢵ 2Ƞ șǦȅΛǓǏ ȠǦƺȠ ȠǦǓ șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿ ǈǓে

ǦǩǿǏ ƺǿ ǓǏǠǓ ȒǦƺǿȠȅǾ ȖǓșǓǾǈǹǓș ƺ șȠǓȒ ǟȣǿǉȠǩȅǿ ǩǿ ȠǦǓ ȅȒȒȅșǩȠǓ ǏǩȖǓǉȠǩȅǿ ȅǟ ȠǦǓ ȒȖǩǾƺȖΡ ȖƺǏǩƺȠǩȅǿॹ ΛǩȠǦ ȅΚǓȖƺǹǹ

ǹȅΛǓȖ ǩǿȠǓǿșǩȠΡ ƺǿǏ ƺ ǾȅȖǓ ǠȖƺǏȣƺǹ șǹȅȒǓ শ'ǩǠঀ ষঀࢴࢲঀࢳ 'ȖȅǾ ȠǦǩș ΛȅȖǷ ǟȅǹǹȅΛǓǏ ȠǦǓ 2�� ࢲেࢱࢳࢳࢳࢷ ȖǓǉȅǾǾǓǿǏƺে

Ƞǩȅǿ Ƞȅ ȣșǓ ƺ ǾǾࢲ ȠȣǿǠșȠǓǿ ǓǏǠǓ ȒǦƺǿȠȅǾ ǟȅȖ Ee'ǾǓƺșȣȖǓǾǓǿȠș ƺȠ Ƿt ǓǿǓȖǠǩǓșঀ ࢷࢲ

eǦǓǾȅǏǓǹ ǏǓΚǓǹȅȒǓǏ ǈΡFǓǩȠΦǓǹ ǓȠ ƺǹঀ ǏǓșǉȖǩǈǓș ȠǦǓ ǩǿȠǓȖƺǉȠǩȅǿ ȅǟ ΠেȖƺΡ ȖƺǏǩƺȠǩȅǿ ΛǩȠǦ ƺ ǦȅǾȅǠǓǿǓȅȣșॹ ȠǦǩǿ

ǓǏǠǓ ȒǦƺǿȠȅǾঀ eǦǓ ȖƺǏǩƺȠǩȅǿ ȠǦƺȠ ȖǓƺǉǦǓș ȠǦǓ ǏǓȠǓǉȠȅȖ ǩș ǓǩȠǦǓȖ ȣǿƺȠȠǓǿȣƺȠǓǏ ǩǿǉǩǏǓǿȠ ȖƺǏǩƺȠǩȅǿ ΛǩȠǦ ǩǿȠǓǿșǩȠΡ

2ࣤॹ ȠȖƺǿșǾǩȠȠǓǏ ȖƺǏǩƺȠǩȅǿ 2ȿ ȅȖ șǉƺȠȠǓȖǓǏ ȖƺǏǩƺȠǩȅǿ 2ȸ শ'ǩǠঀ ষঀࢴࢲঀࢳ ^ǉƺȠȠǓȖ ǉƺǿ ǈǓǾȅǏǓǹǓǏ ƺș ȖȅȠƺȠǩȅǿƺǹǹΡ șΡǾǾǓȠȖǩǉ

șǉƺȠȠǓȖ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿș X^'ȸǨǙȿ ΛǦǩǉǦ ǓǾƺǿƺȠǓ ǟȖȅǾ ǓΚǓȖΡ ȒȅǩǿȠ ȅǟ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾॹ ǿȅȖǾƺǹǩΦǓǏ șȅ ȠǦƺȠ

∞∫

ࣤ

ࣦܿȵ · X^'ȸǨǙȿ(ȵ) Ǐȵ = ^, শࢳঀࢳࢵষ

ΛǩȠǦ ȠǦǓ șǉƺȠȠǓȖ ǟȖƺǉȠǩȅǿ ^ = 2ȸ/2ࣤ ƺǿǏ ȠǦǓ ǟȖƺǉȠǩȅǿ ȅǟ ƺȠȠǓǿȣƺȠǓǏ ȖƺǏǩƺȠǩȅǿ � = ࣥ − 2ȿ/2ࣤঀ ࢺࢵॹࢹࢵ vǦǓǿ ȠǦǩș

ȒǦȅȠȅǿ ǏǩșȠȖǩǈȣȠǩȅǿ ǩș ȣșǓǏ ƺș ƺ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹॹ ǩȠ ǉƺǿ ǈǓ șǦȅΛǿ ȠǦƺȠ ȠǦǓǾǓƺșȣȖǓǏEe' ǩș ǹƺȖǠǓȖ ȠǦƺǿ ȠǦǓ

ƺǉȠȣƺǹ ǏǓȠǓǉȠȅȖ Ee' ƺȠ ƺǹǹ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓșॸ

Ee'Ǯǲȿ(ܽ) =
(
ࣥ− ^

�

)
·Ee'ȝǲǙȸ(ܽ). শࢳঀࢴࢵষ

eǦǓǾȅǏǓǹ Ǧƺș ǈǓǓǿ ǓΠȒǓȖǩǾǓǿȠƺǹǹΡ ΚƺǹǩǏƺȠǓǏ ǟȅȖ șȠƺǿǏƺȖǏ ȖƺǏǩƺȠǩȅǿ ȕȣƺǹǩȠǩǓș শ[Z�ষঀ eǦǓȖǓ Λƺș ǠȅȅǏ ƺǠȖǓǓে

ǾǓǿȠ ǟȅȖ ȠǦǓ 2��েșȒǓǉǩЙǓǏ ǈǓƺǾ ȕȣƺǹǩȠǩǓș [Z� ࢴ Ƞȅ [Z� ॹࢸ ΛǦǩǹǓ ǾǓƺșȣȖǓǾǓǿȠș ΛǩȠǦ ȠǦǓ ǦǩǠǦǓȖেǓǿǓȖǠǓȠǩǉ

ࢳࢳ



)LJXUH ����� 7KH LQWHQVLW\ GLVWULEXWLRQ EHKLQG WKH
HGJH SKDQWRP LV GHVFULEHG E\ WKH UDWLR RI SULPDU\ WR
VHFRQGDU\ LQSXW VLJQDO�

total primary scattered

I
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II t
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[Zࢺ� ȖǓȠȣȖǿǓǏ ǓΚǓǿ ǠȖǓƺȠǓȖ ΚƺǹȣǓș ǟȅȖ ȠǦǓǾǓƺșȣȖǓǏEe' ȠǦƺǿ ȒȖǓǏǩǉȠǓǏ ΛǩȠǦ ȠǦǓǾȅǏǓǹঀ eǦǓȖǓ ǦƺΚǓ ǈǓǓǿ ǿȅ

ȖǓȒȅȖȠș ȅǟ șǩǾǩǹƺȖ ǩǿΚǓșȠǩǠƺȠǩȅǿș ƺȠ Et ǈǓƺǾ ȕȣƺǹǩȠǩǓșঀ vǓ ǉƺǿ ǓΠȒǓǉȠ șǩǠǿǩЙǉƺǿȠǹΡ ǦǩǠǦǓȖ șǉƺȠȠǓȖ ǟȖƺǉȠǩȅǿș ǏȣǓ

Ƞȅ ȠǦǓ ȒȖǓΚƺǹǓǿǉǓ ȅǟ�ȅǾȒȠȅǿ ǩǿȠǓȖƺǉȠǩȅǿॹ ƺșΛǓǹǹ ƺș ȒǦȅȠȅǿș ǈǓǩǿǠ ȒȖǓǏȅǾǩǿƺǿȠǹΡ ǓǾǩȠȠǓǏ ǩǿ ǟȅȖΛƺȖǏ ǏǩȖǓǉȠǩȅǿঀ

2ǿ ƺǏǏǩȠǩȅǿॹ Ee' ǾǓƺșȣȖǓǾǓǿȠș ƺȠ ǦǩǠǦǓȖ ǓǿǓȖǠǩǓș ƺȖǓ ȠΡȒǩǉƺǹǹΡ ǉƺȖȖǩǓǏ ȅȣȠ ΛǩȠǦ șǓΚǓȖƺǹ ǉǓǿȠǩǾǓȠǓȖ ȠǦǩǉǷ ǓǏǠǓ

ȒǦƺǿȠȅǾș Ƞȅ ƺǉǦǩǓΚǓ ƺǿ ƺǏǓȕȣƺȠǓ ǹǓΚǓǹ ȅǟ ƺȠȠǓǿȣƺȠǩȅǿॹ ΛǦǩǹǓ ȠǦǩș ǾȅǏǓǹ ƺșșȣǾǓș ƺ ȒǦƺǿȠȅǾ ǈǓȠΛǓǓǿ ǾǾࢲঀࢱ

ƺǿǏ ǾǾࢱঀࢲ ǩǿ ȠǦǩǉǷǿǓșșঀ

XƺȖȠ ȅǟ ȠǦǩș ΛȅȖǷ Λǩǹǹ ǈǓ Ƞȅ ǉǦƺȖƺǉȠǓȖǩΦǓ ȠǦǓ șǉƺȠȠǓȖǓǏ ȖƺǏǩƺȠǩȅǿ ǓǾǩȠȠǓǏ ǈΡ ƺǿ ǓǏǠǓ ȒǦƺǿȠȅǾ ƺȠ Et ǓǿǓȖǠǩǓș

ƺǿǏ ǏǓȠǓȖǾǩǿǓ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǿ ȠǦǓ ǾǓƺșȣȖǓǏEe'ঀ

ࢴࢳ



ौ৺ॐ @ӥԝӒԒҺԝԡԒӒ ԒӒԭӥӒԮ

�ǿ ȅΚǓȖΚǩǓΛ ȅǟ ƺǹǹ ȒȣǈǹǩǉƺȠǩȅǿș ǟǓƺȠȣȖǩǿǠEe'ǾǓƺșȣȖǓǾǓǿȠș ȅǿEt șΡșȠǓǾș ȣȒ Ƞȅ =ȣǹΡ ࢱࢳࢱࢳ ǉƺǿ ǈǓ ǟȅȣǿǏ ȅǿ

ȒƺǠǓș ࢺࢳ ƺǿǏ ঀࢱࢴ EȅșȠ ȅǟ ȠǦǓ ȖǓȒȅȖȠș ǟȅǉȣșǓǏ ȅǿ ȠǦǓ ǏǓΚǓǹȅȒǾǓǿȠ ȅǟ ǿǓΛǏǓȠǓǉȠȅȖ șΡșȠǓǾș ƺǿǏǾǓȖǓǹΡ ǓǾȒǹȅΡǓǏ

ȠǦǓ Ee' ƺș ƺ Ƞȅȅǹ Ƞȅ ǏǓǾȅǿșȠȖƺȠǓ ȠǦǓ ǩǾȒȖȅΚǓǾǓǿȠș ǩǿ ǩǾƺǠǓ ȕȣƺǹǩȠΡঀ /ȅΛǓΚǓȖॹ șȅǾǓ ȒȣǈǹǩǉƺȠǩȅǿș ǉȅǿȠƺǩǿǓǏ

ƺǏǏǩȠǩȅǿƺǹ ǩǿșǩǠǦȠș ǉȅǿǉǓȖǿǩǿǠ ȠǦǓ Ee' ǾǓƺșȣȖǓǾǓǿȠ ǩȠșǓǹǟঀ eǦǓșǓ ƺȖǓ ǏǩșǉȣșșǓǏ ǩǿ ȠǦǓ ǟȅǹǹȅΛǩǿǠ ȖǓΚǩǓΛ Ƞȅ

ȣǿǓƺȖȠǦ ȠǦǓ ȅȒǓǿ ȕȣǓșȠǩȅǿș ȠǦƺȠ ȖǓǾƺǩǿ Ƞȅ ǈǓ ǓΠȒǹȅȖǓǏঀ

eǦǓ ЙșȠEe'ǾǓƺșȣȖǓǾǓǿȠș ȅǟ ƺ ǾǓǏǩǉƺǹ ΠেȖƺΡ șΡșȠǓǾΛǓȖǓ ǉȅǿǏȣǉȠǓǏ ǈΡ ?ȣȖȠ [ȅșșǾƺǿǿ ǩǿ ȠǦǓ ?ȅǏƺǷ [Ǔে

șǓƺȖǉǦ @ƺǈȅȖƺȠȅȖǩǓșঀ ࢱࢳॹࢵࢳ eǦǓ șΡșȠǓǾ ȅȒǓȖƺȠǓǏ ΛǩȠǦ ƺ ǏǩƺǠǿȅșȠǩǉ ǈǓƺǾ ȕȣƺǹǩȠΡ ȅǟ ࢱࢸ ǷtȒ ƺǿǏ ǾǾࢴ ƺǹȣǾǩǿǩȣǾ

ЙǹȠǓȖ শ/t@ॸ ǾǾࢴ �ǹষঀ [ȅșșǾƺǿǿ ǟȅȖǾǓǏ ȠǦǩǿ șǹǩȠș ǾƺǏǓ ǟȖȅǾ ȣȖƺǿǩȣǾ শࢱঀࢺǾǾ ȠǦǩǉǷǿǓșșষ ƺǿǏ ȒǹƺȠǩǿȣǾ

শࢳǾǾ ȠǦǩǉǷǿǓșșষঀ /ǩș ȖǓȒȅȖȠș ǓΠȒǹǩǉǩȠǹΡ ǓΠȒȖǓșș ȠǦǓ ǉȅǿǉǓȖǿ ȠǦƺȠ ȠǦǓ ȒǦƺǿȠȅǾ ǾƺΡ ǩǿȠȖȅǏȣǉǓ ǠǓȅǾǓȠȖǩǉ ƺǿǏ

ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșșঀ eǦȣșॹ ǩȠ Λƺș șȣǠǠǓșȠǓǏ ȠǦƺȠ ȠǦǓ ȒǦƺǿȠȅǾ șǦȅȣǹǏ ǈǓ ƺș ȠǦǩǿ ƺș ȒȅșșǩǈǹǓঀ ࢲࢶॹࢷࢳॹࢱࢶ

[ȅǿƺǹǏ �ȖȅǓǠǓ ȖǓȒȅȖȠǓǏ ȠǦǓ ЙȖșȠ Ee' ǾǓƺșȣȖǓǾǓǿȠ ȅǟ ƺǿ Et ǩǾƺǠǩǿǠ șΡșȠǓǾ ǩǿ ࢳࢴॹࢲࢴঀࢺࢸࢺࢲ /Ǔ ǩǿΚǓșȠǩে

ǠƺȠǓǏ ȠǦǓ ǩǾƺǠǩǿǠ ȒȖȅȒǓȖȠǩǓș ȅǟ ǾǓȠƺǹ șǉȖǓǓǿেЙǹǾ ǏǓȠǓǉȠȅȖșॹ ΛǦǩǉǦ ΛǓȖǓ ȠǦǓ ǾȅșȠ ǉȅǾǾȅǿ ǟȅȖǾ ȅǟ ȖƺǏǩƺȠǩȅǿ

ȠȖǓƺȠǾǓǿȠ ΚǓȖǩЙǉƺȠǩȅǿ ƺȠ ȠǦǓ ȠǩǾǓঀ �ȖȅǓǠǓ ǦƺǏ ȅǈșǓȖΚǓǏ ƺ șǩǠǿǩЙǉƺǿȠ ǏǓȠǓȖǩȅȖƺȠǩȅǿ ǩǿ ǩǾƺǠǓ ȕȣƺǹǩȠΡ ƺș ȠǦǓ Πে

ȖƺΡ ǓǿǓȖǠΡ ǩǿǉȖǓƺșǓǏ ƺǈȅΚǓ EǓtࢲ ƺǿǏ șȣșȒǓǉȠǓǏ ȠǦǓ ǩǾƺǠǓ ȖǓșȅǹȣȠǩȅǿ Ƞȅ ǈǓ ƺȠ ǹǓƺșȠ ȒƺȖȠǩƺǹǹΡ ȖǓșȒȅǿșǩǈǹǓঀ ࢳࢶ 2ǿ

ƺǏƺȒȠǩǿǠ[ȅșșǾƺǿǿঢ়șǾǓƺșȣȖǓǾǓǿȠș ǟȅȖ șǉȖǓǓǿেЙǹǾ șΡșȠǓǾșॹ �ȖȅǓǠǓ ǓΠȒǓȖǩǓǿǉǓǏ ȠǦǓ ǷǓΡ ȒȖȅǈǹǓǾș ƺȖǩșǩǿǠ ǟȖȅǾ

Et ǈǓƺǾ ȕȣƺǹǩȠΡॸ ǹȅΛ ƺǈșȅȖȒȠǩȅǿ ȅǟ ȠǦǓ ȒǦȅȠȅǿ ǈǓƺǾ ǈΡ ȠǦǓ ȒǦƺǿȠȅǾ ƺǿǏ ƺ ǦǩǠǦ ǹǓΚǓǹ ȅǟ ǿȅǩșǓ ǩǿ ȠǦǓ ǩǾƺǠǓঀ

�ȖȅǓǠǓ șǦȅΛǓǏ ȠǦƺȠ ȠǦǓ ȖƺȠǩȅ ȅǟ ȒǓƺǷেȠȅেǈƺǉǷǠȖȅȣǿǏ șǩǠǿƺǹ ǟȅȖ ƺ ǾǾࢲ ȠǦǩǉǷ ȠȣǿǠșȠǓǿ ȒǦƺǿȠȅǾ ǉƺǿ ȖǓƺǉǦǾȅȖǓ

ȠǦƺǿ ࢲॸࢱࢱࢲ ƺȠ Ƿt ǓǿǓȖǠǩǓșॹ ΛǦǩǹǓ ƺ ȠȣǿǠșȠǓǿ ȒǦƺǿȠȅǾ ȅǟ ࢷঀࢲ ǉǾ ȠǦǩǉǷǿǓșș ȅǿǹΡ ΡǩǓǹǏș ƺ ȖƺȠǩȅ ȅǟ ƺǈȅȣȠ ࢲॸࢳ ǩǿ

ǉȅǾǈǩǿƺȠǩȅǿ ΛǩȠǦEt ȖƺǏǩƺȠǩȅǿঀ 'ȣȖȠǦǓȖǾȅȖǓॹ ȠǦǓ ЙǹǾ ǠȖƺǩǿ ǿȅǩșǓ ǩǿǾǓȠƺǹ șǉȖǓǓǿেЙǹǾ șΡșȠǓǾș ǩǿǉȖǓƺșǓș ǟȖȅǾ

ƺȖȅȣǿǏ ઔࢲ ǟȅȖ Ƿt ȖƺǏǩƺȠǩȅǿ Ƞȅ ઔࢱࢲ ǟȅȖ Et ȖƺǏǩƺȠǩȅǿॹ ΛǦǩǉǦ ǦǩǿǏǓȖș ȠǦǓ ǓΚƺǹȣƺȠǩȅǿ ȅǟ ȠǦǓ @^'ঀ eȅ ǉȅȣǿȠǓȖ

ȠǦǓșǓ ǓАǓǉȠșॹ �ȖȅǓǠǓ ȣșǓǏ ࢷঀࢲ ǉǾ ȠǦǩǉǷ ȠȣǿǠșȠǓǿ ǈǹȅǉǷș Ƞȅ ǟȅȖǾ ȠǦǓ șǹǩȠ ȒǦƺǿȠȅǾঀ eǦǓ ǩǿǉȖǓƺșǓǏ ȒǦƺǿȠȅǾ

ȠǦǩǉǷǿǓșș ǹǓǏ Ƞȅ ǦǩǠǦǓȖ ΠেȖƺΡ ƺǈșȅȖȒȠǩȅǿ ƺǿǏ ȖǓǏȣǉǓǏ ȠǦǓ ȅΚǓȖƺǹǹ ǿȅǩșǓ ǹǓΚǓǹঀ ࢳࢴ �ȖȅǓǠǓ ƺǏΚǩșǓǏ ƺǠƺǩǿșȠ ǩǿǉȖǓƺșǩǿǠ

ȠǦǓ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș ǈǓΡȅǿǏ ȠǦǩș ȒȅǩǿȠॹ ȠǦȅȣǠǦ ǟȅȖ ȒȖƺǉȠǩǉƺǹ ȖǓƺșȅǿșॸ eǦǓ ǦǩǠǦ ȖǩșǩǿǠ șǩǏǓș ȅǟ ȠǦǓ ȠȣǿǠșȠǓǿ

ǈǹȅǉǷș ΛȅȣǹǏ ǉȅǾȒǹǩǉƺȠǓ ȠǦǓ ƺǹǩǠǿǾǓǿȠ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾΛǩȠǦ ȠǦǓ ǈǓƺǾॹ ƺș ΛǓǹǹ ƺș ȒƺȖȠǩƺǹǹΡ ȅǈșǉȣȖǓ ȠǦǓ ȖƺǏǩƺȠǩȅǿ

șȅȣȖǉǓঀ �ȖȅǓǠǓ ǏȅǓș ǿȅȠ ǾǓǿȠǩȅǿ ȠǦǓ ȒȅȠǓǿȠǩƺǹ ǩǿМȣǓǿǉǓ ȅǟ ǠǓȅǾǓȠȖǩǉ ƺǿǏ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșș ে ΛǦǓȠǦǓȖ

ǩȠ ǓșǉƺȒǓǏ Ǧǩș ǿȅȠǩǉǓ ȅȖ ǦǓ ȠǦȅȣǠǦȠ ȠǦǓșǓ ǩǿМȣǓǿǉǓș Ƞȅ ǈǓ ǿǓǠǹǩǠǩǈǹǓ ȖǓǾƺǩǿș ȣǿǉǹǓƺȖঀ

^ȅǾǓ ΡǓƺȖș ǹƺȠǓȖॹEȣǿȖȅ ǓȠ ƺǹঀ ȖǓȒȅȖȠǓǏ ƺǿEe'ǾǓƺșȣȖǓǾǓǿȠ ǟȅȖ ƺ șǩǾǩǹƺȖ ǏǓȠǓǉȠȅȖॹ ƺǉȕȣǩȖǓǏΛǩȠǦ ƺ ࢶঀࢱࢲ ǉǾ

ȠǦǩǉǷ ȠȣǿǠșȠǓǿ șǹǩȠ ȒǦƺǿȠȅǾ ে ƺ șǩΠ ȠǩǾǓș ǩǿǉȖǓƺșǓ ǩǿ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșșঀ ࢴࢶ EȣǿȖȅ ǟȅȣǿǏ ȠǦƺȠॹ ΛǦǩǹǓ ƺ ȠǦǩǉǷ ȒǦƺǿে

ȠȅǾ ȖǓǏȣǉǓș ȠǦǓ ΠেȖƺΡ ȠȖƺǿșǾǩșșǩȅǿ ȠǦȖȅȣǠǦ ȠǦǓ șǹǩȠॹ ȠǦǓ ǈƺǉǷǠȖȅȣǿǏ ǩǿȠǓǿșǩȠΡ ǏǓǉȖǓƺșǓș ǓΚǓǿǾȅȖǓ șȠȖȅǿǠǹΡ শȒȖȅে

ΚǩǏǓǏ ǈƺǉǷșǉƺȠȠǓȖ ǉƺǿ ǈǓ ǓǹǩǾǩǿƺȠǓǏষঀ eǦǓȖǓǟȅȖǓॹ ȠǦǓ ȒǓƺǷেȠȅেǈƺǉǷǠȖȅȣǿǏ ȖƺȠǩȅ Λǩǹǹ ƺǉȠȣƺǹǹΡ ǩǿǉȖǓƺșǓ ǩǿ ȠǦǩǉǷǓȖ

ȒǦƺǿȠȅǾșঀ 2ǿ ȠǓȖǾș ȅǟ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿॹ ȠǦǩș șȠȣǏΡ ǹƺǩǏ ȠǦǓ ǟȅȣǿǏƺȠǩȅǿ ǟȅȖ ƺǹǹ Ee' ǾǓƺșȣȖǓǾǓǿȠș ȅǿ Et

ࢵࢳ



ǏǓȠǓǉȠȅȖș ΛǦǩǉǦ ǟȅǹǹȅΛǓǏ ǏȣȖǩǿǠ ȠǦǓ ǿǓΠȠ ǏǓǉƺǏǓșঀ 'ȣȠȣȖǓ ΛȅȖǷș ǉȅǿȠǩǿȣǓǏ Ƞȅ ǩǿǉȖǓƺșǓ ȠǦǓ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș

șȠǩǹǹ ǟȣȖȠǦǓȖॹ ǹǩǾǩȠǓǏ ȅǿǹΡ ǈΡ ȠǦǓ ǾȅȖǓ ƺǿǏ ǾȅȖǓ ǉȣǾǈǓȖșȅǾǓ ȒǦƺǿȠȅǾ ƺǹǩǠǿǾǓǿȠঀ

vǦǓǿ ǾǓȠƺǹ șǉȖǓǓǿেЙǹǾ șΡșȠǓǾș ΛǓȖǓ ȖǓȒǹƺǉǓǏ ǈΡ ǏǩǠǩȠƺǹ МȣȅȖȅșǉȅȒǩǉ șΡșȠǓǾșॹ EȣǿȖȅ ǓȠ ƺǹঀ ȒȣǈǹǩșǦǓǏ ƺǿ

ȣȒǏƺȠǓ ΛǦǩǉǦ ǓΠȠǓǿǏǓǏ ȠǦǓ Ee' ƺǿƺǹΡșǩș Ƞȅ ȒǩΠǓǹǹƺȠǓǏ ǩǾƺǠǩǿǠ șΡșȠǓǾșঀࢵࢶ � șȣǈșƺǾȒǹǩǿǠ ȠǓǉǦǿǩȕȣǓ ȖǓșȠȅȖǓǏ

ȠǦǓ șȒƺȠǩƺǹ ǩǿΚƺȖǩƺǿǉǓ ȅǟ ȠǦǓ ǩǾƺǠǩǿǠ șΡșȠǓǾ ƺǿǏ ƺǹǹȅΛǓǏ ȠǦǓ ǏǓȠǓȖǾǩǿƺȠǩȅǿ ȅǟ ȠǦǓ ȒȖǓেșƺǾȒǹǓǏ Ee' ΛǩȠǦȅȣȠ

ƺǹǩƺșǩǿǠ ǓАǓǉȠș শǾȅȖǓ ȅǿ ȠǦǩș ǩǿ ^ǓǉȠǩȅǿ ষঀࢴঀࢴ EȣǿȖȅঢ়ș ǾǓȠǦȅǏ ǈǓǉƺǾǓ ȠǦǓ ǠȣǩǏǓǹǩǿǓ ǟȅȖ ǾǓƺșȣȖǩǿǠ ȠǦǓ Ee'

ȅǟ ǏǩǠǩȠƺǹ МȣȅȖȅșǉȅȒǩǉ șΡșȠǓǾș ƺǿǏ ǹƺȠǓȖ ƺǹșȅ ȅǟ ƺǾȅȖȒǦȅȣș șǩǹǩǉȅǿ ǾǓǠƺΚȅǹȠƺǠǓ ǏǓȠǓǉȠȅȖșঀ vǓ ЙǿǏ ȖǓǟǓȖǓǿǉǓș

Ƞȅ ȠǦǩș ƺȒȒȖȅƺǉǦ ǩǿ ȠǦǓ ΛȅȖǷș ȅǟ �ǩșșȅǿǿǓȠȠǓ ǓȠ ƺǹঀ শࢵࢺࢺࢲষࢶࢶॹ EȣǿȖȅ ƺǿǏ �ȅȣǩȣș শࢹࢺࢺࢲষࢶࢵॹ 'ƺǹǉȅ ƺǿǏ 'ƺǹǹȅǿǓ

শࢹࢺࢺࢲষࢷࢶॹ �ǹেEȅǦȖǩ ǓȠ ƺǹঀ শࢲࢱࢱࢳষࢸࢶॹ �ȖǓǾǓȖș ǓȠ ƺǹঀ শࢵࢱࢱࢳষࢹࢶॹ ^ƺΛƺǿȠ ǓȠ ƺǹঀ শࢶࢱࢱࢳॹࢷࢱࢱࢳॹࢸࢱࢱࢳষࢺࢶॹࢴࢴॹ ^ƺǾƺǿȠ ƺǿǏ

(ȅȒƺǹ শࢷࢱࢱࢳॹࢹࢱࢱࢳষࢱࢷॹࢲࢷॹࢴࢳ ƺǿǏ [ȅȠȠǾƺǿǿ ǓȠ ƺǹঀ শࢷࢲࢱࢳষࢳࢷঀ eǦǓ șȒǓǉǩЙǉ ǏǓșǩǠǿ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾș ΚƺȖǩǓǏ ǠȖǓƺȠǹΡॹ

ΛǩȠǦ șȠǓǓǹॹ ȠȣǿǠșȠǓǿ ȅȖ ǹǓƺǏ ƺș ȠǦǓ ȒǦƺǿȠȅǾ ǾƺȠǓȖǩƺǹ ƺǿǏ ȠǦǓ șǹǩȠ ȠǦǩǉǷǿǓșș ȖƺǿǠǩǿǠ ǈǓȠΛǓǓǿ ࢶ ǉǾ ƺǿǏ ࢱࢵ ǉǾঀ

/ȅΛǓΚǓȖॹ ƺǹǹ ȠǦǓșǓ ȒȣǈǹǩǉƺȠǩȅǿș ΛǓȖǓ ǈƺșǓǏ ȅǿ ȠǦǓ ȣǿǏǓȖǹΡǩǿǠ ƺșșȣǾȒȠǩȅǿ ȠǦƺȠ ȠǦǓ ȠǦǩǉǷǓșȠ ȒǦƺǿȠȅǾ ǩș ǹǩǷǓǹΡ Ƞȅ

ΡǩǓǹǏ ȠǦǓ ǾȅșȠ ƺǉǉȣȖƺȠǓ ǾǓƺșȣȖǓǾǓǿȠ ȖǓșȣǹȠșঀ

2ǿ ȅǿǓ ȅǟ Ǧǩș ЙȖșȠ ȒȣǈǹǩǉƺȠǩȅǿșॹ [ȅșșǾƺǿǿ șȠƺȠǓǏ ȠǦƺȠॹ ǏǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ǓǿǓȖǠΡ ȅǟ ȠǦǓ ȖƺǏǩƺȠǩȅǿ ƺǿǏ ȠǦǓ

ȒǦƺǿȠȅǾ ǩǿ ȕȣǓșȠǩȅǿॹ ΚƺȖΡǩǿǠ ƺǾȅȣǿȠș ȅǟ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ ǾƺΡ ǈǓ ǩǿȠȖȅǏȣǉǓǏ ǈΡ ȠǦǓ ȒǦƺǿȠȅǾ ǏȣȖǩǿǠ

ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠঀ ࢵࢵ ^ǩǾǩǹƺȖ ȖǓǾƺȖǷș ΛǓȖǓ ǾƺǏǓ ǈΡ ȅȠǦǓȖ ǠȖȅȣȒș ΛǦǩǉǦ ȣșǓǏ ȠǦǓ ǓǏǠǓ ǾǓȠǦȅǏঀ �ƺȖǿǦƺȖȠ ǓȠ

ƺǹঀ ǿȅȠǓǏ ȠǦƺȠ ȠǦǓ Ee' Λƺș ǩǿМȣǓǿǉǓǏ ǈΡ șǉƺȠȠǓȖ ǟȖȅǾ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾॹ ǈȣȠ ǏǩǏ ǿȅȠ ǩǿǉǹȣǏǓ ƺ ȕȣƺǿȠǩȠƺȠǩΚǓ

șȣȖΚǓΡঀࢴࢷ ^ȠƺȖে@ƺǉǷ ǓȠ ƺǹঀ ǏǓșǉȖǩǈǓǏ ȠǦǓ ǓАǓǉȠ ȅǟ șǉƺȠȠǓȖ ǠǓǿǓȖƺȠǓǏ ǈΡ ƺ ǾǾࢶঀࢱ ȠǦǩǉǷ ȠƺǿȠƺǹȣǾ ǓǏǠǓॸ eǦǓ Ƞƺǩǹș ȅǟ

ȠǦǓ �^' ΛǓȖǓ șǹȅȒǓǏॹ ǹǓƺǏǩǿǠ Ƞȅ ƺ ǿǓǠƺȠǩΚǓ ǈƺșǓǹǩǿǓ ǟȅȖ ȠǦǓ @^' ƺǿǏ ȒȖǓșȣǾƺǈǹΡ Ƞȅ ǏǓΚǩƺȠǩȅǿș ǩǿ ȠǦǓ Ee'ঀ eǦǓ

ƺȣȠǦȅȖș ƺȠȠȖǩǈȣȠǓǏ ȠǦǩș Ƞȅ ǟȅȖΛƺȖǏেșǉƺȠȠǓȖǓǏ ȒǦȅȠȅǿșॹ ǩǿǏȣǉǓǏ ǈΡ ȠǦǓ ȒǦƺǿȠȅǾ ǩȠșǓǹǟঀ eǦǓ ǏǓΚǩƺȠǩȅǿș ȅǉǉȣȖȖǓǏ

ΛǦǓǿ ȠǦǓ ȒǦƺǿȠȅǾ Λƺș ȒǹƺǉǓǏ ǩǿ ǏǩȖǓǉȠ ǉȅǿȠƺǉȠ ΛǩȠǦ ȠǦǓ ǏǓȠǓǉȠȅȖ ƺǿǏ ΛǓȖǓ ȖǓǏȣǉǓǏ ΛǦǓǿ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾ

Λƺș ǓǹǓΚƺȠǓǏ șǓΚǓȖƺǹ ǉǓǿȠǩǾǓȠǓȖș ǟȖȅǾ ȠǦǓ ǏǓȠǓǉȠȅȖ șȣȖǟƺǉǓঀ ࢵࢷ

^ƺΛƺǿȠ ǓȠ ƺǹঀ ȒȣǈǹǩșǦǓǏ ȅǿǓ ȅǟ ȠǦǓ ǟǓΛ șȠȣǏǩǓș ǟȅǉȣșǩǿǠ ȅǿ ȠǦǓ ƺǉǉȣȖƺǉΡ ȅǟ ȠǦǓ Ee' ǾǓƺșȣȖǓǾǓǿȠঀ ࢴࢴ vǩȠǦ

ƺ ǉȅǾǈǩǿƺȠǩȅǿ ȅǟ ǾǓƺșȣȖǓǾǓǿȠș ƺǿǏ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿșॹ ȠǦǓ ǏǓșǩǠǿ ȅǟ ƺ șǹǩȠ ȒǦƺǿȠȅǾ Λƺș ȅȒȠǩǾǩΦǓǏ

ǩǿ ȠǓȖǾș ȅǟ șǹǩȠ ΛǩǏȠǦ ƺǿǏ ȠǦǩǉǷǿǓșș Ƞȅ ǾǩǿǩǾǩΦǓ ȠǦǓ ǓАǓǉȠ ȅǟ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșșঀ eǦǓ ǓΠȒǓȖǩǾǓǿȠƺǹ șȠȣǏΡ

șǦȅΛǓǏ ǉȅǾȒƺȖƺǈǹǓEe' ȖǓșȣǹȠș ǟȅȖ ƺ ࢱࢵ ǉǾ ȠǦǩǉǷ șȠǓǓǹ ƺǿǏ ƺ ࢺࢲ ǉǾ ȠǦǩǉǷ ȠȣǿǠșȠǓǿ ȒǦƺǿȠȅǾঀ eǦǓEȅǿȠǓ�ƺȖǹȅ

șȠȣǏΡ ǉȅǿЙȖǾǓǏ ȠǦƺȠॹ ΛǦǩǹǓ ȠǦǩǿ ȒǦƺǿȠȅǾș ǩǿǏȣǉǓ ƺ ǦǩǠǦǓȖ ǿȅǩșǓ ǹǓΚǓǹॹ ȠǦǓ ΚƺȖǩȅȣșEe'ș șǦȅΛǓǏ ǿȅ șǩǠǿǩЙǉƺǿȠ

ǏǩАǓȖǓǿǉǓșঀ eǦǩș ǹǓƺǏ ȠǦǓ ƺȣȠǦȅȖș Ƞȅ ȠǦǓ ǉȅǿǉǹȣșǩȅǿ ȠǦƺȠ ƺ ǦǩǠǦǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ǉƺǿǈǓ ƺǉǦǩǓΚǓǏ ȖǓǠƺȖǏǹǓșș

ȅǟ ȠǦǓ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșșঀ eǦǩș ǩș ǉȅǿȠȖƺǏǩǉȠȅȖΡ Ƞȅ ȠǦǓ ЙǿǏǩǿǠș ȅǟ Eǩǿ ǓȠ ƺǹঀॹ ΛǦȅ șǦȅΛǓǏ ȠǦƺȠ ƺ ࢱࢵ ǉǾ ȠǦǩǉǷ

șȠǓǓǹ ǓǏǠǓ ƺǿǏ ƺ ࢺࢲ ǉǾ ȠǦǩǉǷ ȠȣǿǠșȠǓǿ ǓǏǠǓ ȒǦƺǿȠȅǾ ȒȖȅǏȣǉǓ ǏǩАǓȖǓǿȠ ȖǓșȣǹȠș ǟȅȖ ȠǦǓ ǏǓȠǓǉȠȅȖ Ee'ঀࢶࢷॹࢷࢷॹࢸࢷ

(ȅȒƺǹ ǓȠ ƺǹঀ ƺȠȠǓǾȒȠǓǏ ƺ ǉȅǾȒƺȖǩșȅǿ ȅǟ ȒȖǓΚǩȅȣșǹΡ ȖǓȒȅȖȠǓǏEe' ȖǓșȣǹȠș ƺǿǏ ǟȅȣǿǏ ǠȖǓƺȠ ΚƺȖǩƺȠǩȅǿșঀ ࢴࢳ �ș ȠǦǓȖǓ

ǦƺΚǓ ǈǓǓǿ șȅ ǟǓΛ ȖǓȒȅȖȠș ȅǟ Ee' ǾǓƺșȣȖǓǾǓǿȠșॹ ȠǦǓ ƺȣȠǦȅȖș ǉȅǾȒƺȖǓǏ ǉǹǩǿǩǉƺǹ șΡșȠǓǾș Ƞȅ ΚƺȖǩȅȣș ȒȖȅȠȅȠΡȒǓ

șȠƺǠǓșঀ eǦǩș ǩǾȒǹǩǓș ȠǦƺȠ ȠǦǓȖǓ ΛǓȖǓ șǾƺǹǹ ǉǦƺǿǠǓș ǩǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ǠǓȅǾǓȠȖΡॹ ΛǦǩǉǦ ǾǩǠǦȠ ǦƺΚǓ șǦȅΛǿ ǩǿ ȠǦǓ

ࢶࢳ



Ee'ঀ /ȅΛǓΚǓȖॹ ȠǦǓ ǏǩАǓȖǓǿǉǓș ΛǓȖǓ șȅ ȒȖȅǿȅȣǿǉǓǏ শǓঀǠঀ Ee'ࣦࣤ ΚƺȖΡǩǿǠ ǈǓȠΛǓǓǿ ࣥ−ǾǾࢶࢶঀࢱ ƺǿǏ ǾǾ−ࣥষࢹঀࢱ

ȠǦƺȠ ȠǦǓ ƺȣȠǦȅȖș ΛǓȖǓ ǦǓșǩȠƺǿȠ Ƞȅ ƺȠȠȖǩǈȣȠǓ ȠǦǓǾ Ƞȅ ȠǦǓ ǏǓȠǓǉȠȅȖ ǾȅǏǓǹș ƺǹȅǿǓ ƺǿǏ șȒǓǉȣǹƺȠǓǏ ȣȒȅǿ ȠǦǓ ȒȅșșǩǈǹǓ

ǩǿМȣǓǿǉǓ ȅǟ ȠǦǓ ǩǾƺǠǩǿǠ ǠǓȅǾǓȠȖΡ ƺǿǏ ȠǦǓ ǈǓƺǾ ȕȣƺǹǩȠΡঀ

ࢷࢳ



�ȣȠǦȅȖș |ǓƺȖ XǦƺǿȠȅǾ EƺȠǓȖǩƺǹ eǦǩǉǷǿǓșș ^ǹǩȠ ΛǩǏȠǦ ^2� (ǓȅǾǓȠȖΡ XȖȅǉǓșșǩǿǠ

/ȣ ǓȠ ƺǹঀࢹࢷॹࢺࢷ ࢹࢲࢱࢳ ^ǹǩȠ eȣǿǠșȠǓǿ ࢳࢲ ǉǾ ࢱࢱࢲ ܻǾ ࢱࢶࢲ ǉǾ �ȅǿȠƺǉȠ ࢴॹࢳॹࢲ

[ȅȠȠǾƺǿǿ ǓȠ ƺǹঀࢳࢷ ࢷࢲࢱࢳ ^ǹǩȠ eȣǿǠșȠǓǿ ࢸঀࢹࢲ ǉǾ ࢱࢱࢲ ܻǾ ࢶঀࢲࢶࢲ ǉǾ ই ࢴࢶࢲ ǉǾ �ȅǿȠƺǉȠ ࢶॹࢴॹࢳॹࢲ

^ȠƺȖে@ƺǉǷ ǓȠ ƺǹঀࢵࢷ ࢶࢲࢱࢳ �ǏǠǓ eƺǿȠƺǹȣǾ ǾǾࢶঀࢱ ে ࢱࢳࢴ ǉǾ �ǩȖ (ƺȒ ࢷ

^ȅǿ ǓȠ ƺǹঀࢸࢷ ࢵࢲࢱࢳ �ǏǠǓ eȣǿǠșȠǓǿ ࢺࢲ ǉǾ ে ࢳࢴࢲ ǉǾ �ȅǿȠƺǉȠ

Eǩǿ ǓȠ ƺǹঀࢷࢷॹࢶࢷ ࢵࢲࢱࢳ �ǏǠǓ eȣǿǠșȠǓǿ ࢺࢲ ǉǾ ে ȣǿǷǿȅΛǿ �ȅǿȠƺǉȠ ࢴॹࢳॹࢲ

^ȠǓǓǹ ࢱࢵ ǉǾ

(ȅȒƺǹ ƺǿǏ ^ƺǾƺǿȠࢴࢳ ࢹࢱࢱࢳ ^ǹǩȠ ^ȠǓǓǹ ࢷࢲ ǉǾ ࢱࢵ ܻǾ ࢳࢴࢲ ǉǾ �ȅǿȠƺǉȠ ࢸ

�ǏǠǓ ^ȠǓǓǹ ࢷࢲ ǉǾ ে ࢳࢴࢲ ǉǾ �ȅǿȠƺǉȠ

�ƺȖ ȒƺȠȠǓȖǿ eȣǿǠșȠǓǿ ࢳঀࢱ ǉǾ ে ǩșȅǉǓǿȠȖǩǉ șǓȠȣȒ �ǩȖ (ƺȒ

^ƺΛƺǿȠ ƺȠ ƺǹঀࢴࢴॹࢺࢶ ইࢸࢱࢱࢳ ^ǹǩȠ eȣǿǠșȠǓǿ ࢺࢲ ǉǾ ࢱࢱࢲ ܻǾ ࢹࢴࢲ ǉǾ �ȅǿȠƺǉȠ ࢹॹࢶॹࢴॹࢳ

ࢷࢱࢱࢳ ^ȠǓǓǹ ࢱࢵ ǉǾ

^ƺǾƺǿȠ ƺǿǏ (ȅȒƺǹࢲࢷ ࢷࢱࢱࢳ ^ǹǩȠ ^ȠǓǓǹ ࢷࢲ ǉǾ ࢱࢱࢲ ܻǾ ȣǿǷǿȅΛǿ �ȅǿȠƺǉȠ ࢳࢲॹࢹ

^ƺǾƺǿȠ ƺǿǏ (ȅȒƺǹࢱࢷ ࢷࢱࢱࢳ ^ǹǩȠ @ǓƺǏ ࢱࢳ ǉǾ ࢱࢵ ܻǾ ȣǿǷǿȅΛǿ �ȅǿȠƺǉȠ ࢳࢲॹࢶ

^ƺΛƺǿȠ ǓȠ ƺǹঀࢱࢸ ࢶࢱࢱࢳ ^ǹǩȠ ^ȠǓǓǹ ࢶ ǉǾ ࢱࢱࢲ ܻǾ ࢷࢹ ǉǾ �ȅǿȠƺǉȠ ࢹॹࢶॹࢴॹࢳॹࢲ

�ȖǓǾǓȖș ǓȠ ƺǹঀࢹࢶ ࢵࢱࢱࢳ ^ǹǩȠ eȣǿǠșȠǓǿ ࢱࢲ ǉǾ ࢱࢱࢲ ܻǾ ࢱࢱࢲ ǉǾ �ȅǿȠƺǉȠ ࢳࢲॹࢹॹࢶ

�ǹেEȅǦȖǩ ǓȠ ƺǹঀࢸࢶ ࢲࢱࢱࢳ ^ǹǩȠ ^ȠǓǓǹ ࢱࢵ ǉǾ ࢱࢱࢲ ܻǾ ࢱࢴࢲ ǉǾ �ȅǿȠƺǉȠ ࢺॹࢷॹࢴॹࢳ

'ƺǹǉȅ ƺǿǏ 'ƺǹǹȅǿǓࢷࢶ ࢹࢺࢺࢲ ^ǹǩȠ ^ȠǓǓǹ ࢷࢲ ǉǾ ࢶࢳ ܻǾ ࢲࢴࢲ ǉǾ �ȅǿȠƺǉȠ ࢴࢲॹࢳࢲॹࢲࢲॹࢱࢲॹࢹॹࢶ

EȣǿȖȅ ǓȠ ƺǹঀࢶࢵ ࢹࢺࢺࢲ ^ǹǩȠ ^ȠǓǓǹ ࢶ ǉǾ ࢱࢹ ܻǾ ȣǿǷǿȅΛǿ �ȅǿȠƺǉȠ ࢱࢲॹࢺॹࢹॹࢷॹࢶॹࢳ

�ƺȖǿǦƺȖȠ ǓȠ ƺǹঀࢴࢷ ࢸࢺࢺࢲ �ǏǠǓ @ǓƺǏ ࢷঀࢸ ǉǾ ে ࢳࢲࢳ ǉǾ �ȅǿȠƺǉȠ ࢵࢲॹࢳࢲॹࢴॹࢳ

�ǩșșȅǿǿǓȠȠǓ ǓȠ ƺǹঀࢶࢶ ࢵࢺࢺࢲ ^ǹǩȠ ^ȠǓǓǹ ࢶ ǉǾ ࢹࢹ ܻǾ ȣǿǷǿȅΛǿ �ȅǿȠƺǉȠ ࢳࢲॹࢲࢲॹࢶ

EȣǿȖȅ ǓȠ ƺǹঀࢵࢶ ࢱࢺࢺࢲ ^ǹǩȠ ^ȠǓǓǹ ࢶ ǉǾ ࢱࢱࢳেࢱࢴ ܻǾ ȣǿǷǿȅΛǿ �ȅǿȠƺǉȠ ࢴࢲॹࢳࢲॹࢶ

ࢸࢳ



EȣǿȖȅ ǓȠ ƺǹঀ ࢴࢶ ࢸࢹࢺࢲ ^ǹǩȠ eȣǿǠșȠǓǿ ࢶঀࢱࢲ ǉǾ ࢶࢳ ܻǾ ࢱࢺেࢱࢷ ǉǾ �ȅǿȠƺǉȠ ࢴࢲॹࢳࢲॹࢲࢲॹࢱࢲॹࢷॹࢶॹࢵ

�ȖȅǓǠǓ ǓȠ ƺǹঀ ࢲࢴ ࢺࢸࢺࢲ ^ǹǩȠ eȣǿǠșȠǓǿ ࢷঀࢲ ǉǾ ࢶࢳ ܻǾ Ǿࢵেࢴ �ȅȠǦ ࢶࢲॹࢴࢲॹࢳࢲॹࢱࢲॹࢷॹࢶ

�ȖȅǓǠǓࢳࢴ ࢺࢸࢺࢲ ^ǹǩȠ eȣǿǠșȠǓǿ ࢷঀࢲ ǉǾ ࢶࢳ ܻǾ Ǿࢵেࢴ �ȅȠǦ ࢶࢲॹࢴࢲॹࢳࢲॹࢱࢲॹࢶ

7DEOH ���� 7KLV LV D FRPSOHWH OLVW RI DOO 07) PHDVXUHPHQWV DW 09 HQHUJLHV UHSRUWHG LQ WKH OLWHUDWXUH XS WR -XO\ ����� 7KHUH LV D JUHDW YDULDQFH UHJDUGLQJ WKH SKDQWRP GHVLJQ� WKH VHWXS JHRPHWU\
DQG WKH SURFHVVLQJ WHFKQLTXHV RI WKH DFTXLUHG LPDJHV�
/HJHQG RI SURFHVVLQJ WHFKQLTXHV�
� � 'HDG SL[HO FRUUHFWLRQ
� � 'DUNÀHOG FRUUHFWLRQ
� � *DLQ FRUUHFWLRQ
� � /LQHDUL]DWLRQ
� � $YHUDJLQJ RI VHYHUDO (6)�/6) HVWLPDWHV
� � %DVHOLQH FRUUHFWLRQ RI (6)�/6)
� � 6PRRWKLQJ RI (6)�/6)
� � 6XEWUDFWLRQ RI LPDJH IURP FORVHG VOLW
� � 1RUPDOL]DWLRQ RI /6) WR DUHD XQGHU WKH FXUYH
�� � )ROGLQJ DURXQG FHQWHU DQG DYHUDJLQJ RI /6)
�� � ([WUDSRODWLRQ RI /6) WDLOV
�� � &RUUHFWLRQ RI 07) IRU ÀQLWH VOLW ZLGWK
�� � &RUUHFWLRQ RI 07) IRU ZLGWK RI VFDQQLQJ DSHUWXUH
�� � &RUUHFWLRQ IRU ÀQLWH HOHPHQW GLIIHUHQWLDWLRQ
�� � 6PRRWKLQJ RI 07)

ࢹࢳ



ौ৺॑ eӢӒ Һӥӻ ԃӜ ԝӢӥԖ ԮԃԒӲ

eǦǓ ƺǈȅΚǓ șȣȖΚǓΡ ȖǓΚǓƺǹǓǏ ȠǦƺȠ Ee' ǾǓƺșȣȖǓǾǓǿȠș ƺȠ Et ǓǿǓȖǠǩǓș ǦƺΚǓ ǈǓǓǿ ǉȅǿǏȣǉȠǓǏ ΛǩȠǦ ƺ ΛǩǏǓ ΚƺȖǩǓȠΡ

ȅǟ ȒǦƺǿȠȅǾ ǏǓșǩǠǿșঀ eǦǓȖǓ ƺȖǓ ǦǩǿȠșॹ ǈȣȠ ǿȅ ȕȣƺǿȠǩȠƺȠǩΚǓ ƺǿƺǹΡșǓșॹ ȠǦƺȠ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșॹ ƺǈșȅȖȒȠǩȅǿ

ȣǿșǦƺȖȒǿǓșș ƺǿǏ șǉƺȠȠǓȖ ƺȖǓ ȠǦǓ ȠǦȖǓǓǾƺǩǿ ǩǿМȣǓǿǉǩǿǠ ǟƺǉȠȅȖșΛǩȠǦ ȖǓǠƺȖǏ ȠȅEe' ƺǉǉȣȖƺǉΡঀ eǦǓ ǟǓΛ ƺǿǏ ȒƺȖȠǹΡ

ǉȅǿȠȖƺǏǩǉȠȅȖΡ ȖǓȒȅȖȠș ȖƺǩșǓ ȠǦǓ ȕȣǓșȠǩȅǿ ΛǦǓȠǦǓȖ ȠǦǓEe' ǩș ǩǿМȣǓǿǉǓǏ ǈΡ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ƺǿǏॹ ǩǟ șȅॹ ΛǦƺȠ

șǩΦǓ ȅǟ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ Ƞȅ ǓΠȒǓǉȠঀ 2ǟ ȠǦǓ ǟƺǉȠȅȖș ǉȅǿȠȖǩǈȣȠǩǿǠ Ƞȅ ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ƺȖǓ ǷǿȅΛǿॹ ǩȠ ǩș ȒȅșșǩǈǹǓ

Ƞȅ ǉȅǿȠȖǩΚǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿș ǩǿ ΛǦǩǉǦ ȠǦǓ ǓȖȖȅȖ ǩș ǾǩǿǩǾƺǹঀ eȅ ƺȖȖǩΚǓ ƺȠ ȠǦǩș ȒȅǩǿȠॹ ȅǿǓ ǟȣǿǏƺǾǓǿȠƺǹ ȕȣǓșȠǩȅǿ

ǾȣșȠ ǈǓ ƺǿșΛǓȖǓǏ ЙȖșȠॸ /ȅΛ ǉƺǿ ΛǓ ȕȣƺǿȠǩǟΡ ȠǦǓ ƺǉǉȣȖƺǉΡ ȅǟ ƺǿEe'ǾǓƺșȣȖǓǾǓǿȠ ǟȅȖ ƺ ǠǩΚǓǿ ȒǦƺǿȠȅǾঁ

eǦǩș ȠǦǓșǩș ȒȖǓșǓǿȠș Ee' ǾǓƺșȣȖǓǾǓǿȠș ȅǿ ƺ ǉǹǩǿǩǉƺǹ Et ȒȅȖȠƺǹ ǩǾƺǠǩǿǠ șΡșȠǓǾॹ ΛǦǩǉǦ ƺǩǾ Ƞȅ ȖǓΚǓƺǹ ȠǦǓ

ǏǩАǓȖǓǿǉǓș ǉƺȣșǓǏ ǈΡ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿঀ eǦǓ ǩǿМȣǓǿǉǓș ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșॹ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșș

ƺǿǏ șǉƺȠȠǓȖ ȅǿ ȠǦǓ ƺǉǉȣȖƺǉΡ ȅǟ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ȖǓșȣǹȠ ƺȖǓ ǩǿΚǓșȠǩǠƺȠǓǏ ȣșǩǿǠ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿșঀ �ƺșǓǏ

ȅǿ ȠǦǓ ȖǓșȣǹȠșॹ șǓΚǓȖƺǹ ȒǦƺǿȠȅǾ ǏǓșǩǠǿș ƺȖǓ ȒȖǓșǓǿȠǓǏ ΛǦǩǉǦ ȒȖȅΚǩǏǓ ǦǩǠǦ ƺǉǉȣȖƺǉΡ ƺȠ Etࢷ ǈǓƺǾ ȕȣƺǹǩȠΡঀ eǦǓ

ȠǓǉǦǿǩȕȣǓ ǏǓΚǓǹȅȒǓǏ Ƞȅ ȕȣƺǿȠǩǟΡ ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǩǿ ƺǿEe'ǾǓƺșȣȖǓǾǓǿȠ ǩș ǈƺșǓǏ ȣȒȅǿ ȠǦǓ ƺǿƺǹΡșǩș ȅǟ ȠǦǓ

ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ƺǿǏ ǉƺǿ ǈǓ ȒȣȠ Ƞȅ ȣșǓ ΛǩȠǦ ȅȠǦǓȖ ǏǓȠǓǉȠȅȖ ǾȅǏǓǹșॹ ȒǦƺǿȠȅǾș ȅȖ ǈǓƺǾ ȕȣƺǹǩȠǩǓșঀ

ࢺࢳ
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3
EǓȠǦȅǏș ƺǿǏEƺȠǓȖǩƺǹș

eӢӒ ӜӥԒԖԝ ԏҺԒԝ ԃӜ ԝӢӥԖ ԮԃԒӲ ǩș ƺǿ ǓΠȒǓȖǩǾǓǿȠƺǹ ǩǿΚǓșȠǩǠƺȠǩȅǿ ǩǿ ΛǦǩǉǦ ȠǦǓ Ee' ȅǟ ƺ șǩǿǠǹǓ ȖǓȒȖǓșǓǿȠƺȠǩΚǓ

ǩǾƺǠǩǿǠ ǏǓΚǩǉǓ ǩș ǾǓƺșȣȖǓǏ ΛǩȠǦ ΚƺȖǩȅȣș ȒǦƺǿȠȅǾ ǏǓșǩǠǿșঀ 'ȣȖȠǦǓȖ ǩǿșǩǠǦȠș ƺȖǓ ǠƺǩǿǓǏ ǈΡEȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺে

Ƞǩȅǿș ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹঀ �ǿ ƺǿƺǹΡșǩș ȒȖȅǠȖƺǾ Λƺș ΛȖǩȠȠǓǿ ǟȅȖ ǈȅȠǦ ǓΠȒǓȖǩǾǓǿȠƺǹ ƺǿǏ șǩǾȣǹƺȠǓǏ ǓǏǠǓ

ǩǾƺǠǓșঀ

्৺ो Ee' ӻӒҺԖԡԒӒӻӒӼԝԮӥԝӢ ҺӼ �X2�

eǦǓ ǾǓƺșȣȖǓǾǓǿȠș ȒȖǓșǓǿȠǓǏ ǩǿ ȠǦǩș ȠǦǓșǩș ΛǓȖǓ ȒǓȖǟȅȖǾǓǏ ΛǩȠǦ ȠǦǓ ȒǦȅȠȅǿ ǈǓƺǾ ȅǟ ƺ tƺȖǩƺǿ eȖȣǓ�ǓƺǾ ǹǩǿǓƺȖ

ƺǉǉǓǹǓȖƺȠȅȖ শΚঀࢳঀࢶষঀ eǦǓ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ Λƺș ǉƺǹǩǈȖƺȠǓǏ șȣǉǦ ȠǦƺȠ ǾȅǿǩȠȅȖࢱࢱࢲ ȣǿǩȠș শEhষ ǏǓǹǩΚǓȖ Ρ)ࢲ ȅǟ ǏȅșǓ

ǩǿ ΛƺȠǓȖ ƺȠ ࢱࢱࢲ ǉǾ ǏǩșȠƺǿǉǓ ǟȖȅǾ ȠǦǓ șȅȣȖǉǓ ƺȠ ȠǦǓ ǏǓȒȠǦ ȅǟ ǾƺΠǩǾȣǾ ǏȅșǓ ǟȅȖ ƺ ࢱࢲ ǉǾ × ࢱࢲ ǉǾ ЙǓǹǏঀ eǦǓ

�X2� ȣșǓǏ ǟȅȖ ǩǾƺǠǓ ƺǉȕȣǩșǩȠǩȅǿ Λƺș ȠǦǓ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲ Et ǩǾƺǠǩǿǠ șΡșȠǓǾॹ ƺǿ ƺǉȠǩΚǓ ǾƺȠȖǩΠ МƺȠ ȒƺǿǓǹ

ǩǾƺǠǓȖ শ�E'X2ষঀ

XƺȠǩǓǿȠ ǩǾƺǠǩǿǠ ǟȅȖ șǓȠȣȒ ǩș ǠǓǿǓȖƺǹǹΡ ȒǓȖǟȅȖǾǓǏ ȣșǩǿǠ ȠǦǓ ǹȅΛǓșȠ ƺΚƺǩǹƺǈǹǓ ǓǿǓȖǠΡ Ƞȅ ǾƺΠǩǾǩΦǓ ȠǦǓ ǩǾƺǠǓ

ǉȅǿȠȖƺșȠঀ 2ǿ ǾƺǿΡ ǉǹǩǿǩǉș ȠȅǏƺΡॹ ȠǦƺȠ ǩș ȠǦǓ Etࢷ ǈǓƺǾ শ'ǩǠঀ ষॹࢲঀࢴ ΛǦǩǉǦ ǩș ƺǹșȅ ƺ ǉȅǾǾȅǿ ǉǦȅǩǉǓ ǟȅȖ ȠȖǓƺȠǾǓǿȠঀ

eǦǓ ǓΠȒǓȖǩǾǓǿȠș ƺǿǏ șǩǾȣǹƺȠǩȅǿș ȒȖǓșǓǿȠǓǏ ǩǿ ȠǦǩș ΛȅȖǷ ƺȖǓ ȠǦǓȖǓǟȅȖǓ ǈƺșǓǏ ȅǿ ƺ Etࢷ ǈǓƺǾঀ

�ș ƺ șȠƺȖȠǩǿǠ ȒȅǩǿȠॹ ȖǓǉȅǾǾǓǿǏƺȠǩȅǿș ǟȅȖ Ee' ǾǓƺșȣȖǓǾǓǿȠș ƺȠ Ƿt ǓǿǓȖǠǩǓș ΛǓȖǓ ǓǾȒǹȅΡǓǏঀ eǦǓ 2��
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)LJXUH ���� (QHUJ\ VSHFWUXP RI WKH
�09 SKRWRQ EHDP RI D 9DULDQ 7UXH�
%HDP OLQHDU DFFHOHUDWRU �REWDLQHG IURP
0RQWH &DUOR VLPXODWLRQ�� 7KH SHDN DW
��� NH9 UHVXOWV IURP EUHPVVWUDKOXQJ
SKRWRQV RULJLQDWLQJ IURP WKH FROOLPDWLQJ
MDZV� 5HODWLYH SKRWRQ ÁXHQFH�

ȖǓȒȅȖȠ ࢲেࢱࢳࢳࢳࢷ șȠƺȠǓș ȠǦƺȠ ȠǦǓ ȒǦƺǿȠȅǾ șǦȅȣǹǏ ǈǓ ȒǹƺǉǓǏ ǩǿ ǏǩȖǓǉȠ ǉȅǿȠƺǉȠ ΛǩȠǦ ȠǦǓ ǏǓȠǓǉȠȅȖ ƺǿǏ ȠǦǓ șȅȣȖǉǓে

ȠȅেǩǾƺǠǓȖ ǏǩșȠƺǿǉǓ শ^2�ষ ǓǿǹƺȖǠǓǏ ƺș ǾȣǉǦ ƺș ȒȅșșǩǈǹǓঀ ࢷࢲ �ȅȠǦ ǩǿșȠȖȣǉȠǩȅǿș ƺǩǾ Ƞȅ ǾǩǿǩǾǩΦǓ ȠǦǓ ǠǓȅǾǓȠȖǩǉ ȣǿে

șǦƺȖȒǿǓșșঀ

eǦǓ ǩǾƺǠǓș ȅǟ ȠǦǓ ǓΠȒǓȖǩǾǓǿȠƺǹ șǓȠȣȒॹ ΛǩȠǦ ȠǦǓ ǠƺǿȠȖΡ ǩǿ ȣȒেǏȅΛǿ ȒȅșǩȠǩȅǿ শࢱষ ƺǿǏ ȠǦǓ ȒǦƺǿȠȅǾ șǩȠȠǩǿǠ

ȅǿ ȠǦǓ ǓΠȠǓǿǏǓǏ Et ǏǓȠǓǉȠȅȖॹ ǠǩΚǓ ƺ ǠǓǿǓȖƺǹ ǩǏǓƺ ȅǟ ȠǦǓ ǠǓȅǾǓȠȖΡ ƺǿǏ ǏǩǾǓǿșǩȅǿș শ'ǩǠȣȖǓ ƺষঀࢳঀࢴ eǦǓ ǏǓȠǓǉȠȅȖ

ǩș ƺȠȠƺǉǦǓǏ Ƞȅ ȠǦǓ ǠƺǿȠȖΡ ƺǿǏ ǉƺǿ ǈǓ ΚǓȖȠǩǉƺǹǹΡ ȠȖƺǿșǹƺȠǓǏ Ƞȅ ƺǹǹȅΛ ΚƺȖǩƺǈǹǓ ^2�șঀ �ȣȖǩǿǠ ǉǹǩǿǩǉƺǹ ȣșǓॹ ƺ ȒǹƺșȠǩǉ

ǉȅΚǓȖ ΛǩȠǦ ǩǿȠǓǠȖƺȠǓǏ ǉȅǹǹǩșǩȅǿ ȒȖȅȠǓǉȠǩȅǿ ȒȖǓΚǓǿȠș ǾǓǉǦƺǿǩǉƺǹ ǏƺǾƺǠǓ Ƞȅ ȠǦǓ ǏǓȠǓǉȠȅȖঀ eǦǓ ǉȅΚǓȖ Λƺș ȖǓǾȅΚǓǏ

ǏȣȖǩǿǠ ǾǓƺșȣȖǓǾǓǿȠș Ƞȅ ȖǓΚǓƺǹ ȠǦǓ ǟȖȅǿȠ ȒǹƺȠǓ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖॹ ΛǦǩǉǦ ǩș șǩȠȣƺȠǓǏ ǾǾࢳࢲ ǩǿ ǟȖȅǿȠ ȅǟ ȠǦǓ ǩǾƺǠǓ

ȒǹƺǿǓঀ

eǦǓ ^2� Λƺș șǓȠ Ƞȅ ࢱࢹࢲ ǉǾॹ ΛǦǩǉǦ ǩș ȠǦǓ ǾƺΠǩǾȣǾ ǟȅȖ eȖȣǓ�ǓƺǾ ǾƺǉǦǩǿǓșঀ �ǏǏǩȠǩȅǿƺǹ ǾǓƺșȣȖǓǾǓǿȠș

ƺǿǏ ǉƺǹǉȣǹƺȠǩȅǿș ΛǓȖǓ ǩǿǉǹȣǏǓǏ ǟȅȖ �ǹǓǷȠƺ ǾƺǉǦǩǿǓșॹ ΛǦǓȖǓ ȠǦǓ ^2� ǩș ЙΠǓǏ Ƞȅ ࢱࢷࢲ ǉǾ শșǓǓ ȒƺǠǓ ষঀࢱࢹ eǦǓ ЙǓǹǏ

șǩΦǓॹ ǉȅǹǹǩǾƺȠǓǏ ǈΡ ǴƺΛșॹ Λƺș ƺǏǴȣșȠǓǏ Ƞȅ ǉȅΚǓȖ ȠǦǓ ǓǿȠǩȖǓ ƺǉȠǩΚǓ ƺȖǓƺ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ শࢴࢵ ǉǾ Π ࢴࢵ ǉǾষ ΛǩȠǦȅȣȠ

ǩȖȖƺǏǩƺȠǩǿǠ ȠǦǓ ǓǹǓǉȠȖȅǿǩǉș শǓঀǠঀ ࢶঀࢳࢳ ǉǾ Π ࢶঀࢳࢳ ǉǾ ƺȠ ^2� ࢱࢹࢲ ǉǾষঀ hșǩǿǠ ȠǦǓ ǹǩǠǦȠ ЙǓǹǏॹ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾ Λƺș

ƺǹǩǠǿǓǏΛǩȠǦ ȠǦǓ ǉǓǿȠȖƺǹ ƺΠǩșॹ ȠǦǓǿ ȖȅȠƺȠǓǏ Ƞȅ ǉȖǓƺȠǓ ƺ șǹǩǠǦȠ ƺǿǠǹǓ ΛǩȠǦ ȖǓșȒǓǉȠ Ƞȅ ȠǦǓ ǏǓȠǓǉȠȅȖ ƺȖȖƺΡ শ≈ ॹࢳ ȖǓƺǹǩΦǓǏ

ǈΡ ǉȅǹǹǩǾƺȠȅȖ ȖȅȠƺȠǩȅǿॹ 'ǩǠঀ ǈষঀࢳঀࢴ eǦǩș ǩș ǈƺșǓǏ ȅǿ ƺǿ ǩǏǓƺ ǈΡ 'ȣǴǩȠƺ ǓȠ ƺǹঀॹ ΛǦǩǉǦ ǓǿƺǈǹǓș ȣș Ƞȅ ȖǓǉȅȖǏ ȠǦǓ �^' ƺȠ ƺ

ǦǩǠǦǓȖ șƺǾȒǹǩǿǠ ȖƺȠǓঀ ࢲࢸ �ǓȠƺǩǹș ȅǿ ȠǦǩș ȠǓǉǦǿǩȕȣǓ Λǩǹǹ ǈǓ ǠǩΚǓǿ ΛǦǩǹǓ ǏǩșǉȣșșǩǿǠ ȠǦǓ ǩǾƺǠǓ ƺǿƺǹΡșǩș শșǓǓ ȒƺǠǓ ষঀࢶࢵ

ࢳࢴ



�D� 9DULDQ 7UXH%HDP DFFHOHUDWRU ZLWK H[WHQGHG 3RU�
WDO9LVLRQ D6���� PHJDYROWDJH GHWHFWRU �FRYHU UH�
PRYHG��

�E� 7KH HGJH SKDQWRP �KHUH� OHDG� ��� FP WKLFN� LV
SRVLWLRQHG LQ WKH FHQWHU DW D VOLJKW DQJOH �≈ ��� WR WKH
SL[HO DUUD\�

)LJXUH ���� 6HWXS IRU 07) PHDVXUHPHQWV RQ D 9DULDQ 7UXH%HDP PDFKLQH� 0HDVXUHPHQWV ZHUH FRQGXFWHG DW WKH &HQWHU IRU 5DGLRWKHU�
DS\ DW .OLQLNXP 'RUWPXQG�

्৺ो৺ो eӢӒ XԃԒԝҺӵtӥԖӥԃӼ Һ^ोौॊॊEt ӎӒԝӒӈԝԃԒ

2ȅǿǩΦǩǿǠ ȖƺǏǩƺȠǩȅǿ ǉƺǿ ǈǓ ǏǓȠǓǉȠǓǏ ΛǩȠǦ ǏǩȖǓǉȠ ȅȖ ǩǿǏǩȖǓǉȠ ǏǓȠǓǉȠȅȖșঀ �ǹȠǦȅȣǠǦ ȠǦǓ ȖƺǏǩƺȠǩȅǿ ȖǓșȒȅǿșǓ ȅǟ ǏǩȖǓǉȠ

ǏǓȠǓǉȠȅȖș Ǧƺș ǈǓǓǿ șǦȅΛǿ Ƞȅ ǈǓ ǉȅǿΚǓǿǩǓǿȠǹΡ ǉǹȅșǓ Ƞȅ ȠǦƺȠ ȅǟ ǩȅǿǩΦƺȠǩȅǿ ǉǦƺǾǈǓȖșॹ ȠǦǓ ǉȅǾǈǩǿƺȠǩȅǿ ȅǟ ǦǩǠǦে

ǓǿǓȖǠΡ ȖƺǏǩƺȠǩȅǿ ƺǿǏ ƺ ȠǦǩǿ șǓǿșȅȖ ƺȖȖƺΡ ǾƺǷǓș ǟȅȖ ΚǓȖΡ ǹȅΛ ȖƺǏǩƺȠǩȅǿ șǓǿșǩȠǩΚǩȠΡঀ ࢸ eǦǓ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲ ǩș

ǈȣǩǹȠ ƺș ƺǿ ǩǿǏǩȖǓǉȠ ǏǓȠǓǉȠǩȅǿ șΡșȠǓǾঀ 2ǿ ƺǿ ǩǿǏǩȖǓǉȠ ǏǓȠǓǉȠǩȅǿ șΡșȠǓǾॹ ǦǩǠǦেǓǿǓȖǠΡ ȒǦȅȠȅǿș ƺȖǓ ǉȅǿΚǓȖȠǓǏ ǩǿȠȅ

ȅȒȠǩǉƺǹ ȒǦȅȠȅǿș ǈΡ ȣșǓ ȅǟ ƺ șǉǩǿȠǩǹǹƺȠȅȖ শ'ǩǠঀ ষঀࢴঀࢴ

eǦǓ ƺ^ࢱࢱࢳࢲ ǏǓȠǓǉȠȅȖ ǉȅǿșǩșȠș ȅǟ ƺ ǉȅȒȒǓȖ ȒǹƺȠǓ শࢲǾǾ ȠǦǩǉǷǿǓșșষ ƺǿǏ ƺ ࢱࢺࢳ ܻǾ ȠǦǩǉǷ ǹƺΡǓȖ ȅǟ ȠǓȖǈǩȣǾ ǏȅȒǓǏ

ǠƺǏȅǹǩǿǩȣǾ ȅΠΡșȣǹЙǏǓ ƺș șǉǩǿȠǩǹǹƺȠǩȅǿ ǾƺȠǓȖǩƺǹ শࢵࢴࢲǾǠইǉǾࣦ (ǏࣦKࣦ^ॸeǈষঀ ࢳࢸ eǦǓ ǉȅȒȒǓȖ ȒǹƺȠǓ șǦǩǓǹǏș ȠǦǓ ǏǓে

ȠǓǉȠȅȖ ǟȖȅǾ șǉƺȠȠǓȖǓǏ ȖƺǏǩƺȠǩȅǿ ƺǿǏ ƺǉȠș ƺș ǈȣǩǹǏȣȒ ǾƺȠǓȖǩƺǹঀ �ǿ ƺǹȣǾǩǿȣǾ ȒǹƺȠǓ ǈǓǹȅΛ ȠǦǓ ȒǦȅȠȅǏǩȅǏǓ ƺȖȖƺΡ

șǦǩǓǹǏș ȠǦǓ ǏǓȠǓǉȠȅȖ ǟȖȅǾ ǈƺǉǷșǉƺȠȠǓȖ ƺȖǩșǩǿǠ ǟȖȅǾ ȠǦǓ șȠǓǓǹ ƺǿǏ ǉȅȒȒǓȖ ǉȅǾȒȅǿǓǿȠș ȅǟ ȠǦǓ șȣȒȒȅȖȠǩǿǠ Et ǏǓে

ȠǓǉȠȅȖ ƺȖǾঀ eǦǓ ƺȖȖƺΡ ȅǟ ȒǦȅȠȅǏǩȅǏǓșॹ ΛǦǩǉǦ ƺȖǓ ǩǾȒǹƺǿȠǓǏ ȅǿ ƺǿ ƺǾȅȖȒǦȅȣș șǩǹǩǉȅǿ ȒƺǿǓǹॹ ǏǓȠǓǉȠș ȠǦǓ ǹȅΛ

ǓǿǓȖǠΡ ȒǦȅȠȅǿș ΛǩȠǦ ǦǩǠǦ ǓГǉǩǓǿǉΡঀ Kǿ ȠǦǓ ȅȠǦǓȖ ǦƺǿǏॹ ȠǦǓ șȒȖǓƺǏǩǿǠ ȅǟ ǦǩǠǦেǓǿǓȖǠΡ ƺǿǏ ȅȒȠǩǉƺǹ ȒǦȅȠȅǿș ǩǿ

ȠǦǓ ȒǦȅșȒǦȅȖ șǉȖǓǓǿ ǹǓƺǏș Ƞȅ ƺ ǹȅșș ȅǟ șȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿॹ ƺǹșȅ ǷǿȅΛǿ ƺș ǿȘǙȵǲঀ ࢴࢸ

eǦǓ ȒǦȅȠȅǏǩȅǏǓ ƺȖȖƺΡ ǉȅǿȠƺǩǿș ࢱࢹࢳࢲ×ࢱࢹࢳࢲ ȒǩΠǓǹș ΛǩȠǦ ǾǾࢷࢴࢴঀࢱ ȒǩΠǓǹ ȒǩȠǉǦঀࢳࢸ 2ǾƺǠǓș ΛǓȖǓ ƺǉȕȣǩȖǓǏ ΛǩȠǦ

ǟȣǹǹ ȖǓșȅǹȣȠǩȅǿ শEȅǏǓॸ /ǩǠǦ [ǓșȅǹȣȠǩȅǿষঀ eǦǓ ǏǓȠǓǉȠȅȖ ǉƺǿ ǈǓ ȣșǓǏ ǟȅȖ ǦǩǠǦেǩǿȠǓǿșǩȠΡ ƺȒȒǹǩǉƺȠǩȅǿș șȣǉǦ ƺș

ࢴࢴ



Copper (1mm)

Scintillator 
(Gd2O2S:Tb)

aSi Photodiode
+ TFT switch

Glass substrate

x-ray 
photon

VIS
photons

scattered 
photon

e-

)LJXUH ���� 6HFWLRQDO YLHZ RI WKH 3RUWDO9LVLRQ D6����
GHWHFWRU�

ȒȅȖȠƺǹ ǏȅșǩǾǓȠȖΡ ȅǟ МƺȠȠǓǿǩǿǠ ЙǹȠǓȖ ǟȖǓǓ শ'''ষ ǈǓƺǾș ΛǩȠǦ ǏȅșǓ ȖƺȠǓș ȅǟ EhইǾǩǿঀࢱࢱࢵࢳ 2ǿ ȠǦǓ ǉȅǿȠǓΠȠ ȅǟ ȒȅȖȠƺǹ

ǏȅșǩǾǓȠȖΡॹ ȠǦǓ ǏǓȠǓǉȠȅȖ Ǧƺș ǈǓǓǿ șǦȅΛǿ Ƞȅ ǏǩșȒǹƺΡ ƺ ǹǩǿǓƺȖ ȖǓșȒȅǿșǓ Ƞȅ ǓΠȒȅșȣȖǓ ȅΚǓȖ ȠǦǓ ǓǿȠǩȖǓ ǏΡǿƺǾǩǉ ȖƺǿǠǓঀ

eǦǓǾƺΠǩǾȣǾǿȅǿǹǩǿǓƺȖǩȠΡ ǩș ઔࢶঀࢱ ǟȅȖ ǹȅΛ ǓΠȒȅșȣȖǓ শࢶEhষ ƺǿǏ ǏǓǉȖǓƺșǓș Ƞȅ ǹǓșș ȠǦƺǿ ઔࢲঀࢱ ǟȅȖ ǓΠȒȅșȣȖǓș ƺǈȅΚǓ

ࢳࢷEhঀࢱࢴ

[ǓǠƺȖǏǩǿǠ ȠǦǓ ǓΠȒȅșȣȖǓ Ƞȅ ǈǓ ȣșǓǏ ǟȅȖ ǩǾƺǠǓ ƺǉȕȣǩșǩȠǩȅǿॹ ΛǓ ǉƺǿǿȅȠ ȖǓǟǓȖ Ƞȅ ȠǦǓ 2�� ȖǓȒȅȖȠॹ ƺǿǏ ȠǦǓȖǓ ƺȖǓ ǿȅ

ȖǓǉȅǾǾǓǿǏƺȠǩȅǿș ǩǿ ȒȖǓΚǩȅȣș șȠȣǏǩǓșঀ 2ǾƺǠǓș ǟȅȖ ΚǓȖǩЙǉƺȠǩȅǿ ȅǟ ȒƺȠǩǓǿȠ ȒȅșǩȠǩȅǿǩǿǠ ƺȖǓ ȠΡȒǩǉƺǹǹΡ ƺǉȕȣǩȖǓǏ ΛǩȠǦ

ƺǿ ǓΠȒȅșȣȖǓ ȅǟ ƺǈȅȣȠ Ehঀࢴ 'ȅȖ ȒǦƺǿȠȅǾșॹ ȠǦǓ ǩǾƺǠǩǿǠ ǏȅșǓ ǩș ȅǟ ǿȅ ǩǾȒȅȖȠƺǿǉǓ ƺǿǏ ǩǾƺǠǓș ǉƺǿ ǈǓ ƺǉȕȣǩȖǓǏ

ΛǩȠǦ ǾȣǉǦ ǦǩǠǦǓȖ ǓΠȒȅșȣȖǓॹ ΛǦǩǉǦ Λǩǹǹ ȖǓǏȣǉǓ ȠǦǓ ǿȅǩșǓ ǩǿ ȠǦǓ ǩǾƺǠǓঀ hǿǹǓșș ǓΠȒǹǩǉǩȠǹΡ șȠƺȠǓǏ ȅȠǦǓȖΛǩșǓॹ ƺǹǹ

ȖǓȒȅȖȠǓǏǾǓƺșȣȖǓǾǓǿȠș ΛǓȖǓ ƺǉȕȣǩȖǓǏ ΛǩȠǦ Ehࢱࢵ শǩǿ șǓΚǓȖƺǹ ǟȖƺǾǓș Ƞȅ ƺΚȅǩǏ șƺȠȣȖƺȠǩȅǿষ ƺȠ EhইǾǩǿࢱࢱࢷ ǏȅșǓ

ȖƺȠǓঀ �ș Λǩǹǹ ǈǓ ǏǩșǉȣșșǓǏॹ ȠǦǩș ǓΠȒȅșȣȖǓ ƺǹǹȅΛǓǏ Ƞȅ ǏǓȠǓȖǾǩǿǓ ȠǦǓEe' ΛǩȠǦ±ࣤ.ࣤࣥ șȠƺǿǏƺȖǏ ǓȖȖȅȖ ȅǟ ȠǦǓ ǾǓƺǿ

ǟȅȖ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓș ȣȒ Ƞȅ ࣥ−ǾǾࢲ শșǓǓ ^ǓǉȠǩȅǿ ষঀࢴঀࢲঀࢵ

XȖǩȅȖ Ƞȅ ȠǦǓǾǓƺșȣȖǓǾǓǿȠșॹ ȠǦǓEtǏǓȠǓǉȠȅȖΛƺș ǉƺǹǩǈȖƺȠǓǏ Ƞȅ ȣȒǏƺȠǓ ȠǦǓ ǏƺȖǷ ЙǓǹǏ ƺǿǏ МȅȅǏЙǓǹǏ ǉȅȖȖǓǉȠǩȅǿ

ǾƺȒșঀ �ȒƺȖȠ ǟȖȅǾ Ǡƺǩǿॹ ȅАșǓȠ ƺǿǏ ǏǓƺǏ ȒǩΠǓǹ ǉȅȖȖǓǉȠǩȅǿॹ ǿȅ ȒȅșȠেȒȖȅǉǓșșǩǿǠ Λƺș ƺȒȒǹǩǓǏঀ ^ǓǓ ȒƺǠǓ ࢶࢵ ǟȅȖ ǏǓȠƺǩǹș

ȅǿ ȠǦǓ ƺǿƺǹΡșǩș ȅǟ ǓΠȒǓȖǩǾǓǿȠƺǹǹΡ ȅǈȠƺǩǿǓǏ ǓǏǠǓ ǩǾƺǠǓșঀ

्৺ो৺ौ eӢӒ ӒӎӝӒ ԏӢҺӼԝԃӻԖ

'ȅȣȖ ǓǏǠǓ ȒǦƺǿȠȅǾș ΛǓȖǓ ǉȅǾȒƺȖǓǏ ǏȣȖǩǿǠ ǾǓƺșȣȖǓǾǓǿȠॹ ǉȅǿșǩșȠǩǿǠ ȅǟ ȖǓǉȠƺǿǠȣǹƺȖ ǹǓƺǏ ǈǹȅǉǷșॹ ΛǩȠǦ ࢴঀࢲ ǉǾॹ

ࢴঀࢴ ǉǾॹ ࢱঀࢶ ǉǾॹ ƺǿǏ ࢱঀࢱࢲ ǉǾ ȠǦǩǉǷǿǓșșঀ �ƺșǓǏ ȅǿ ȒȖǓΚǩȅȣșǹΡ ȒȣǈǹǩșǦǓǏ ȖǓȒȅȖȠș শǉȅǾȒƺȖǓ eƺǈǹǓ ষॹࢲঀࢳ ǓƺǉǦ ȅǟ

ȠǦǓ ǟȅȣȖ ȒǦƺǿȠȅǾș șǦȅȣǹǏ ǈǓ șȣǩȠƺǈǹǓ ǟȅȖ Ee' ǾǓƺșȣȖǓǾǓǿȠ ΛǩȠǦ ƺ Etࢷ ȒǦȅȠȅǿ ǈǓƺǾঀ eȖƺǿșǾǩșșǩȅǿ ȅǟ

ȖƺǏǩƺȠǩȅǿ ȠǦȖȅȣǠǦ ȠǦǓ ȒǦƺǿȠȅǾș Λƺș ࢴࢶ ઔॹ ࢵࢳ ઔॹ ࢳࢲ ઔॹ ƺǿǏ ઔॹࢴ ȖǓșȒǓǉȠǩΚǓǹΡ শșǓǓ ȒƺǠǓ ষঀࢷࢶ vǩǏȠǦ ƺǿǏ ǹǓǿǠȠǦ ȅǟ

ȠǦǓ ȒǦƺǿȠȅǾș ǏǩАǓȖǓǏ șǹǩǠǦȠǹΡॹ ΛǩȠǦ ΚƺǹȣǓș ȖƺǿǠǩǿǠ ǈǓȠΛǓǓǿ ࢷ ǉǾ ƺǿǏ ࢱࢲ ǉǾঀ eǦǩș Λƺș ȅǟ ǿȅ ǉȅǿșǓȕȣǓǿǉǓॹ ƺș

ȅǿǹΡ ȠǦǓ ǉǓǿȠȖƺǹ ǩǾƺǠǓ ȖǓǠǩȅǿ ǉȅǿȠƺǩǿǩǿǠ ȅǿǹΡ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ Λƺș ȣșǓǏ ǟȅȖ ƺǿƺǹΡșǩșঀ

�ΠȒǓȖǩǾǓǿȠș ƺǿǏ șǩǾȣǹƺȠǩȅǿș ΛǓȖǓ ȒǓȖǟȅȖǾǓǏ ȣșǩǿǠ ǓǩȠǦǓȖ ȅǟ ȠΛȅ ȒȅșșǩǈǹǓ ǠǓȅǾǓȠȖǩǓșॸ 2ǿ ǨȤȞȿǙǨȿ ǿǲȤȝǲȿȵͧॹ

ȠǦǓ ȒǦƺǿȠȅǾ ǩș ȒǹƺǉǓǏ ǩǿ ǏǩȖǓǉȠ ǉȅǿȠƺǉȠ ΛǩȠǦ ȠǦǓ ǏǓȠǓǉȠȅȖ শ'ǩǠঀ ƺষॹࢵঀࢴ ƺș ǏǓșǉȖǩǈǓǏ ǩǿ ȠǦǓ 2�� ࢲেࢱࢳࢳࢳࢷ ȖǓȒȅȖȠঀ

2ǿ ǙȈȵ ǿǙȱ ǿǲȤȝǲȿȵͧॹ ȠǦǓ ȒǦƺǿȠȅǾ ǩș ǓǹǓΚƺȠǓǏ șǓΚǓȖƺǹ ǉǓǿȠǩǾǓȠǓȖș ƺǈȅΚǓ ȠǦǓ ǏǓȠǓǉȠȅȖ শ'ǩǠঀ ǈষॹࢵঀࢴ ǟȅǹǹȅΛǩǿǠ ƺǿ

ƺȒȒȖȅƺǉǦ ǈΡ ^ȠƺȖে@ƺǉǷ ǓȠ ƺǹঀ ঀࢵࢷ eǦǓ ƺǩȖ ǠƺȒș ΛǓȖǓ ǉȖǓƺȠǓǏ ǈΡ ȒȅșǩȠǩȅǿǩǿǠ ȠǦǓ ȒǦƺǿȠȅǾș ȅǿ șȠΡȖȅǟȅƺǾ ǈǹȅǉǷș

ࢵࢴ



�D� &RQWDFW JHRPHWU\� �E� $LU JDS JHRPHWU\�

)LJXUH ���� 0HDVXUHPHQWV DQG VLPXODWLRQV ZHUH FRQGXFWHG ZLWK WKH SKDQWRP HLWKHU LQ GLUHFW FRQWDFW ZLWK WKH GHWHFWRU� RU HOHYDWHG WR
FUHDWH DQ DLU JDS� 3KDQWRP GLPHQVLRQV H[DJJHUDWHG IRU LOOXVWUDWLRQ�

ΛǩȠǦ ǉȣȠȅȣȠșঀ eǦǓ șȅȣȖǉǓেȠȅেǩǾƺǠǓȖ ǏǩșȠƺǿǉǓ শ^2�ষ Ǔȕȣƺǹș ȠǦǓ șȣǾ ȅǟ ȠǦǓ șȅȣȖǉǓেȠȅেȒǦƺǿȠȅǾ ǏǩșȠƺǿǉǓ �ॹ ȠǦǓ

ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș ȿ ƺǿǏॹ ǩǟ ƺȒȒǹǩǉƺǈǹǓॹ ȠǦǓ ǏǩșȠƺǿǉǓ Ǯ ǈǓȠΛǓǓǿ ȒǦƺǿȠȅǾ ƺǿǏ ǩǾƺǠǓ ȒǹƺǿǓঀ

ࢶࢴ



्৺ौ EԃӼԝӒ �ҺԒӵԃ ԖӥӻԡӵҺԝӥԃӼ ԡԖӥӼӝ �(^ӼԒӈ

EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ƺǹǹȅΛ ȠǦǓ ǩǿΚǓșȠǩǠƺȠǩȅǿ ȅǟ ȒǦΡșǩǉƺǹ ȒȖȅǉǓșșǓș ǏȣȖǩǿǠ ǩȖȖƺǏǩƺȠǩȅǿ ΛǩȠǦ ǏǩƺǠǿȅșȠǩǉ ƺǿǏ

ȠǦǓȖƺȒǓȣȠǩǉ ȒǦȅȠȅǿ ǈǓƺǾș ǈΡ ǟƺǩȠǦǟȣǹ șǩǾȣǹƺȠǩȅǿ ȅǟ ȒƺȖȠǩǉǹǓ ȠȖƺǿșȒȅȖȠ ȒȖȅǉǓșșǓșঀ 2ǿȠǓȖƺǉȠǩȅǿș ȅǟ ȒǦȅȠȅǿș ΛǩȠǦ

șȣȖȖȅȣǿǏǩǿǠ ǾƺȠȠǓȖ ǉƺǿ ǈǓ șȅȖȠǓǏ ǩǿȠȅ ǟȅȣȖ Ǿƺǩǿ ǉƺȠǓǠȅȖǩǓșॸ

ঀࢲ XǦȅȠȅেǓǹǓǉȠȖǩǉ ƺǈșȅȖȒȠǩȅǿ

ঀࢳ 2ǿǉȅǦǓȖǓǿȠ șǉƺȠȠǓȖǩǿǠ ই �ȅǾȒȠȅǿ șǉƺȠȠǓȖǩǿǠ ΛǩȠǦ ƺȠȅǾǩǉ ǓǹǓǉȠȖȅǿș

ঀࢴ XƺǩȖ ȒȖȅǏȣǉȠǩȅǿ ǩǿ ȠǦǓ ǓǹǓǉȠȖȅǾƺǠǿǓȠǩǉ ЙǓǹǏ ȅǟ ƺ ǿȣǉǹǓȣș ƺǿǏ șȣȖȖȅȣǿǏǩǿǠ ƺȠȅǾǩǉ ǓǹǓǉȠȖȅǿș শȒȅșșǩǈǹΡ
ƺǹșȅ ȠȖǩȒǹǓȠ ǉȖǓƺȠǩȅǿষ

ঀࢵ �ȅǦǓȖǓǿȠ șǉƺȠȠǓȖǩǿǠ ই [ƺΡǹǓǩǠǦ șǉƺȠȠǓȖǩǿǠ ΛǩȠǦ ƺȠȅǾș ȅȖ ǾȅǹǓǉȣǹǓș

2ǿȠǓȖƺǉȠǩȅǿș ȅǟ ǓǹǓǉȠȖȅǿș ΛǩȠǦ șȣȖȖȅȣǿǏǩǿǠ ǾƺȠȠǓȖ ǟƺǹǹ ǩǿȠȅ ȠǦȖǓǓ Ǿƺǩǿ ǉƺȠǓǠȅȖǩǓșॸ

ঀࢲ 2ǿǓǹƺșȠǩǉ ǉȅǹǹǩșǩȅǿ ΛǩȠǦ ƺȠȅǾǩǉ ǓǹǓǉȠȖȅǿș

ঀࢳ [ƺǏǩƺȠǩΚǓ ǓǿǓȖǠΡ ǹȅșș ǟȖȅǾ ǈȖǓǾșșȠȖƺǦǹȣǿǠ ȅȖ ȒȅșǩȠȖȅǿ ƺǿǿǩǦǩǹƺȠǩȅǿ

ঀࢴ �ǹƺșȠǩǉ ǉȅǹǹǩșǩȅǿ ΛǩȠǦ ƺȠȅǾǩǉ ǿȣǉǹǓǩ

eǦǓ șȠƺȠǩșȠǩǉƺǹ ǈǓǦƺΚǩȅȖ ȅǟ ȠǦǩș ǾƺǿΡেȒƺȖȠǩǉǹǓ șΡșȠǓǾ ǉƺǿ ǈǓ ǏǓșǉȖǩǈǓǏ ǈΡ ȠǦǓ �ȅǹȠΦǾƺǿǿ ȠȖƺǿșȒȅȖȠ ǓȕȣƺȠǩȅǿঀ 2ǿ

ȠǦǓ ǹǩșȠș ƺǈȅΚǓॹ ȠǦǓ ǾƺǴȅȖǩȠΡ ȅǟ ǩǿȠǓȖƺǉȠǩȅǿș ǩǿΚȅǹΚǓș ƺǿ ǓǿǓȖǠΡ ȠȖƺǿșǟǓȖ ǟȖȅǾ ȒǦȅȠȅǿș Ƞȅ ǓǹǓǉȠȖȅǿș ȅȖ ΚǩǉǓ ΚǓȖșƺঀ

eǦǓșǓ ǉȅȣȒǹǩǿǠș ǈǓȠΛǓǓǿ ǓǹǓǉȠȖȅǿ ƺǿǏ ȒǦȅȠȅǿ ȖƺǏǩƺȠǩȅǿ ЙǓǹǏș ȒȖǓΚǓǿȠ ƺǿ ƺǿƺǹΡȠǩǉƺǹ șȅǹȣȠǩȅǿ ȅǟ ȠǦǓ ǓǹǓǉȠȖȅǾƺǠে

ǿǓȠǩǉ șǦȅΛǓȖ ȣǿǹǓșș șǓΚǓȖǓ ƺȒȒȖȅΠǩǾƺȠǩȅǿș ƺȖǓ ǾƺǏǓঀ eǦǓ EȅǿȠǓ �ƺȖǹȅ শE�ষ ȠǓǉǦǿǩȕȣǓ ǩș ȠǦǓ ȅǿǹΡ ǷǿȅΛǿ

ǾǓȠǦȅǏ ΛǦǩǉǦ ǉƺǿ ǈǓ ƺȒȒǹǩǓǏ Ƞȅ șȅǹΚǓ ȠǦǓșǓ ǩǿȠǓǠȖȅেǏǩАǓȖǓǿȠǩƺǹ ǓȕȣƺȠǩȅǿș ƺȠ ƺǿΡ ǓǿǓȖǠΡ ȖƺǿǠǓ ȅǟ ǩǿȠǓȖǓșȠঀ ࢵࢸ

EȅǿȠǓ �ƺȖǹȅ ǾǓȠǦȅǏș ȒȖȅΚǩǏǓ șȠƺȠǩșȠǩǉƺǹ șȅǹȣȠǩȅǿș ǟȅȖ ǾƺǉȖȅșǉȅȒǩǉ ȕȣƺǿȠǩȠǩǓș ȅǟ ƺ ǾƺǿΡেȒƺȖȠǩǉǹǓ șΡșȠǓǾঀ eǦǓΡ

ƺȒȒȖȅΠǩǾƺȠǓ ȠǦǓ ǓΠȒǓǉȠǓǏ ΚƺǹȣǓ ȅǟ ƺ ȕȣƺǿȠǩȠΡ ΛǩȠǦ ƺǿ ǓǾȒǩȖǩǉƺǹ ǾǓƺǿ ȅǟ ǩǿǏǓȒǓǿǏǓǿȠ șƺǾȒǹǓșঀ eǦǓ ƺǉǉȣȖƺǉΡ

ǩǿǉȖǓƺșǓș ΛǩȠǦ ȠǦǓ ǿȣǾǈǓȖ ȅǟ ǏȖƺΛǿ șƺǾȒǹǓșॹ ƺș șȠƺȠǓǏ ǈΡ ȠǦǓ ǹƺΛ ȅǟ ǹƺȖǠǓ ǿȣǾǈǓȖșঀ ࢶࢸ

eǦǓȖǓ ƺȖǓ ȠǦȖǓǓǾƺǩǿ ǩǿǠȖǓǏǩǓǿȠș ǟȅȖ ƺEȅǿȠǓ�ƺȖǹȅ șǩǾȣǹƺȠǩȅǿॸ ȒǦΡșǩǉșॹ șȠƺȠǩșȠǩǉș ƺǿǏ ǠǓȅǾǓȠȖΡঀ eǦǓ ȒǦΡșǩǉș

ȅǟ ȠǦǓ ǾƺǿΡেȒƺȖȠǩǉǹǓ șΡșȠǓǾ ǩș ǾƺǩǿǹΡ ǉȅǿȠƺǩǿǓǏ ΛǩȠǦǩǿ ǉȖȅșș șǓǉȠǩȅǿ ȠƺǈǹǓș ǟȅȖ ȠǦǓ ȒƺȖȠǩǉǹǓ ǩǿȠǓȖƺǉȠǩȅǿșঀ eǦǓ

ƺǹǠȅȖǩȠǦǾ ǏǓȖǩΚǓș ȠǦǓ ȒȖȅǈƺǈǩǹǩȠΡ ȅǟ ǟȣȠȣȖǓ ǓΚǓǿȠș ǟȖȅǾ ȠǦǓ ǉȖȅșș șǓǉȠǩȅǿș ƺǿǏ ЙǿƺǹǹΡ ǏǓȠǓȖǾǩǿǓș ΛǦǩǉǦ ǓΚǓǿȠ

ȠƺǷǓș ȒǹƺǉǓ ǈΡ ȣșǓ ȅǟ ƺ ȖƺǿǏȅǾ ǿȣǾǈǓȖ ǠǓǿǓȖƺȠȅȖ শƺȠ ǹǓƺșȠ ࣥࣤࣥࣤࣤ ȣǿǉȅȖȖǓǹƺȠǓǏ ȒșǓȣǏȅেȖƺǿǏȅǾ ǿȣǾǈǓȖșষঀ eǦǓ

ΛƺΡ ǩǿΛǦǩǉǦ ȠǦǓ ǠǓȅǾǓȠȖΡ ǩș ǉȅǿșȠȖȣǉȠǓǏ ΚƺȖǩǓș ǠȖǓƺȠǹΡ ǈǓȠΛǓǓǿ ȠǦǓǏǩАǓȖǓǿȠEȅǿȠǓ�ƺȖǹȅȒȖȅǠȖƺǾșঀ ^ȅǾǓȅАǓȖ

ƺ ȖƺǿǠǓ ȅǟ ȒȖǓǈȣǩǹȠ ǠǓȅǾǓȠȖΡ ǾȅǏȣǹǓș ΛǦǩǉǦ ǉƺǿ ǈǓ ǉȅǾǈǩǿǓǏॹ ȅȠǦǓȖș ƺǹǹȅΛ ȠǦǓ ǩǾȒȅȖȠ ȅǟ ƺ ��� ǠǓȅǾǓȠȖΡঀ

eǦǓ șǩǾȣǹƺȠǩȅǿș ǩǿ ȠǦǩș ȠǦǓșǩș ΛǓȖǓ ǉƺȖȖǩǓǏ ȅȣȠ ȣșǩǿǠ ȠǦǓ �(^ǿȖǉ �ȅǏǓ șΡșȠǓǾࢵࢸ শ�(^ǿȖǉ Κࢸࢲࢱࢳॹ ǉȅǾǾǩȠ

ͨ͡���ͣ�ষঀ �(^ șȠƺǿǏș ǟȅȖ �ǹǓǉȠȖȅǿ (ƺǾǾƺ ^ǦȅΛǓȖॹ ƺș ȠǦǓ șȅǟȠΛƺȖǓ ǾȅǏǓǹș ȒƺȖȠǩǉǹǓ șǦȅΛǓȖș ΛǦǩǉǦ ƺȖǓ ǩǿে

ǏȣǉǓǏ ǈΡ ȠǦǓ ȒƺșșƺǠǓ ȅǟ ȒǦȅȠȅǿșॹ ǓǹǓǉȠȖȅǿș ƺǿǏ ȒȅșǩȠȖȅǿș ǩǿ ǦȅǾȅǠǓǿǓȅȣș ǾƺȠǓȖǩƺǹșঀ �(^ǿȖǉ ǩș ȒƺȖȠǩǉȣǹƺȖǹΡ

ࢷࢴ



ȒȅȒȣǹƺȖ ǩǿ ȠǦǓ EǓǏǩǉƺǹ XǦΡșǩǉș ǉȅǾǾȣǿǩȠΡॹ ƺș ǩȠ ǩș ΛǓǹǹ șȣǩȠǓǏ ǟȅȖ ǾȅǏǓǹǩǿǠ ȅǟ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖș ƺǿǏ ΠেȖƺΡ șΡșে

ȠǓǾșॹ ǏȅșǓ ǉƺǹǉȣǹƺȠǩȅǿș ȅȖ ǉƺǹǉȣǹƺȠǩȅǿș ȅǟ ǉȅȖȖǓǉȠǩȅǿ ǟƺǉȠȅȖș ǟȅȖ ǩȅǿǩΦƺȠǩȅǿ ǉǦƺǾǈǓȖșঀ � șǩǾȣǹƺȠǩȅǿΛǩȠǦ�(^ǿȖǉ

șȠƺȖȠș ǈΡ ǉȖǓƺȠǩǿǠ ȒƺȖȠǩǉǹǓș শǦƺȠǉǦǩǿǠ ǩǿ �(^ǿȖǉ ȠǓȖǾșষ ǏǓȒǓǿǏǓǿȠ ȅǿ ȠǦǓ ȒƺȖȠǩǉǹǓ ǏǩșȠȖǩǈȣȠǩȅǿ ȒȖȅΚǩǏǓǏ ǈΡ ȠǦǓ

ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓঀ �ƺșǓǏ ȅǿ ȠǦǓ ȠȅȠƺǹ ǩǿȠǓȖƺǉȠǩȅǿ ǉȖȅșș șǓǉȠǩȅǿॹ ȠǦǓ ȒƺȖȠǩǉǹǓș ȠȖƺΚǓǹ ƺ ǉǓȖȠƺǩǿ ǏǩșȠƺǿǉǓ ȣǿȠǩǹ ƺǿ ǩǿȠǓȖে

ƺǉȠǩȅǿ ȠƺǷǓș ȒǹƺǉǓঀ �Ƞ ȠǦǩș ȒȅǩǿȠॹ ȠǦǓ ȒƺȖȠǩǉǹǓș ǉǦƺǿǠǓ ȠǦǓǩȖ ǓǿǓȖǠΡ ƺǿǏইȅȖ ǏǩȖǓǉȠǩȅǿॹ ƺǿǏ ǿǓΛȒƺȖȠǩǉǹǓș ƺȖǓ ǉȖǓƺȠǓǏ

ǩǟ ƺȒȒǹǩǉƺǈǹǓঀ eǦǩș ǩș ȖǓȒǓƺȠǓǏ ȣǿȠǩǹ ƺǹǹ ȒƺȖȠǩǉǹǓș ƺȖǓ ǓǩȠǦǓȖ ƺǈșȅȖǈǓǏ ȅȖ ǦƺΚǓ ǹǓǟȠ ȠǦǓ ǠǓȅǾǓȠȖΡঀ eǦǓ ȒƺȠǦ ȅǟ ȅǿǓ

ȒƺȖȠǩǉǹǓ ǟȖȅǾ ǉȖǓƺȠǩȅǿ Ƞȅ ǓǿǏ ȒȅǩǿȠ ǩș ǉƺǹǹǓǏ ƺ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖΡ শƺǹșȅ șǦȅΛǓȖ ȅȖ ǉƺșǓষঀ 2ǿ ȅȖǏǓȖ Ƞȅ ǓΠȠȖƺǉȠ ƺ

ȒǦΡșǩǉƺǹ ȕȣƺǿȠǩȠΡ ǟȖȅǾ ȠǦǓ șǩǾȣǹƺȠǩȅǿॹ ȠǦǓ ƺΚǓȖƺǠǓ ǩș ǉƺǹǉȣǹƺȠǓǏ ȅΚǓȖ ƺ șǓȠ ȅǟ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖǩǓșঀ ࢷࢸ 'ȅǹǹȅΛǩǿǠ ƺǿ

ƺȒȒȖȅƺǉǦ ǈΡ ^ǓǾȒƺȣ ǓȠ ƺǹঀ ॹࢸࢸ ȠǦǓ șȠƺȠǩșȠǩǉƺǹ ȣǿǉǓȖȠƺǩǿȠΡ ȸ{̄ ȅǟ ƺ ȕȣƺǿȠǩȠΡ { ǩș ǉƺǹǉȣǹƺȠǓǏ ǟȖȅǾ ȠǦǓ ȅȣȠǉȅǾǓ ȅǟ

ǓƺǉǦ ǦǩșȠȅȖΡ Ȉ ƺș
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. শࢴঀࢲষ

2Ƞ ǏǓȒǓǿǏș ȅǿ ȠǦǓ ǿȣǾǈǓȖF ȅǟ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖǩǓș ƺǿǏ ȣșȣƺǹǹΡ ǏǓǉȖǓƺșǓș ƺș ࣥ/
√
Fॹ ƺș șȠƺȠǓǏ ǈΡ ȠǦǓ ǉǓǿȠȖƺǹ ǹǩǾǩȠ

ȠǦǓȅȖǓǾঀࢵࢸ

EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿ ȅǟ ǓǹǓǉȠȖȅǿ ȠȖƺǿșȒȅȖȠ ǉȅǿșȠǩȠȣȠǓș ƺ ǾƺǴȅȖ ǉǦƺǹǹǓǿǠǓঀ 'ȅȖ ƺ șǩǿǠǹǓ ǓǹǓǉȠȖȅǿ ǦǩșȠȅȖΡॹ

ȠǦȅȣșƺǿǏș ȅǟ ǩǿǓǹƺșȠǩǉ ǉȅǹǹǩșǩȅǿș ǾȣșȠ ǈǓ ǾƺȒȒǓǏॹ ΛǦǩǉǦ șǓΚǓȖǓǹΡ ǩǿǉȖǓƺșǓș ȠǦǓ ǉȅǾȒȣȠƺȠǩȅǿ ȠǩǾǓঀ �ș ƺ șǩǿǠǹǓ

ǉȅǹǹǩșǩȅǿ ȅǟ ƺǿ ǓǹǓǉȠȖȅǿ ΛǩȠǦ ƺǿ ƺȠȅǾ Λǩǹǹ ȅǿǹΡ ǉƺȣșǓ ƺ șǾƺǹǹ ƺǹȠǓȖƺȠǩȅǿ ȅǟ ȠǦǓ ǓǹǓǉȠȖȅǿঢ়ș ǓǿǓȖǠΡ ƺǿǏ ǏǩȖǓǉȠǩȅǿॹ

�ǓȖǠǓȖ ȒȖǓșǓǿȠǓǏ ƺǿ ǩǏǓƺ Ƞȅ ǠȖȅȣȒ ǹƺȖǠǓ ǿȣǾǈǓȖș ȅǟ ȠȖƺǿșȒȅȖȠ ƺǿǏ ǉȅǹǹǩșǩȅǿ ȒȖȅǉǓșșǓș ǩǿȠȅ ƺ șǩǿǠǹǓ șǩǾȣǹƺȠǩȅǿ

șȠǓȒঀࢹࢸ eǦǩș ǩș ǉƺǹǹǓǏ ȠǦǓ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡ শ�/ষ ȠǓǉǦǿǩȕȣǓॹ ΛǦǩǉǦ ǩș ǩǾȒǹǓǾǓǿȠǓǏ ǩǿ �(^ǿȖǉঀ �ǹǓǉȠȖȅǿș

Λǩǹǹ ȣǿǏǓȖǠȅ șǓΚǓȖƺǹ ǾȣǹȠǩȒǹǓ șǉƺȠȠǓȖǩǿǠ șȠǓȒș শșȅǟȠ ǉȅǹǹǩșǩȅǿșষ ǩǿ ΛǦǩǉǦ ƺ ǉȅǿȠǩǿȣȅȣș ǓǿǓȖǠΡ ǹȅșș ƺǉǉȅȖǏǩǿǠ Ƞȅ

ȠǦǓ �ǓȠǦǓে�ǹȅǉǦ ǓȕȣƺȠǩȅǿ ǩș ƺșșȣǾǓǏॹ ȣǿȠǩǹ ȠǦǓ ǿǓΠȠ ǉƺȠƺșȠȖȅȒǦǩǉ ǓΚǓǿȠ শǦƺȖǏ ǉȅǹǹǩșǩȅǿ ȅȖ ȖƺǏǩƺȠǩΚǓ ǉȅǹǹǩșǩȅǿষ

ΛǩȠǦ ƺ ǦǩǠǦ ǓǿǓȖǠΡ ȠȖƺǿșǟǓȖ ȠƺǷǓș ȒǹƺǉǓ শ'ǩǠȣȖǓ ƺষঀࢶঀࢴ eǦǓ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡ ȠǓǉǦǿǩȕȣǓ ȖǓȕȣǩȖǓș ƺ ȠǦȅȖȅȣǠǦ

ǩǾȒǹǓǾǓǿȠƺȠǩȅǿ ȅǟ ǾȣǹȠǩȒǹǓ șǉƺȠȠǓȖǩǿǠ ȠǦǓȅȖΡ ǩǿ ȅȖǏǓȖ Ƞȅ ǏǓȠǓȖǾǩǿǓ ȠǦǓ ƺǿǠȣǹƺȖ ǏǩșȠȖǩǈȣȠǩȅǿ ȅǟ ȠǦǓ ǉȅǿǏǓǿșǓǏ

ǦǩșȠȅȖΡ șȠǓȒșঀ vǦǩǹǓ ȠǦǩș ȠǓǉǦǿǩȕȣǓ ǩș ǓΠȠȖǓǾǓǹΡ ǓГǉǩǓǿȠ ƺǿǏ ƺǈșȅǹȣȠǓǹΡ ǿǓǉǓșșƺȖΡ Ƞȅ ȅǈȠƺǩǿ ǾǓƺǿǩǿǠǟȣǹ ȖǓșȣǹȠș

ΛǩȠǦǩǿ ƺǿ ƺǉǉǓȒȠƺǈǹǓ ȠǩǾǓ ǟȖƺǾǓॹ ǩȠ ǉƺǿ ǉƺȣșǓ șǓΚǓȖǓ ȒȖȅǈǹǓǾș ΛǦǓǿ ǏǓșǉȖǩǈǩǿǠ ȠǦǓ ǓǹǓǉȠȖȅǿ ȠȖƺǿșȒȅȖȠ ƺǉȖȅșș ȠǦǓ

ǈȅȣǿǏƺȖΡ ȅǟ ȠΛȅ ǾǓǏǩƺঀ 2ǿ ȠǦǩș ǉƺșǓॹ ȠǦǓ șȠǓȒ șǩΦǓ ȅǟ ȠǦǓ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡ ȠǓǉǦǿǩȕȣǓ ǿǓǓǏș Ƞȅ ǈǓ ȖǓǏȣǉǓǏॹ șȅ

ȠǦƺȠ ǓǹǓǉȠȖȅǿș ƺȖǓ ȠȖƺǿșȒȅȖȠǓǏ ƺǉȖȅșș ȠǦǓ ǈȅȣǿǏƺȖΡ ǩǿ șǩǿǠǹǓ șǉƺȠȠǓȖ ǾȅǏǓ শ'ǩǠȣȖǓ ǈষঀࢶঀࢴ

^ǓΚǓȖƺǹ EȅǿȠǓ �ƺȖǹȅ ȒȖȅǠȖƺǾș ǟȅȖ ȖƺǏǩƺȠǩȅǿ ȠȖƺǿșȒȅȖȠ ƺȖǓ ƺΚƺǩǹƺǈǹǓ ȠȅǏƺΡॹ ȠǦǓ ǾȅșȠ ǉȅǾǾȅǿǹΡ ǷǿȅΛǿ ƺȖǓ

(ǓƺǿȠࢵॹ E�FXॹ XǓǿǓǹȅȒǓॹ �(^ǿȖǉ ƺǿǏ 'ǹȣǷƺঀ �ǹǹ ȅǟ ȠǦǓșǓ ȒȖȅǠȖƺǾș ȣșǓ șȅǾǓ ǟȅȖǾ ȅǟ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡ

ȠǓǉǦǿǩȕȣǓঀ /ȅΛǓΚǓȖॹ ȠǦǓȖǓ ƺȖǓ ǠȖǓƺȠ ǏǩАǓȖǓǿǉǓș ǩǿ ȠǦǓ ȠȖǓƺȠǾǓǿȠ ȅǟ ǓǹǓǉȠȖȅǿ ȠȖƺǿșȒȅȖȠ ƺǉȖȅșș ǈȅȣǿǏƺȖǩǓșঀ �ǿ

ǩǿǏǩǉƺȠȅȖ ǟȅȖ ȠǦǓ ȕȣƺǹǩȠΡ ȅǟ ȠǦǓ ǓǹǓǉȠȖȅǿ ȠȖƺǿșȒȅȖȠ ǩș ȠǦǓ 'ƺǿȅ ȠǓșȠঀ ࢺࢸ eǦǓ 'ƺǿȅ ȠǦǓȅȖǓǾ șȠƺȠǓș ȠǦƺȠ ȣǿǏǓȖ ǉǦƺȖǠǓǏ

ࢸࢴ



catastrophic 
event

multiple 

scattering 

step

soft collisions
hard collision

�D� 6RIW FROOLVLRQV DUH PRGHOHG DV D VLQJOH &+ VWHS ZLWK FRQWLQXRXV
HQHUJ\ ORVV DFFRUGLQJ WR WKH %HWKH�%ORFK HTXDWLRQ� +DUG FROOLVLRQV DQG
UDGLDWLYH FROOLVLRQV DUH VLPXODWHG DV VLQJOH VFDWWHU HYHQWV�

single
scatter

multiple scatter

�E� 7KH ERXQGDU\ FURVVLQJ DOJRULWKP LQ (*6QUF
GHFUHDVHV WKH VWHS VL]H QHDU D ERXQGDU\ VR WKDW
SDUWLFOHV DUH WUDQVSRUWHG DFURVV WKH ERXQGDU\ LQ
VLQJOH VFDWWHULQJ PRGH�

)LJXUH ���� ,OOXVWUDWLRQ RI WKH FRQGHQVHG KLVWRU\ �&+� WHFKQLTXH� 6HYHUDO HOHFWURQ LQWHUDFWLRQV ZLWK ORZ HQHUJ\ WUDQVIHU �VRIW FROOLVLRQV�
DUH JURXSHG LQWR D VLQJOH FRQGHQVHG KLVWRU\ VWHS� 7KH DQJXODU GLVWULEXWLRQ RI WKH FRQGHQVHG KLVWRU\ VWHSV LV GHULYHG IURP PXOWLSOH
VFDWWHULQJ WKHRU\�

ȒƺȖȠǩǉǹǓ ǓȕȣǩǹǩǈȖǩȣǾॹ ȠǦǓ МȣǓǿǉǓ ȅǟ ȠǦǓ ǉǦƺȖǠǓǏ ȒƺȖȠǩǉǹǓș ǩș ǩǿǏǓȒǓǿǏǓǿȠ ȅǟ ȠǦǓ Ǿƺșș ǏǓǿșǩȠΡ ȅǟ ȠǦǓ ǾǓǏǩƺॹ ǩǟ ȠǦǓ

ǉȖȅșș șǓǉȠǩȅǿș ȅǟ ȠǦǓ ǾǓǏǩƺ ƺȖǓ ȣǿǩǟȅȖǾঀࢱࢹ vǩȠǦ ȖǓǠƺȖǏ Ƞȅ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿșॹ ȠǦǩș ǩǾȒǹǩǓș ȠǦƺȠ ȠǦǓ ƺǈে

șȅȖǈǓǏ ǏȅșǓ șǦȅȣǹǏ Ǔȕȣƺǹ ȠǦǓ ȒǦȅȠȅǿ МȣǓǿǉǓ ȠǩǾǓș ȠǦǓ Ǿƺșș ǓǿǓȖǠΡ ƺǈșȅȖȒȠǩȅǿ ǉȅǓГǉǩǓǿȠ ǟȅȖ ǓƺǉǦ ǾǓǏǩȣǾঀ

eǦȣșॹ ȠǦǓ 'ƺǿȅ ȠǓșȠ Λǩǹǹ șǦȅΛ ΛǦǓȠǦǓȖ ȠǦǓ ƺǈșȅȖǈǓǏ ǏȅșǓ ǩș șǉȅȖǓǏ ƺǉǉȣȖƺȠǓǹΡ ǏȣȖǩǿǠ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡ șȠǓȒșঀ

�Ƞ ȠǦǓ ǾȅǾǓǿȠॹ ȅǿǹΡ XǓǿǓǹȅȒǓ ƺǿǏ �(^ǿȖǉ ȒȖȅΚǩǏǓ ȠǦǓ ȖǓȕȣǩȖǓǏ ƺǹǠȅȖǩȠǦǾș ȠǦƺȠ ƺǹǹȅΛ ȠǦǓ ǉƺǹǉȣǹƺȠǩȅǿ ȅǟ Ǐȅșǩে

ǾǓȠȖǩǉ ȕȣƺǿȠǩȠǩǓș ΛǩȠǦ ǦǩǠǦ ƺǉǉȣȖƺǉΡঀ �(^ǿȖǉ Ǧƺș ǈǓǓǿ șǦȅΛǿ Ƞȅ ǈǓ ƺǉǉȣȖƺȠǓ ǩǿ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡ șȠǓȒș Ƞȅ

ΛǩȠǦǩǿ ઔࢲঀࢱ ǟȅȖ ǾƺΠǩǾȣǾ ǟȖƺǉȠǩȅǿƺǹ ǓǿǓȖǠΡ ǹȅșșǓș ȅǟ ࢶࢱঀࢱ Ƞȅ ࢶࢳঀࢱ ȒǓȖ șȠǓȒঀࢲࢹॹࢳࢹ

eǦǓ �(^ǿȖǉ ǏǩșȠȖǩǈȣȠǩȅǿ ǉȅǿȠƺǩǿș șǓΚǓȖƺǹ ȣșǓȖ ǉȅǏǓș ǟȅȖ ΚƺȖǩȅȣș ƺȒȒǹǩǉƺȠǩȅǿșঀ �ǹǹ șǩǾȣǹƺȠǩȅǿș ǩǿ ȠǦǩș ȠǦǓșǩș

ƺȖǓ ǈƺșǓǏ ȅǿ ȠǦǓ ���EǿȖǉ ȣșǓȖ ǉȅǏǓঀ শeǦǓ ȅǿǹΡ ǓΠǉǓȒȠǩȅǿ ǩș ȠǦǓ ǈǓƺǾ ǏƺȠƺ ΚǓȖǩЙǉƺȠǩȅǿ ΛǩȠǦ ƺ ΛƺȠǓȖ ȒǦƺǿȠȅǾ

șǩǾȣǹƺȠǩȅǿ শ'ǩǠঀ ষॹࢸঀࢴ ΛǦǩǉǦ Λƺș ȒǓȖǟȅȖǾǓǏ ΛǩȠǦ ȠǦǓ �K^{|�ǿȖǉ ȣșǓȖ ǉȅǏǓঀষ eǦǓ ���EǿȖǉ ȣșǓȖ ǉȅǏǓ Λƺș

șȒǓǉǩЙǉƺǹǹΡ ΛȖǩȠȠǓǿ ǟȅȖ șǩǾȣǹƺȠǩȅǿș ȅǟ ȖƺǏǩȅȠǦǓȖƺȒΡ șȅȣȖǉǓșঀ 'ȅȖ ǏǓȠƺǩǹǓǏ ǩǿǟȅȖǾƺȠǩȅǿॹ ȠǦǓ ȖǓƺǏǓȖ ǩș ȖǓǟǓȖȖǓǏ Ƞȅ

ȠǦǓ ȅȖǩǠǩǿƺǹ ȒȣǈǹǩǉƺȠǩȅǿ ƺǿǏ ȠǦǓ ���EǿȖǉ hșǓȖș Eƺǿȣƺǹঀ ࢵࢹॹࢴࢹ

� șǩǾȣǹƺȠǩȅǿ ΛǩȠǦ ȠǦǓ ���EǿȖǉ ȣșǓȖ ǉȅǏǓ ǉƺǿ ǈǓ ǈȖȅǷǓǿ ǏȅΛǿ ǩǿȠȅ ǟȅȣȖ ȒƺȖȠș শ'ǩǠঀ ষॸࢷঀࢴ 'ǩȖșȠॹ ȠǦǓ ƺǉǉǓǹে

ǓȖƺȠȅȖ ǩș ǉȅǿșȠȖȣǉȠǓǏ ƺș ƺ șǓȕȣǓǿǉǓ ȅǟ ǉȅǾȒȅǿǓǿȠ ǾȅǏȣǹǓș শ�Eষ ȠǦƺȠ ǟȅȖǾ ǏǩАǓȖǓǿȠ ǠǓȅǾǓȠȖǩǉ ȒƺȖȠș ȅǟ ȠǦǓ

ƺǉǉǓǹǓȖƺȠȅȖঀ ^ǓǉȅǿǏॹ ƺǿ ǩǿȒȣȠ ЙǹǓ ǩș ȒȖȅΚǩǏǓǏॹ ΛǦǩǉǦ ǉȅǿȠƺǩǿș șȒǓǉǩЙǉƺȠǩȅǿș șȣǉǦ ƺș ȠǦǓ ǾƺȠǓȖǩƺǹș ƺǿǏ ǏǩǾǓǿে

șǩȅǿș ȅǟ ȠǦǓ �Eșॹ ƺș ΛǓǹǹ ƺș ǠǓǿǓȖƺǹ șǓȠȠǩǿǠș ǹǩǷǓ ȠǦǓ ǿȣǾǈǓȖ ȅǟ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖǩǓș Ƞȅ ǈǓ ȣșǓǏ ǩǿ ȠǦǓ șǩǾȣǹƺȠǩȅǿঀ

eǦǓ ƺǉǉǓǹǓȖƺȠȅȖ șǩǾȣǹƺȠǩȅǿ ǩș Ȗȣǿ ǈΡ ǹƺȣǿǉǦǩǿǠ ȠǦǓ ǓΠǓǉȣȠƺǈǹǓ ǉȅǏǓ ǩǿ ǉȅǾǈǩǿƺȠǩȅǿ ΛǩȠǦ ȠǦǓ ǩǿȒȣȠ ЙǹǓ ƺǿǏ ƺ

ȒǓǠș ЙǹǓ ȠǦƺȠ ǉȅǿȠƺǩǿș ȠǦǓ ǉȖȅșș șǓǉȠǩȅǿ ǏƺȠƺঀ eǦǓ șǩǾȣǹƺȠǩȅǿ ȖǓșȣǹȠ ǩș ƺ ȒǦƺșǓ șȒƺǉǓ ЙǹǓॹ ΛǦǩǉǦ ǉȅǿȠƺǩǿș ǏƺȠƺ ȖǓে

ǹƺȠǩǿǠ Ƞȅ ȠǦǓ ȒȅșǩȠǩȅǿॹ ǏǩȖǓǉȠǩȅǿॹ ǉǦƺȖǠǓ ƺǿǏ ǓǿǓȖǠΡ ȅǟ ǓƺǉǦ ȒƺȖȠǩǉǹǓ ȠǦƺȠ ǉȖȅșșǓș ȠǦǓ șȒǓǉǩЙǓǏ șǉȅȖǩǿǠ ȒǹƺǿǓঀ eǦǓ

șǩǾȒǹǓșȠ ΛƺΡ ȅǟ ƺǿƺǹΡΦǩǿǠ ƺ ȒǦƺșǓ șȒƺǉǓ ЙǹǓ ǩș Κǩƺ ȠǦǓ ���EǏȒ (h2ॹ ΛǦǩǉǦ ǩș ȒƺȖȠ ȅǟ ȠǦǓ �(^ǿȖǉ ǩǿșȠƺǹǹƺȠǩȅǿ

ƺǿǏ ƺǹǹȅΛș ƺǉǉǓșș Ƞȅ șȒǓǉȠȖƺॹ МȣǓǿǉǓ ǏǩșȠȖǩǈȣȠǩȅǿșॹ ǾǓƺǿ ǓǿǓȖǠǩǓșॹ ƺǿǠȣǹƺȖ ǏǩșȠȖǩǈȣȠǩȅǿșॹ ǓȠǉঀ eǦǓ ǟȅǹǹȅΛǩǿǠ șǓǉে

ࢹࢴ



)LJXUH ���� 7KH IRXU PDLQ VWHSV RI D
%($0QUF VLPXODWLRQ� &RQVWUXFWLQJ D
JHQHULF DFFHOHUDWRU� UHDGLQJ LQ WKH LQSXW
ÀOH ZLWK JHRPHWU\ VSHFLÀFDWLRQV DQG
UDGLDWLRQ WUDQVSRUW SDUDPHWHUV DORQJ
ZLWK WKH FURVV VHFWLRQ GDWD� UXQQLQJ WKH
VLPXODWLRQ DQG DQDO\]LQJ WKH RXWSXW�
$GDSWHG IURP WKH RULJLQDO %($0QUF
SXEOLFDWLRQ� ��

Specify Accelerator

Build Accelerator

Run Simulation
Input File

Cross Section Data

Output Listing

Phase Space Files

Ƞǩȅǿș ǏǓșǉȖǩǈǓ ȠǦǓ ǩǾȒǹǓǾǓǿȠƺȠǩȅǿ ȅǟ ƺ șȣǩȠƺǈǹǓ ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓॹ ȠǦǓ ǠǓȅǾǓȠȖΡ ȅǟ ȠǦǓ ȒǓȖǟȅȖǾǓǏ ǓǏǠǓ ȒǦƺǿȠȅǾ

șǩǾȣǹƺȠǩȅǿșॹ ƺǿǏ ȠǦǓ ȒȖȅǉǓǏȣȖǓ ȣșǓǏ Ƞȅ ȠȖƺǿșǟǓȖ ȠǦǓ ȖǓșȣǹȠǩǿǠ ȒǦƺșǓ șȒƺǉǓ ЙǹǓș ǩǿȠȅ ǏǩǠǩȠƺǹ ǓǏǠǓ ǩǾƺǠǓșঀ

्৺ौ৺ो EԃӎӒӵӥӼӝ ԝӢӒ tҺԒӥҺӼ eԒԡӒ�ӒҺӻ

eȅǾǩǾǩǉ ȠǦǓ ǓΠȒǓȖǩǾǓǿȠƺǹ șǩȠȣƺȠǩȅǿॹ ȠǦǓ ȅȣȠȒȣȠ ȅǟ ƺ tƺȖǩƺǿ eȖȣǓ�ǓƺǾ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ Λƺș ȣșǓǏ ƺș ȠǦǓ ȖƺǏǩƺে

Ƞǩȅǿ șȅȣȖǉǓ ǟȅȖ ƺǹǹ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿșঀ FȅȠǓ ȠǦƺȠ ȠǦǓ șǩǾȣǹƺȠǩȅǿș ƺȖǓ ǓΠȒǓǉȠǓǏ Ƞȅ ȖǓȠȣȖǿ șǩǾǩǹƺȖ ȖǓșȣǹȠș ǟȅȖ

ȅȠǦǓȖ ǾǓǏǩǉƺǹ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖș ƺȠ ȠǦǓ șƺǾǓ ǈǓƺǾ ȕȣƺǹǩȠΡঀ

tƺȖǩƺǿ EǓǏǩǉƺǹ ^ΡșȠǓǾș ǠǩΚǓ ǉȅǿЙǏǓǿȠǩƺǹ ƺǉǉǓșș Ƞȅ ƺ EȅǿȠǓ �ƺȖǹȅ ȒƺǉǷƺǠǓ ȠǦƺȠ ƺǹǹȅΛș ȠǦǓ șǩǾȣǹƺȠǩȅǿ ȅǟ ƺ

ȠȖǓƺȠǾǓǿȠ ǈǓƺǾ ǟȅȖ ȖǓșǓƺȖǉǦ ȒȣȖȒȅșǓșঀ ࢶࢹ eǦǓ ȒƺǉǷƺǠǓ ǉȅǿȠƺǩǿș ȒǦƺșǓ șȒƺǉǓ ЙǹǓș ǟȅȖ ȠǦǓ ЙǓǹǏেǩǿǏǓȒǓǿǏǓǿȠ ȒƺȖȠ

ȅǟ ȠǦǓ ȠȖǓƺȠǾǓǿȠ ǦǓƺǏॹ ǩঀǓঀ șǉȅȖǓǏ ǴȣșȠ ƺǈȅΚǓ ȠǦǓ ǉȅǹǹǩǾƺȠǩǿǠ | ƺǿǏ { ǴƺΛșঀ eǦǓ ǾǓƺǿ ǓǿǓȖǠΡ ƺǿǏ șȒǓǉȠȖƺǹ ΛǩǏȠǦ

ȅǟ ȠǦǓ ȒȖȅΚǩǏǓǏ ȒǦƺșǓেșȒƺǉǓ ЙǹǓș ƺȖǓ ȠȣǿǓǏ șȣǉǦ ȠǦƺȠ ȅȒǓǿ ЙǓǹǏ ǏȅșǓ ǏǩșȠȖǩǈȣȠǩȅǿș ǾƺȠǉǦ ȠǦǓ ǠǓǿǓȖǩǉ tƺȖǩƺǿ

eȖȣǓ�ǓƺǾঀ eǦǓ ȒǦȅȠȅǿ ǈǓƺǾ ǩș ǉȅǹǹǩǾƺȠǓǏ ǈΡ ȠǦǓ | ƺǿǏ { ǴƺΛșঀ vǦǩǹǓ ȠǦǓ { ǴƺΛș ǟȅǹǹȅΛ ƺ ǹǩǿǓƺȖ ȠȖƺǴǓǉȠȅȖΡॹ ȠǦǓ

| ǴƺΛșǾȅΚǓ ƺǹȅǿǠ ƺ ǉǩȖǉȣǹƺȖ ƺȖǉ Ƞȅ ǷǓǓȒ ȠǦǓ ǓǏǠǓ ǟȅǉȣșǓǏঀ /ȅΛǓΚǓȖॹ ǩȠ Λƺș șǦȅΛǿ ȠǦƺȠ ȠǦǓ | ǴƺΛș ǉƺǿ ǈǓ ƺșșȣǾǓǏ

Ƞȅ ǟȅǹǹȅΛ ƺ ǹǩǿǓƺȖ ȠȖƺǴǓǉȠȅȖΡॹ ƺș ǹȅǿǠ ƺș ǈȅȠǦ ǴƺΛ ǟƺǉǓș ȖǓǾƺǩǿ ǟȅǉȣșǓǏ ȅǿ ƺ ࢴঀࢱ ǉǾ× ࢴঀࢱ ǉǾ șȕȣƺȖǓ ƺȠ ȠǦǓ ǹȅǉƺȠǩȅǿ

ȅǟ ȠǦǓ ȠƺȖǠǓȠঀ ࢷࢹ eǦǓ ǴƺΛș ΛǓȖǓ ȠǦǓȖǓǟȅȖǓ ǾȅǏǓǹǓǏ ƺș ȠȣǿǠșȠǓǿ ǈǹȅǉǷș ΛǩȠǦ ǏǩΚǓȖǠǓǿȠ ǓǏǠǓșॹ ǉȅȖȖǓșȒȅǿǏǩǿǠ Ƞȅ ƺ

ЙǓǹǏ șǩΦǓ ȅǟ ࣥࣤ×ࣥࣤ ǉǾࣦ ǩǿ ȠǦǓ ǩșȅǉǓǿȠǓȖ ȒǹƺǿǓ শ'ǩǠঀ ষঀࢸঀࢴ vǩȠǦ ȖǓșȒǓǉȠ Ƞȅ ȠǦǓ ǉȅǿЙǏǓǿȠǩƺǹ ƺǠȖǓǓǾǓǿȠ ΛǩȠǦtƺȖǩƺǿ

EǓǏǩǉƺǹ ^ΡșȠǓǾșॹ ǟȣȖȠǦǓȖ ǏǓȠƺǩǹș ƺǈȅȣȠ ȠǦǓ ǠǓȅǾǓȠȖΡ ȅǟ ȠǦǓ ǴƺΛș ƺȖǓ ǿȅȠ ȒȣǈǹǩșǦǓǏ ǩǿ ȠǦǩș ȠǦǓșǩșঀ

XȖǓΚǩȅȣș ΛȅȖǷș ǦƺΚǓ ȅǉǉƺșǩȅǿƺǹǹΡǾȅǏǓǹǓǏ ȠǦǓ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ ƺș ƺ ȒȅǩǿȠ șȅȣȖǉǓࢴࢴ ȅȖ ƺ ȒƺȖƺǹǹǓǹ ǈǓƺǾࢹࢶ ΛǩȠǦ

ƺǿ ȣǿǏǓȖǹΡǩǿǠ ȒǦȅȠȅǿ șȒǓǉȠȖȣǾঀ 2Ƞ Λǩǹǹ ǹƺȠǓȖ ǈǓ ǏǓǾȅǿșȠȖƺȠǓǏ ȠǦƺȠ ƺǿ ƺǉǉȣȖƺȠǓ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿ ȅǟ ȠǦǓ

ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ȖǓȕȣǩȖǓș ȣșǓ ȅǟ ȠǦǓ ƺǉȠȣƺǹ ȒƺȖȠǩǉǹǓ ǏǩșȠȖǩǈȣȠǩȅǿॹ ǩǿǉǹȣǏǩǿǠ ǓΠȠȖƺেǟȅǉƺǹ ȖƺǏǩƺȠǩȅǿঀ

eȅ ΚƺǹǩǏƺȠǓ ȠǦǓ ǩǾȒǹǓǾǓǿȠƺȠǩȅǿ ȅǟ ȠǦǓ eȖȣǓ�ǓƺǾ ȒǦƺșǓ șȒƺǉǓ ǟȅȖ ǟȣȖȠǦǓȖ ȣșǓ ǩǿ șȣǈșǓȕȣǓǿȠ ǉƺǹǉȣǹƺȠǩȅǿșॹ

ȠǦǓ ȅȣȠȒȣȠ Λƺș ΚǓȖǩЙǓǏ ǈΡ șǉȅȖǩǿǠ ǏǓȒȠǦ ǏȅșǓ ǉȣȖΚǓș ƺǿǏ ȒȖȅЙǹǓș ǩǿ ƺ ΛƺȠǓȖ ȒǦƺǿȠȅǾ ƺǿǏ ǉȅǾȒƺȖǩǿǠ ȠǦǓǾ Ƞȅ

ࢺࢴ



Varian phase space

(independent of field size)

Y jaws

X jaws

)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH 7UXH�
%HDP PRGHO IRU ÀHOG�VSHFLÀF VLPXODWLRQV� VKRZLQJ WKH
ÀHOG�LQGHSHQGHQW 9DULDQ SKDVH VSDFH DQG WKH < DQG
; MDZV� *HRPHWU\ GHWDLOV ZHUH SURYLGHG E\ 9DULDQ
0HGLFDO 6\VWHPV DV FRQÀGHQWLDO LQIRUPDWLRQ�

ȠǦǓ eȖȣǓ�ǓƺǾ(ȅǹǏǓǿ �ǓƺǾ�ƺȠƺ শǏȅșǩǾǓȠȖǩǉ ȖǓǟǓȖǓǿǉǓ ǏƺȠƺșǓȠ ȒȖȅΚǩǏǓǏ ǈΡ tƺȖǩƺǿEǓǏǩǉƺǹ ^ΡșȠǓǾșࢸࢹষॹ ƺș ΛǓǹǹ

ƺș ǏȅșǓ ǾǓƺșȣȖǓǾǓǿȠș ǟȅȖ ȠǦǓ tƺȖǩƺǿ eȖȣǓ�ǓƺǾ ǾƺǉǦǩǿǓ ȅǿ ΛǦǩǉǦ ȠǦǓ Ee' ǾǓƺșȣȖǓǾǓǿȠș ΛǓȖǓ ǉȅǿǏȣǉȠǓǏঀ

eǦǓ ȣșǓȖ ǉȅǏǓ �K^{|�ǿȖǉࢹࢹ Λƺș șǓȠ ȣȒ Ƞȅ șǩǾȣǹƺȠǓ ƺ ΛƺȠǓȖ ȒǦƺǿȠȅǾ শࢱࢵ ǉǾ × ࢱࢵ ǉǾ × ࢱࢵ ǉǾষ ȠǦƺȠ Λƺș

ǩȖȖƺǏǩƺȠǓǏ ǩǿ șȅȣȖǉǓেȠȅেșȣȖǟƺǉǓ ǏǩșȠƺǿǉǓ শ^^�ষ ࢱࢱࢲ ǉǾ ΛǩȠǦ ƺ Etࢷ ȒǦȅȠȅǿ ǈǓƺǾ ƺǿǏ ࢱࢲ ǉǾ× ࢱࢲ ǉǾ ЙǓǹǏ șǩΦǓঀ

�ǿƺǹΡșǩș ȅǟ ȠǦǓ �ࢴ ǏȅșǓ ǏǩșȠȖǩǈȣȠǩȅǿ Λƺș ȒǓȖǟȅȖǾǓǏ ΛǩȠǦ ȠǦǓ ^e�e�K^� ȣșǓȖ ǉȅǏǓঀࢺࢹ eǦǓ ǉȅǾȒƺȖǩșȅǿ ȅǟ ȠǦǓ

ȒǓȖǉǓǿȠƺǠǓ ǏǓȒȠǦ ǏȅșǓ ǉȣȖΚǓ শX��ষ ƺǿǏ ȠǦǓ ǉȖȅșșেȒǹƺǿǓ ƺǿǏ ǩǿেȒǹƺǿǓ ǈǓƺǾ ȒȖȅЙǹǓș șǦȅΛș ȠǦƺȠ șǩǾȣǹƺȠǓǏ ƺǿǏ

ΚǓǿǏȅȖেȒȖȅΚǩǏǓǏ ǏȅșǓ ǏǩșȠȖǩǈȣȠǩȅǿș ǉȅǩǿǉǩǏǓ শ'ǩǠঀ ষࢹঀࢴ ƺǿǏ ǟȣȖȠǦǓȖ ƺǠȖǓǓ ΛǩȠǦ ȠǦǓ ǾǓƺșȣȖǓǏ ǏȅșǓ ǏǩșȠȖǩǈȣȠǩȅǿঀ

eǦǓ ƺǠȖǓǓǾǓǿȠ ǩǿ ǈȅȠǦ ȠǦǓ X�� ƺǿǏ ȠǦǓ ȒȖȅЙǹǓș Λƺș ΛǩȠǦǩǿ ઔॹࢳ ΛǦǩǉǦ ΛȅȣǹǏ ƺǹșȅ ǈǓ ǉǹǩǿǩǉƺǹǹΡ ƺǉǉǓȒȠƺǈǹǓঀ

eǦǓ ǿȣǾǈǓȖ ȅǟ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖǩǓș ȣșǓǏ ǩǿ ƺ șǩǾȣǹƺȠǩȅǿ ǉƺǿ ǈǓ ȖǓǹƺȠǓǏ Ƞȅ ȠǦǓ ǿȣǾǈǓȖ ȅǟ ǾȅǿǩȠȅȖ ȣǿǩȠș শEhষ

ǈΡ șǩǾȣǹƺȠǩǿǠ ȠǦǓ ǏȅșǓ ǏǩșȠȖǩǈȣȠǩȅǿ ǩǿ ƺ ΛƺȠǓȖ ȒǦƺǿȠȅǾঀࢱࢺ 2ǿ ƺǿƺǹȅǠΡ Ƞȅ ȠǦǓ ƺǈșȅǹȣȠǓ ǏȅșǩǾǓȠȖΡ ȅǟ ƺ ǹǩǿǓƺȖ ƺǉে

ǉǓǹǓȖƺȠȅȖॹ ȠǦǓ ǾƺΠǩǾȣǾ ǏȅșǓ ΚƺǹȣǓ�ȝǙͦ,ȵǲǾ ȅǿ ȠǦǓ ǉǓǿȠȖƺǹ ǈǓƺǾ ƺΠǩș ǩș ǉȅǾȒƺȖǓǏ ΛǩȠǦ ȠǦǓ ǉƺǹǩǈȖƺȠǩȅǿ ȒȖȅȠȅǉȅǹ

ȅǟ ȠǦǓ ƺǉǉǓǹǓȖƺȠȅȖ শǦǓȖǓॸ Ehࢱࢱࢲ Ǔȕȣƺǹ Ρ)ࢲ ƺȠ ǮȝǙͦ ǟȅȖ ȖǓǟǓȖǓǿǉǓ ЙǓǹǏ ȅǟ ࢱࢲ ǉǾ × ࢱࢲ ǉǾষঀ �ǹȠǦȅȣǠǦ ȠǦǩș ƺȒে

ȒȖȅƺǉǦ ǿǓǠǹǓǉȠș ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ǈƺǉǷșǉƺȠȠǓȖ ǟȖȅǾ ȠǦǓ ǴƺΛș ȅǿ ȠǦǓ ǾȅǿǩȠȅȖ ǉǦƺǾǈǓȖॹ ǩȠ Ǧƺș ǈǓǓǿ șǦȅΛǿ ȠǦƺȠ ȠǦǓ

ȖǓșȣǹȠ ǩș ƺǉǉȣȖƺȠǓ ΛǩȠǦǩǿ ࢲࢺઔঀࢳ eǦǓ ƺǈȅΚǓ ǏǓșǉȖǩǈǓǏ șǩǾȣǹƺȠǩȅǿ ȅǟ ƺ ΛƺȠǓȖ ȒǦƺǿȠȅǾ ǩǿ �K^{|�ǿȖǉ ȖǓȕȣǩȖǓș

࣪ · ࣥࣤ࣫ ȒƺȖȠǩǉǹǓș Ƞȅ ȖǓƺǉǦ ƺ ǏȅșǓ ȅǟ Ρ)ࢲ ƺȠ ȠǦǓ ǏȅșǓ ǾƺΠǩǾȣǾॹ ΛǦǩǉǦ ǩș ǓȕȣǩΚƺǹǓǿȠ Ƞȅ Ehঀࢱࢱࢲ eǦǓ ǓАǓǉȠǩΚǓ

ǿȣǾǈǓȖ ȅǟ ࣥࣤࣥࣤ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖǩǓș ȣșǓǏ ǟȅȖ ǓǏǠǓ ȒǦƺǿȠȅǾ șǩǾȣǹƺȠǩȅǿș ȠǦǓȖǓǟȅȖǓ Ǔȕȣƺǹș ƺȒȒȖȅΠǩǾƺȠǓǹΡ Ehঀࢸࢷࢲ

ࢱࢵ
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�F� ,Q�SODQH EHDP SURÀOH�

)LJXUH ���� $ FRPSDULVRQ RI 0& VLPXODWHG �UHG� DQG YHQGRU�GLVWULEXWHG �EOXH� 3'' DQG SURÀOHV� VFRUHG LQ GHSWK RI PD[LPXP GRVH
ǮȝǙͦ� IRU D �09 SKRWRQ EHDP ZLWK �� FP× �� FP ÀHOG VL]H� 'DWD ZDV QRUPDOL]HG WR ǮȝǙͦ IRU WKH 3''� DQG WR WKH FHQWUDO D[LV YDOXH
IRU WKH SURÀOHV� 3URÀOHV DQG 3'' DJUHH ZLWKLQ ���

्৺ौ৺ौ EԃӼԝӒ �ҺԒӵԃ ԖӥӻԡӵҺԝӥԃӼ ԃӜ ӒӎӝӒ ԏӢҺӼԝԃӻԖ

'ȅȖ ǓГǉǩǓǿȠ șǩǾȣǹƺȠǩȅǿș ȅǟ ǓǏǠǓ ȒǦƺǿȠȅǾș ǩǿ ΚƺȖǩȅȣș ǠǓȅǾǓȠȖǩǓșॹ ȠǦǓ eȖȣǓ�ǓƺǾ ȅȣȠȒȣȠ Λƺș șǉȅȖǓǏ ǏǩȖǓǉȠǹΡ

ǈǓǹȅΛ ȠǦǓ ǴƺΛșঀ eǦǓ ȖǓșȣǹȠǩǿǠ ȒǦƺșǓ șȒƺǉǓ Λƺș ȠǦǓǿ ǩǾȒǹǓǾǓǿȠǓǏ ƺș ƺ ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓ ǟȅȖ ȠǦǓ ǟȅǹǹȅΛǩǿǠ ǓǏǠǓ

ȒǦƺǿȠȅǾ șǩǾȣǹƺȠǩȅǿșঀ XƺȖȠǩǉǹǓș ǓǾƺǿƺȠǓ ǟȖȅǾ ȠǦǓ ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓ ƺǿǏ ȒȖȅȒƺǠƺȠǓ ȠǦȖȅȣǠǦ ƺǩȖ ȅȖ ȠǦǓ ȖǓșȒǓǉȠǩΚǓ

ȒǦƺǿȠȅǾǾƺȠǓȖǩƺǹ ȣǿȠǩǹ ȠǦǓΡ ȖǓƺǉǦ ȠǦǓ șǉȅȖǩǿǠ ȒǹƺǿǓঀ eǦǓ șǩǾȣǹƺȠǩȅǿ ǠǓȅǾǓȠȖΡ Λƺș ƺǏƺȒȠǓǏ ȠȅǾǩǾǩǉ ȠǦǓ ǓΠȒǓȖে

ǩǾǓǿȠƺǹ șǩȠȣƺȠǩȅǿঀ �ș ǏǓșǉȖǩǈǓǏ ƺǈȅΚǓॹ ȒǦƺǿȠȅǾșΛǓȖǓ șǩǾȣǹƺȠǓǏ ǓǩȠǦǓȖ ǩǿ ǉȅǿȠƺǉȠ ȅȖ ƺǩȖ ǠƺȒ ǠǓȅǾǓȠȖΡ শ'ǩǠঀ ষঀࢵঀࢴ

eǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾ Λƺș ǾȅǏǓǹǓǏ ƺș ƺ ȖǓǉȠƺǿǠȣǹƺȖ șǹƺǈ ȅǟ ȠǦǓ ȖǓșȒǓǉȠǩΚǓ ǾƺȠǓȖǩƺǹ ƺǿǏ ȠǦǩǉǷǿǓșș ƺǿǏ ǉȅΚǓȖǓǏ ȅǿǓ

Ǧƺǹǟ ƺΠǩș ȅǟ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ǠǓȅǾǓȠȖΡ শ'ǩǠঀ ষঀࢺঀࢴ eǦǓ ǏǩșȠƺǿǉǓ ǈǓȠΛǓǓǿ șȅȣȖǉǓ ƺǿǏ șǉȅȖǩǿǠ ȒǹƺǿǓ Ǔȕȣƺǹș ȠǦǓ șȅȣȖǉǓে

ȠȅেǩǾƺǠǓȖ ǏǩșȠƺǿǉǓ শ^2�ষ ǩǿ ƺǿ ǓΠȒǓȖǩǾǓǿȠƺǹ șǓȠȣȒঀ eǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ǩș ǏǓȠǓȖǾǩǿǓǏ ǈΡ ȠǦǓ ǾƺȠǓȖǩƺǹ ƺǿǏ ȠǦǓ

ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș ȿঀ eǦǓ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ǏǩǏ ǿȅȠ ǾȅǏǓǹ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩȠșǓǹǟ ƺș ȠǦǓΡ ΛǓȖǓ ǾǓƺǿȠ Ƞȅ ǈǓ

ƺȒȒǹǩǉƺǈǹǓ Ƞȅ ƺǿΡEt ǩǾƺǠǩǿǠ ǏǓΚǩǉǓ ȅȒǓȖƺȠǩǿǠ ƺȠ ƺ ǉȅǾȒƺȖƺǈǹǓ ǈǓƺǾ ȕȣƺǹǩȠΡঀ

2ǿ ȖǓƺǹǩȠΡॹ ǏȣǓ Ƞȅ ȠǦǓ șȒƺȠǩƺǹ ǓΠȠǓǿȠ ȅǟ ȠǦǓ ƺ^ࢱࢱࢳࢲ ǏǓȠǓǉȠȅȖॹ ȠǦǓ ȒǦƺǿȠȅǾ șǩȠș ȅǿ ȠǦǓ ǟȖȅǿȠ ȒǹƺȠǓ ƺȠ ƺ ǏǩșȠƺǿǉǓ ȅǟ

ǾǾࢳࢲ ǟȖȅǾ ȠǦǓ ǩǾƺǠǓ ȒǹƺǿǓঀ ࢳࢺ /ǓȖǓॹ ȠǦǓ șǉȅȖǩǿǠ ȒǹƺǿǓ Λƺș ǏǓЙǿǓǏ ƺȠ ȠǦǓ ǩǾƺǠǓ ȒǹƺǿǓॹ ƺșșȣǾǩǿǠ ƺǿ ǩǏǓƺǹǩΦǓǏ

ǏǓȠǓǉȠȅȖ ΛǩȠǦȅȣȠ șȒƺȠǩƺǹ ǓΠȠǓǿȠঀ �ǦƺǿǠǓș ǩǿ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ȖǓșȣǹȠș ǏȣǓ Ƞȅ ȠǦǩș șǩǾȒǹǩЙǉƺȠǩȅǿ ΛǓȖǓ ǟȅȣǿǏ Ƞȅ ǈǓ

ǿǓǠǹǩǠǩǈǹǓঀ

�ǿ ǓΠǓǾȒǹƺȖΡ ǩǿȒȣȠ ЙǹǓ ǟȅȖ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ȅǟ ƺǿ ǓǏǠǓ ȒǦƺǿȠȅǾ ǉƺǿ ǈǓ ǟȅȣǿǏ ǩǿ �ȒȒǓǿǏǩΠ �ঀࢲঀࢲঀ �ȒƺȖȠ

ǟȖȅǾ ȠǦǓ ǠǓȅǾǓȠȖΡॹ ȠǦǓ ǩǿȒȣȠ ЙǹǓ șȒǓǉǩЙǓș ȠǦǓ ȖƺǏǩƺȠǩȅǿ ȠȖƺǿșȒȅȖȠ ȒƺȖƺǾǓȠǓȖș Ƞȅ ǈǓ ȣșǓǏ ǏȣȖǩǿǠ ȠǦǓ șǩǾȣǹƺȠǩȅǿঀ

eǦǓșǓ ǩǿǉǹȣǏǓॹ ƺǾȅǿǠ ȅȠǦǓȖșॹ ȠǦǓ ǉȣȠেȅА ǓǿǓȖǠǩǓș ǈǓǹȅΛ ΛǦǩǉǦ ǓǹǓǉȠȖȅǿ ƺǿǏ ȒǦȅȠȅǿ ȠȖƺǿșȒȅȖȠ ƺȖǓ ȠǓȖǾǩǿƺȠǓǏঀ

ࢲࢵ



)LJXUH ���� ([HPSODU\ JHRPHWU\ RI WKH VFRULQJ ÀHOG XVHG IRU HYDOXDWLRQ RI SKDVH VSDFH ÀOHV� 7KH SKRWRQ ÁXHQFH LV VFRUHG LQ UHFWDQJX�
ODU ELQV RI ���PP ZLGWK DQG �� FP OHQJWK� 6FRULQJ PXOWLSOH WLPHV ZKLOH WUDQVODWLQJ WKH VFRULQJ ÀHOG UHODWLYH WR WKH SKDQWRP SURGXFHV D
ÀQHU VDPSOHG VSUHDG IXQFWLRQ�

'ȅȖ ǏǓȠƺǩǹǓǏ ǩǿǟȅȖǾƺȠǩȅǿ ȅǿ ȠǦǓ șǓȠȠǩǿǠșॹ ȒǹǓƺșǓ șǓǓ �ȒȒǓǿǏǩΠ �ঀࢲঀࢳঀ

्৺ौ৺् ^ӈԃԒӥӼӝ ԝӢӒ ԏӢԃԝԃӼ ӜӵԡӒӼӈӒ

eǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ȖǓǉǓǩΚǓǏ ǈΡ ȠǦǓEtǏǓȠǓǉȠȅȖΛƺș ƺșșǓșșǓǏ ǈΡ ǏǓȠǓǉȠǩǿǠ ȠǦǓ ȒǦȅȠȅǿ МȣǓǿǉǓ ǏǩșȠȖǩǈȣȠǩȅǿ

ƺȠ ȠǦǓ ǩǾƺǠǓ ȒǹƺǿǓ শșǉȅȖǩǿǠ ȒǹƺǿǓষঀ eǦǓ ȅȣȠǓȖ ǈȅȣǿǏƺȖΡ ȅǟ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ǠǓȅǾǓȠȖΡ ƺȠ ȠǦǓ șǉȅȖǩǿǠ ȒǹƺǿǓ Λƺș ƺ

șȕȣƺȖǓ ȅǟ ࢱࢷ ǉǾ șǩǏǓ ǹǓǿǠȠǦঀ KǿǹΡ ȠǦǓ ǉǓǿȠȖƺǹ ȖǓǠǩȅǿ ȅǟ ǩǿȠǓȖǓșȠ শ[K2ষ ΛǩȠǦ ƺ șǩΦǓ ȅǟ ࢹ ǉǾ× ࢱࢳ ǉǾΛƺș ȣșǓǏ ǟȅȖ

ȠǦǓ șȣǈșǓȕȣǓǿȠ ƺǿƺǹΡșǩșঀ eǦǩș ǓǿșȣȖǓǏ ƺ ǦȅǾȅǠǓǿǓȅȣș șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿ ǈΡ ƺΚȅǩǏǩǿǠ ǉǦƺǿǠǓș ǩǿ ȠǦǓ МȣǓǿǉǓ

ǉǹȅșǓ Ƞȅ ȠǦǓ ȒǦƺǿȠȅǾȅȖ ЙǓǹǏ ǓǏǠǓșঀ eǦǓ ȒǦȅȠȅǿ МȣǓǿǉǓ ȒǓȖȒǓǿǏǩǉȣǹƺȖ Ƞȅ ȠǦǓ ǓǏǠǓΛƺș ǓΠȠȖƺǉȠǓǏ ǟȖȅǾ ȠǦǓ ȒǦƺșǓ

șȒƺǉǓ শȠǦǓ ǓǹǓǉȠȖȅǿ МȣǓǿǉǓ Λƺș ǟȅȣǿǏ Ƞȅ ǈǓ ǿǓǠǹǩǠǩǈǹǓষঀ eǦǩș Λƺș ƺǉǦǩǓΚǓǏ ΛǩȠǦ ȠǦǓ ���EǏȒ ȣșǓȖ ǉȅǏǓॹ ΛǦǩǉǦ

ȒƺȖȠǩȠǩȅǿǓǏ ȠǦǓ ȒƺȖȠǩǉǹǓș ǩǿ ࢱࢱࢵ șȠȖǩȒșॹ ×ǾǾࢳঀࢱ ࢱࢳ ǉǾ ǩǿ șǩΦǓ শ'ǩǠঀ ষॹࢺঀࢴ ȖǓșȣǹȠǩǿǠ ǩǿ ƺ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ȅǟ

ǾǾࢱࢹ ǹǓǿǠȠǦঀ eǦǓ МȣǓǿǉǓ ΛǩȠǦǩǿ ȠǦǓ ȅȒǓǿ ЙǓǹǏ ǩș ǦȅǾȅǠǓǿǓȅȣșǹΡ ǏǩșȠȖǩǈȣȠǓǏॹ șȅ ȠǦƺȠ ǩȠ ǉƺǿ ǈǓ ƺΚǓȖƺǠǓǏ ȅΚǓȖ

ȠǦǓ ΛǩǏȠǦ ȅǟ ࢱࢳ ǉǾ শȒƺȖƺǹǹǓǹ Ƞȅ ȠǦǓ ǓǏǠǓষ Ƞȅ ǩǾȒȖȅΚǓ ȠǦǓ șȠƺȠǩșȠǩǉșঀ

eȅ ȅǈȠƺǩǿ ƺ ǾȅȖǓ ЙǿǓǹΡ șƺǾȒǹǓǏ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ΛǩȠǦȅȣȠ ǉȅǾȒȖȅǾǩșǩǿǠ ȠǦǓ șȠƺȠǩșȠǩǉƺǹ ȣǿǉǓȖȠƺǩǿȠΡ ǩǿ

ȠǦǓ ǩǿǏǩΚǩǏȣƺǹ ǈǩǿșॹ ƺǿ ȅΚǓȖșƺǾȒǹǩǿǠ ȠǓǉǦǿǩȕȣǓ Λƺș ǏǓΚǓǹȅȒǓǏ ǩǿ ƺǿƺǹȅǠΡ Ƞȅ ȠǦǓ ƺǿǠǹǓǏ ȒǦƺǿȠȅǾ ȣșǓǏ ǟȅȖEe'

ǾǓƺșȣȖǓǾǓǿȠঀ eǦǓ ȒǦȅȠȅǿ МȣǓǿǉǓ Λƺș șǉȅȖǓǏ ࢷࢳ ȠǩǾǓșॹ ΛǦǩǹǓ ȠǦǓ șǉȅȖǩǿǠ ЙǓǹǏ Λƺș ǾȅΚǓǏ ȒǓȖȒǓǿǏǩǉȣǹƺȖ Ƞȅ

ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ ǈΡ ǩǿǉȖǓǾǓǿȠș ȅǟ ࢷࢳইࢲ ȅǟ ȠǦǓ ǈǩǿ ΛǩǏȠǦ শǉȅǾȒƺȖǓ 'ǩǠঀ ষঀࢺঀࢴ eǦǓ ࢷࢳ ǏƺȠƺ șǓȠș ΛǓȖǓ ǩǿȠǓȖǹƺǉǓǏ

Ƞȅ ȒȖȅǏȣǉǓ ƺ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ΛǩȠǦ ƺ șƺǾȒǹǓ șȒƺǉǩǿǠ ȅǟ ǾǾࢳঀࢱ ই ࢷࢳ  ǾǾঀࢸࢸࢱࢱঀࢱ ^ƺǾȒǹǩǿǠ ȠǦǓ șȒȖǓƺǏ

ǟȣǿǉȠǩȅǿ ƺȠ ƺ ǦǩǠǦǓȖ ȖƺȠǓ ȒȖǓΚǓǿȠș ƺǹǩƺșǩǿǠ ǓАǓǉȠșॹ ƺș ȠǦǓ FΡȕȣǩșȠ ǟȖǓȕȣǓǿǉΡ ǩǿǉȖǓƺșǓș Ƞȅ ǾǾ−ࣥঀࢶࢷ [ǓǠƺȖǏǹǓșș

ȅǟ ȠǦǓ ȅΚǓȖșƺǾȒǹǩǿǠ ǟƺǉȠȅȖॹ ȠǦǓ ȒǦȅȠȅǿ МȣǓǿǉǓ ǩș șȠǩǹǹ ǩǿȠǓǠȖƺȠǓǏ ȅΚǓȖ ǾǾࢳঀࢱ ǈǩǿ ΛǩǏȠǦঀ eǦǩș ƺΚǓȖƺǠǩǿǠ ǓАǓǉȠ

ࢳࢵ



ǩǿȠȖȅǏȣǉǓș ƺǿ ƺǏǏǩȠǩȅǿƺǹ ȣǿșǦƺȖȒǿǓșșॹ ΛǩȠǦ ƺ șƺǾȒǹǩǿǠ Ee' ƺș ǏǓșǉȖǩǈǓǏ ǩǿ �ȕঀ শࢳঀࢹࢴষঀ eǦǓ ЙȖșȠ ΦǓȖȅ ǩǿ ȠǦǓ

șƺǾȒǹǩǿǠ Ee' ƺȒȒǓƺȖș ƺȠ ࣥ−ǾǾࢶ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡঀ �ș ȠǦǓ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓ ȅǟ ǩǿȠǓȖǓșȠ ǟȅȖ ǉǹǩǿǩǉƺǹǹΡ ȣșǓǏEt

ǏǓȠǓǉȠȅȖș ǩș ǹǩǾǩȠǓǏ Ƞȅ ƺǈȅȣȠ ǾǾ−ࣥॹࢲ ȠǦǓ ǉƺǹǉȣǹƺȠǓǏ Ee' ǉƺǿ ǈǓ ǉȅȖȖǓǉȠǓǏ ǟȅȖ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ȠǦǓ șƺǾȒǹǩǿǠ

ƺȒǓȖȠȣȖǓॹ ǩঀǓঀ ǏǩΚǩǏǓǏ ǈΡ ȠǦǓ șƺǾȒǹǩǿǠEe' শșǓǓ ^ǓǉȠǩȅǿ ষঀࢳঀࢴঀࢴ

्৺ौ৺ॎ tҺԒӥҺӼӈӒ ԒӒӎԡӈԝӥԃӼ ԝӒӈӢӼӥԑԡӒԖ

eǦǓ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ȒȖǓșǓǿȠǓǏ ǩǿ ȠǦǩș ȠǦǓșǩș ȖǓȕȣǩȖǓ ƺ ǦǩǠǦ ǿȣǾǈǓȖ ȅǟ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖǩǓș Ƞȅ ȅǈȠƺǩǿ ƺ

ǹȅΛ ȣǿǉǓȖȠƺǩǿȠΡ ǩǿ ȠǦǓ ȖǓșȣǹȠǩǿǠ Ee'ঀ �ΚǓǿ ȠǦȅȣǠǦ ƺǹǹ ƺΚƺǩǹƺǈǹǓ ȒƺȖȠǩǉǹǓș ǩǿ ȠǦǓ eȖȣǓ�ǓƺǾ ȒǦƺșǓ șȒƺǉǓ ΛǓȖǓ

ȣșǓǏ শƺ ȠȅȠƺǹ ȅǟ ࣦ.ࣩ · ࣭ࣥࣤ ȒƺȖȠǩǉǹǓșষॹ ƺǏǏǩȠǩȅǿƺǹ șȠǓȒș ΛǓȖǓ ǿǓǉǓșșƺȖΡ Ƞȅ ǟȣȖȠǦǓȖ ȖǓǏȣǉǓ ȠǦǓ ΚƺȖǩƺǿǉǓঀ ���EǿȖǉ

ȅАǓȖș șǓΚǓȖƺǹ ΚƺȖǩƺǿǉǓ ȖǓǏȣǉȠǩȅǿ ȠǓǉǦǿǩȕȣǓș ΛǦǩǉǦ ƺȖȠǩЙǉǩƺǹǹΡ ǩǿǉȖǓƺșǓ ȠǦǓ ǿȣǾǈǓȖ ȅǟ ȒƺȖȠǩǉǹǓș ǩǿ ƺ șǩǾȣǹƺȠǩȅǿঀ

�ȒȒȖȅȒȖǩƺȠǓǹΡ ǉȅǾǈǩǿǓǏॹ ȠǦǓΡ ǉƺǿ ƺǉǦǩǓΚǓ ǓГǉǩǓǿǉΡ Ǡƺǩǿș ȅǟ ȣȒ Ƞȅ ЙΚǓ ȅȖǏǓȖș ȅǟ ǾƺǠǿǩȠȣǏǓঀ ࢵࢹ /ȅΛǓΚǓȖॹ ǩȠ ǩș

ǩǾȒȅȖȠƺǿȠ Ƞȅ ǿȅȠǓ ȠǦƺȠ ƺǹǹ ȠǦǓșǓ ȠǓǉǦǿǩȕȣǓș ǉƺǿ ȒȅȠǓǿȠǩƺǹǹΡ ǩǾȒƺǩȖ ȠǦǓ ǩǿȠǓǠȖǩȠΡ ȅǟ ȠǦǓ ȣǿǏǓȖǹΡǩǿǠ ȒǦΡșǩǉș ƺǿǏ

șǦȅȣǹǏ ǈǓ ȣșǓǏ ΛǩȠǦ ǉƺȣȠǩȅǿঀ

[ǙȞǿǲ ȵǲȓǲǨȿȈȤȞ ǩș ƺ ȒȅΛǓȖǟȣǹ ȠǓǉǦǿǩȕȣǓ Ƞȅ șƺΚǓ ǉƺǹǉȣǹƺȠǩȅǿ ȠǩǾǓ ǏȣȖǩǿǠ ǓǹǓǉȠȖȅǿ ȠȖƺǿșȒȅȖȠঀ vǩȠǦ ȖƺǿǠǓ ȖǓে

ǴǓǉȠǩȅǿ ȠȣȖǿǓǏ ȅǿॹ ȠǦǓ ƺǹǠȅȖǩȠǦǾ ǉƺǹǉȣǹƺȠǓș ȠǦǓ ȖƺǿǠǓ ȅǟ ƺ ǉǦƺȖǠǓǏ ȒƺȖȠǩǉǹǓ ƺǿǏ ǏǓȠǓȖǾǩǿǓș ΛǦǓȠǦǓȖ ȠǦǓ ȒƺȖȠǩǉǹǓ

ǉƺǿ ǹǓƺΚǓ ȠǦǓ ǉȣȖȖǓǿȠ ȖǓǠǩȅǿঀ 2ǟ ǿȅȠॹ ȠǦǓ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖΡ ǩș ȠǓȖǾǩǿƺȠǓǏ ƺǿǏ ȠǦǓ ǓǿȠǩȖǓ ǓǿǓȖǠΡ ǩș ǏǓȒȅșǩȠǓǏ ǩǿ ȠǦǓ

ǉȣȖȖǓǿȠ ȖǓǠǩȅǿঀࢵࢹ �Ρ ǟȅȖǉǩǿǠ ƺǿ ǓǹǓǉȠȖȅǿ ȠǦƺȠ ǉƺǿǿȅȠ ǹǓƺΚǓ ȠǦǓ ȖǓǠǩȅǿ Ƞȅ ǏǓȒȅșǩȠ ǩȠș ǓǿȠǩȖǓ ǓǿǓȖǠΡ ǩǿ ȅǿǓ șȒȅȠॹ ȠǦǓ

șǩǾȣǹƺȠǩȅǿ ǿǓǠǹǓǉȠș ǈȖǓǾșșȠȖƺǦǹȣǿǠ ȒǦȅȠȅǿș ΛǦǩǉǦ ǾǩǠǦȠ ǦƺΚǓ ǈǓǓǿ ȒȖȅǏȣǉǓǏ ǏȣȖǩǿǠ șȣǈșǓȕȣǓǿȠ ǩǿȠǓȖƺǉȠǩȅǿș

ȅǟ ȠǦǓ ǓǹǓǉȠȖȅǿঀ eǦǓȖǓǟȅȖǓॹ ȠǦǓ ȣșǓ ȅǟ ȖƺǿǠǓ ȖǓǴǓǉȠǩȅǿ ȖǓȕȣǩȖǓș ǉƺȖǓǟȣǹ ƺǿƺǹΡșǩș ȅǟ ȠǦǓ ƺȒȒȖȅȒȖǩƺȠǓ ǉȣȠȅА ǓǿǓȖǠΡॹ

ǩঀǓঀ ȠǦǓ ǾƺΠǩǾȣǾ ǓǿǓȖǠΡ ȅǟ ƺ ǉǦƺȖǠǓǏ ȒƺȖȠǩǉǹǓ ƺȠ ΛǦǩǉǦ ȖƺǿǠǓ ȖǓǴǓǉȠǩȅǿ ǩș ǉȅǿșǩǏǓȖǓǏঀ

)LJXUH ����� &ROOLVLRQ� UDGLDWLYH DQG WRWDO VWRSSLQJ
SRZHU RI HOHFWURQV LQ D OHDG DEVRUEHU� %HORZ �0H9�
WKH VWRSSLQJ SRZHU LV SULPDULO\ EDVHG RQ FROOLVLRQ
LQWHUDFWLRQV� $ERYH �0H9� HOHFWURQ LQWHUDFWLRQV
SURGXFH VXEVWDQWLDO DPRXQWV RI EUHPVVWUDKOXQJ� 'DWD
DFFRUGLQJ WR 1,67 GDWDEDVH� ��

total collision radiative
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eǦǓ șȠȅȒȒǩǿǠ ȒȅΛǓȖ ȅǟ ƺ ǹǓƺǏ ȒǦƺǿȠȅǾ শ'ǩǠঀ ষࢱࢲঀࢴ ȖǓșȣǹȠș ƺǹǾȅșȠ ǓǿȠǩȖǓǹΡ ǟȖȅǾ ǉȅǹǹǩșǩȅǿ ǩǿȠǓȖƺǉȠǩȅǿș ǈǓǹȅΛ

EǓtࢲ ǷǩǿǓȠǩǉ ǓǿǓȖǠΡঀ �ǹǓǉȠȖȅǿș ΛǩȠǦ ǦǩǠǦǓȖ ǓǿǓȖǠǩǓș ǉƺǿ ǩǿǏȣǉǓ ȠǦǓ ȒȖȅǏȣǉȠǩȅǿ ȅǟ ǈȖǓǾșșȠȖƺǦǹȣǿǠ ȒǦȅȠȅǿșঀ

^ǓȠȠǩǿǠ ȠǦǓ ǓǹǓǉȠȖȅǿ ǉȣȠেȅА ǓǿǓȖǠΡ Ƞȅ EǓtࢲ ǩǿ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾ șǩǾȣǹƺȠǩȅǿș Λǩǹǹ ȠǦǓȖǓǟȅȖǓ ǓǹǩǾǩǿƺȠǓ ǓǹǓǉȠȖȅǿș

ΛǦȅșǓ ȖƺǿǠǓ ΛȅȣǹǏ ǿȅȠ ǦƺΚǓ ȒǓȖǾǩȠȠǓǏ ȠǦǓǾ Ƞȅ ȖǓƺǉǦ ȠǦǓ șǉȅȖǩǿǠ ȒǹƺǿǓ ƺǿǏ ȠǦƺȠ ȅǿǹΡ ǉȅǿȠȖǩǈȣȠǓǏ ǿǓǠǹǩǠǩǈǹǓ

ࢴࢵ



ȕȣƺǿȠǩȠǩǓș ȅǟ ǈȖǓǾșșȠȖƺǦǹȣǿǠঀ �ȅǾȒƺȖǩșȅǿș ȅǟ ȠǦǓ ȒǦȅȠȅǿ șȒǓǉȠȖȣǾ ƺȠ ȠǦǓ ǓΠǩȠ șȣȖǟƺǉǓ ȅǟ ǓǏǠǓ ȒǦƺǿȠȅǾș ƺǹșȅ

ǟȅȣǿǏ ǿȅ șǩǠǿǩЙǉƺǿȠ ǏǩАǓȖǓǿǉǓ ǈǓȠΛǓǓǿ șǩǾȣǹƺȠǩȅǿș ǉȅǿǏȣǉȠǓǏ ΛǩȠǦ ƺǿǏ ΛǩȠǦȅȣȠ ȖƺǿǠǓ ȖǓǴǓǉȠǩȅǿ ƺȠ EǓtঀࢲ

^ǩǾǩǹƺȖ ȖǓșȣǹȠș ǉƺǿ ǈǓ ȅǈȠƺǩǿǓǏ ǟȅȖ ȠȣǿǠșȠǓǿ ȒǦƺǿȠȅǾșঀ �ǹǹ ȒǦƺǿȠȅǾ șǩǾȣǹƺȠǩȅǿș ǩǿ ȠǦǩș ȠǦǓșǩș ΛǓȖǓ ȠǦǓȖǓǟȅȖǓ

ȒǓȖǟȅȖǾǓǏ ΛǩȠǦ ȖƺǿǠǓ ȖǓǴǓǉȠǩȅǿ ǟȅȖ ǉǦƺȖǠǓǏ ȒƺȖȠǩǉǹǓș ΛǩȠǦ ǓǿǓȖǠǩǓș ǈǓǹȅΛ EǓtঀࢲ

[ȣǿǿǩǿǠ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ΛǩȠǦ ǾȅȖǓ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖǩǓș ȠǦƺǿ ȒȖǓșǓǿȠ ǩǿ ȠǦǓ ȒǦƺșǓ șȒƺǉǓ șȅȣȖǉǓ ǉƺǿ ǈǓ ƺǉǦǩǓΚǓǏ

ΛǩȠǦ ȱǙȵȿȈǨȘǲ ȵǲǨͧǨȘȈȞǿঀ eǦǩș ΛƺΡॹ ǓƺǉǦ ȒƺȖȠǩǉǹǓ Λǩǹǹ ǈǓ ȣșǓǏ șǓΚǓȖƺǹ ȠǩǾǓș ǈǓǟȅȖǓ ǾȅΚǩǿǠ ȅǿ Ƞȅ ȠǦǓ ǿǓΠȠ ȒƺȖȠǩǉǹǓঀ

�ǹȠǓȖǿƺȠǩΚǓǹΡॹ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ǉƺǿ ǈǓ ȖǓȒǓƺȠǓǏ ǾȣǹȠǩȒǹǓ ȠǩǾǓș ΛǩȠǦ ǏǩАǓȖǓǿȠ ȈȞȈȿȈǙȘ ȵǙȞǮȤȝ ȸǲǲǮȸঀ �ȅȠǦ ȅȒȠǩȅǿș

ΛȅȖǷ ΛǓǹǹ ƺǿǏ ƺȖǓ ǟȖǓȕȣǓǿȠǹΡ ȣșǓǏ ΛǦǓǿ ȠǦǓ ǩǿȒȣȠ ȒǦƺșǓ șȒƺǉǓ ǏƺȠƺ ǩș șȒƺȖșǓঀ /ȅΛǓΚǓȖॹ ǏȣȒǹǩǉƺȠǩǿǠ ȠǦǓ ƺΚƺǩǹে

ƺǈǹǓ ȒǦƺșǓ șȒƺǉǓ ȒƺȖȠǩǉǹǓș ȅǿǹΡ ȖǓǏȣǉǓș ȠǦǓ ȣǿǉǓȖȠƺǩǿȠΡ ǩǿȠȖȅǏȣǉǓǏ ǈΡ ȠǦǓ șǩǾȣǹƺȠǩȅǿঀ eǦǓ ȅΚǓȖƺǹǹ ȣǿǉǓȖȠƺǩǿȠΡ

ƺǹșȅ ǏǓȒǓǿǏș ȅǿ ȠǦǓ ǹƺȠǓǿȠ ΚƺȖǩƺǿǉǓ ȅǟ ȠǦǓ ȒǦƺșǓ șȒƺǉǓ ЙǹǓॹ ΛǦǩǉǦ ǩș ǿȅȠ ǩǿМȣǓǿǉǓǏ ǈΡ ȒƺȖȠǩǉǹǓ ȖǓǉΡǉǹǩǿǠঀ ࢷࢸ eǦǓ

Ǿƺǩǿ ȒȖǓȖǓȕȣǩșǩȠǓ ǟȅȖ ȒƺȖȠǩǉǹǓ ȖǓǉΡǉǹǩǿǠ ǩș ǦǩǠǦ ȒƺȖȠǩǉǹǓ ǩǿȠǓȖƺǉȠǩȅǿ ǏȣȖǩǿǠ ȠǦǓ șǩǾȣǹƺȠǩȅǿঀ eǦǓ șǩǾȣǹƺȠǩȅǿ ȅǟ ȠǦǓ

МȣǓǿǉǓ ǏǩșȠȖǩǈȣȠǩȅǿ ǈǓǦǩǿǏ ƺǿ ǓǏǠǓ ȒǦƺǿȠȅǾ ǩǿΚȅǹΚǓș ƺ ǦǩǠǦ ǿȣǾǈǓȖ ȅǟ ǩǿȠǓȖƺǉȠǩȅǿș ǩǿ ȠǦǓ ȒǦƺǿȠȅǾ ǩȠșǓǹǟ ƺǿǏ

ǈƺșǩǉƺǹǹΡ ǿȅ ǩǿȠǓȖƺǉȠǩȅǿș ƺȠ ƺǹǹ ǩǿ ȠǦǓ ȅȒǓǿЙǓǹǏΛǦǩǉǦ ƺǏǴȅǩǿș ȠǦǓ ȒǦƺǿȠȅǾঀ eǦǓ МȣǓǿǉǓ ǏǩșȠȖǩǈȣȠǩȅǿ ȅǟ ȠǦǓ ȅȒǓǿ

ЙǓǹǏ ǾǓȖǉǩǹǓșșǹΡ ǏǩșȒǹƺΡș ȠǦǓ ǩǿǦǓȖǓǿȠ ΚƺȖǩƺǿǉǓ ȅǟ ȠǦǓ ȒǦƺșǓ șȒƺǉǓ șȅȣȖǉǓঀ 2ǿ ȠǦǩș ǉƺșǓॹ ȒƺȖȠǩǉǹǓ ȖǓǉΡǉǹǩǿǠ ȅȖ ȠǦǓ

ȣșǓ ȅǟ ǏǩАǓȖǓǿȠ ȖƺǿǏȅǾ șǓǓǏș ǩș ǩǿǓАǓǉȠǩΚǓ ƺǿǏǾǩșǹǓƺǏǩǿǠॹ ƺș ǩȠ ƺȖȠǩЙǉǩƺǹǹΡ ȖǓǏȣǉǓș ȠǦǓ șȠƺǿǏƺȖǏ ǏǓΚǩƺȠǩȅǿ ǩǿ ȠǦǓ

șǉȅȖǩǿǠ ǈǩǿș ΛǩȠǦȅȣȠ ǩǿǉȖǓƺșǩǿǠ ȠǦǓ ȅΚǓȖƺǹǹ ȒȖǓǉǩșǩȅǿ ȅǟ ȠǦǓ МȣǓǿǉǓ ǏǩșȠȖǩǈȣȠǩȅǿঀ eǦǓȖǓǟȅȖǓॹ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾ

șǩǾȣǹƺȠǩȅǿș ΛǓȖǓ ǹǩǾǩȠǓǏ Ƞȅ ȠǦǓ ࣦ.ࣩ · ࣭ࣥࣤ ȒƺȖȠǩǉǹǓș ȒȖǓșǓǿȠ ǩǿ ȠǦǓ eȖȣǓ�ǓƺǾ ȒǦƺșǓ șȒƺǉǓঀ

2ǿșȠǓƺǏॹ ƺǿ ƺǹȠǓȖǿƺȠǩΚǓ șȅǹȣȠǩȅǿΛƺș ǟȅȣǿǏ Ƞȅ ȖǓǏȣǉǓ ȠǦǓ șȠƺȠǩșȠǩǉƺǹ ΚƺȖǩƺǈǩǹǩȠΡ ȅǟ ȒǦƺǿȠȅǾșǩǾȣǹƺȠǩȅǿșঀ eƺǷǩǿǠ

ƺǏΚƺǿȠƺǠǓ ȅǟ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ǠǓȅǾǓȠȖΡ ƺǿǏ ȠǦǓ ǩșȅȠȖȅȒǩǉ МȣǓǿǉǓ ǏǩșȠȖǩǈȣȠǩȅǿ ȅǟ ȠǦǓ ȒǦȅȠȅǿ ǈǓƺǾॹ ǟȅȣȖ șǩǾȣǹƺে

Ƞǩȅǿș ΛǓȖǓ Ȗȣǿ ǟȅȖ ǓƺǉǦ ǓǏǠǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿॹ ΛǩȠǦ ȠǦǓ eȖȣǓ�ǓƺǾ ȒǦƺșǓ șȒƺǉǓ ǈǓǩǿǠ șȣǈșǓȕȣǓǿȠǹΡ ȖȅȠƺȠǓǏ ǈΡ

ࢱࢺ ƺȖȅȣǿǏ ȠǦǓ ǉǓǿȠȖƺǹ ƺΠǩș শ'ǩǠঀ ষঀࢲࢲঀࢴ eǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ Λƺș ǓΠȠȖƺǉȠǓǏ ǟȅȖ ǓƺǉǦ șǩǾȣǹƺȠǩȅǿ ƺǿǏ ȠǦǓ ǟȅȣȖ

ȖǓșȣǹȠș ΛǓȖǓ ƺΚǓȖƺǠǓǏঀ 2ǾȒǹǓǾǓǿȠǓǏ Κǩƺ ƺ șǦȅȖȠ șǉȖǩȒȠॹ ȠǦǩș ǩș ƺ șǩǾȒǹǓ ΡǓȠ ǓАǓǉȠǩΚǓ șȠȖƺȠǓǠΡ Ƞȅ ȒǓȖǟȅȖǾ ȠǦǓ ǓǏǠǓ

ȒǦƺǿȠȅǾ șǩǾȣǹƺȠǩȅǿș ΛǩȠǦ ƺǿ ǓАǓǉȠǩΚǓ ǿȣǾǈǓȖ ȅǟ ࣥࣤࣥࣤ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖǩǓșঀ

)LJXUH ����� 5RWDWLQJ WKH VLPXODWLRQ JHRPHWU\ UHODWLYH WR WKH VFRULQJ ÀHOG UHVXOWV LQ IRXU GLIIHUHQW SDUWLFOH GLVWULEXWLRQV DV VLPXODWLRQ
LQSXW� ZKLFK ZKHQ DYHUDJHG UHGXFH WKH ODWHQW YDULDQFH LQ WKH 7UXH%HDP SKDVH VSDFH GDWD�

ࢵࢵ



्৺् �ԃӻԏԡԝҺԝӥԃӼҺӵ ҺӼҺӵԱԖӥԖ ԃӜ ӒӎӝӒ ӥӻҺӝӒԖ

eǦǓ ƺǿƺǹΡșǩș ȅǟ ǈȅȠǦ ǓΠȒǓȖǩǾǓǿȠƺǹ ƺǿǏ șǩǾȣǹƺȠǓǏ ǓǏǠǓ ǩǾƺǠǓșΛƺșȒǓȖǟȅȖǾǓǏΛǩȠǦEƺȠǦǓǾƺȠǩǉƺॹ ΚǓȖșǩȅǿࢳࢲঀࢱঀࢱঀࢱॹ

vȅǹǟȖƺǾ [ǓșǓƺȖǉǦঀࢵࢺ eǦǓ șȅȣȖǉǓ ǉȅǏǓ ǩș ǩǿǉǹȣǏǓǏ ǩǿ �ȒȒǓǿǏǩΠ �ঀࢳঀ

्৺्৺ो �ӼҺӵԱԖӥԖ ԃӜ ӒԏӒԒӥӻӒӼԝҺӵ ӥӻҺӝӒԖ

EǓǏǩǉƺǹ ǩǾƺǠǩǿǠ ǩǿǟȅȖǾƺȠǩȅǿ ǩș ǦƺǿǏǹǓǏ ȣșǩǿǠ ȠǦǓ �2�KE șȠƺǿǏƺȖǏ শ�ǩǠǩȠƺǹ 2ǾƺǠǩǿǠ ƺǿǏ �ȅǾǾȣǿǩǉƺȠǩȅǿș

ǩǿ EǓǏǩǉǩǿǓষঀ eǦǓ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲ ȒȖȅǏȣǉǓș ࢷࢲ ǈǩȠ �2�KE ЙǹǓșॹ ǉȅǿșǩșȠǩǿǠ ȅǟ ȠǦǓ ǩǾƺǠǓ ǏƺȠƺ ƺǿǏ ǾǓȠƺ

ǩǿǟȅȖǾƺȠǩȅǿঀ eǦǓ ǩǾƺǠǓ ǏƺȠƺ Λƺș ǓΠȠȖƺǉȠǓǏ ƺǿǏ ǉȅǿΚǓȖȠǓǏ ǩǿȠȅ ࢷࢲ ǈǩȠ e2'' ЙǹǓșॹ ȠǦǓǿ ǉȖȅȒȒǓǏ Ƞȅ ȠǦǓ ǉǓǿȠȖƺǹ

ȖǓǠǩȅǿ ƺȖȅȣǿǏ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ শࢱࢱࢴ ȒΠ× ࢱࢱࢲ ȒΠষঀ �ș ǏǩșǉȣșșǓǏॹ ǹǩǿǓƺȖǩΦƺȠǩȅǿ ȅǟ ǩǾƺǠǓ ǏƺȠƺ ǉƺǿ ǈǓ ȅǾǩȠȠǓǏঀ

)LJXUH ����� 7KH VXEVDPSOHG (6) LV SURGXFHG E\
LQWHUODFLQJ FRQVHFXWLYH SL[HO URZV� 7KLV H[DPSOH
VKRZV D VKLIW RI RQH SL[HO HYHU\ IRXU URZV� 7KH SL[HO
QXPEHULQJ LQGLFDWHV WKH LQWHUODFLQJ RUGHU� $GDSWHG
IURP )XMLWD HW DO� ��
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KԭӒԒԖҺӻԏӵӥӼӝ ԝӒӈӢӼӥԑԡӒ eǦǓ ȒȖȅǈǹǓǾ ȅǟ ƺǹǩƺșǩǿǠ ǓАǓǉȠș ǩǿ ȣǿǏǓȖșƺǾȒǹǓǏ ǩǾƺǠǩǿǠ șΡșȠǓǾș Λƺș ǩǿȠȖȅে

ǏȣǉǓǏ ǩǿ ^ǓǉȠǩȅǿ ঀࢲঀࢶঀࢳ 'ȣǴǩȠƺ ǓȠ ƺǹঀ ǩǿȠȖȅǏȣǉǓǏ ƺǿ ȅΚǓȖșƺǾȒǹǩǿǠ ȠǓǉǦǿǩȕȣǓ ǟȅȖ Ee' ǾǓƺșȣȖǓǾǓǿȠș ΛǦǩǉǦ

ǓАǓǉȠǩΚǓǹΡ ȖǓǏȣǉǓș ȠǦǓ șƺǾȒǹǩǿǠ ǏǩșȠƺǿǉǓ ƺǿǏ ȠǦǓȖǓǈΡ ǩǿǉȖǓƺșǓș ȠǦǓ FΡȕȣǩșȠ ǟȖǓȕȣǓǿǉΡঀࢲࢸ �ƺǉǦ ȒǩΠǓǹ ȖȅΛ ǩǿ ȠǦǓ

ǩǾƺǠǓ ǉȅǿȠƺǩǿș ǩǿǟȅȖǾƺȠǩȅǿ ƺǈȅȣȠ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿঀ �ș ȠǦǓ ȒǩΠǓǹ ƺȒǓȖȠȣȖǓ ǩș ǹƺȖǠǓȖ ȠǦƺǿ ȠǦǓ șȒȖǓƺǏ ȅǟ ȠǦǓ

ǩǾȒȣǹșǓ ȖǓșȒȅǿșǓॹ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ ȠΡȒǩǉƺǹǹΡ ȠƺǷǓș ȒǹƺǉǓ ΛǩȠǦǩǿ ȠǦǓ ΛǩǏȠǦ ȅǟ ȅǿǓ ȒǩΠǓǹঀ �Ρ ƺǹǩǠǿǩǿǠ ȠǦǓ ǓǏǠǓ

ȒǦƺǿȠȅǾ ƺȠ ƺ șǹǩǠǦȠ ƺǿǠǹǓ ΛǩȠǦ ȖǓșȒǓǉȠ Ƞȅ ȠǦǓ ȒǩΠǓǹ ƺȖȖƺΡॹ ȠǦǓ ȒȅșǩȠǩȅǿ ȅǟ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ șǦǩǟȠș ǦȅȖǩΦȅǿȠƺǹǹΡ

ǟȖȅǾ ȅǿǓ ȖȅΛ Ƞȅ ȠǦǓ ǿǓΠȠ শ'ǩǠঀ ষঀࢳࢲঀࢴ �ȅǿșǓǉȣȠǩΚǓ ȖȅΛ ƺȖǓ ǩǿȠǓȖǹƺǉǓǏ Ƞȅ ȒȖȅǏȣǉǓ ƺ șȣǈșƺǾȒǹǓǏ �^' ƺș ǩǿǏǩǉƺȠǓǏ

ǈΡ ȠǦǓ ȒǩΠǓǹ ǿȣǾǈǓȖǩǿǠঀ eǦǓ ȅȖǩǠǩǿƺǹ �^' șƺǾȒǹǩǿǠ ǏǩșȠƺǿǉǓ ۹ ǩș ȖǓǏȣǉǓǏ Ƞȅ ȸ = ۹/Fॹ ΛǩȠǦ F ȠǦǓ ȅΚǓȖșƺǾে

ȒǹǩǿǠ ǟƺǉȠȅȖॹ ǩঀǓঀ ȠǦǓ ǿȣǾǈǓȖ ȅǟ ȖȅΛș ȅΚǓȖ ΛǦǩǉǦ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ șǦǩǟȠș ǦȅȖǩΦȅǿȠƺǹǹΡ ǈΡ ȅǿǓ ȒǩΠǓǹঀ vǩȠǦ ȠǦǩș

ȅΚǓȖșƺǾȒǹǩǿǠ ȠǓǉǦǿǩȕȣǓॹ ȠǦǓ FΡȕȣǩșȠ ǟȖǓȕȣǓǿǉΡ ǩș ǩǿǉȖǓƺșǓǏ ǈΡ ƺ ǟƺǉȠȅȖFॹ ƺș ܽFͧ =
ࣥ
ࣦȸ = F ࣥ

ࣦ۹ ঀ EǩșǩǿȠǓȖȒȖǓȠƺে

Ƞǩȅǿ ȅǟ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓș ǉƺǿ ȠǦǓȖǓǟȅȖǓ ȅǿǹΡ ȅǉǉȣȖ ǟȅȖ ΚǓȖΡ ǦǩǠǦ ǟȖǓȕȣǓǿǉǩǓș ȅȣȠșǩǏǓ ȠǦǓ ȖƺǿǠǓ ȅǟ ǩǿȠǓȖǓșȠॹ ǟȅȖ

ΛǦǩǉǦ ȠǦǓEe' ΚƺǹȣǓș ƺȖǓ ǿǓƺȖ ΦǓȖȅঀ 2ǿ ƺǉǉȅȖǏƺǿǉǓ ΛǩȠǦ 2�� ȖǓȒȅȖȠ ॹࢲেࢱࢳࢳࢳࢷ ȠǦǓ ǓǏǠǓ ƺǿǠǹǓ Λƺș ǷǓȒȠ ǈǓȠΛǓǓǿ

ࢶࢵ



ॹࢴেࢶঀࢲ ΛǦǩǉǦ ǉȅȖȖǓșȒȅǿǏș Ƞȅ ƺǿ ȅΚǓȖșƺǾȒǹǩǿǠ ǟƺǉȠȅȖ ǈǓȠΛǓǓǿ ࢺࢲ ƺǿǏ ࢷࢲঀࢹࢴ FȅȠǓ ȠǦƺȠ ȠǦǓ ƺΚǓȖƺǠǩǿǠ ǓАǓǉȠ ȅǟ

ȠǦǓ șƺǾȒǹǩǿǠ ƺȒǓȖȠȣȖǓ ǩș șȠǩǹǹ ȒȖǓșǓǿȠ ǩǿ ȠǦǓ șȣǈșƺǾȒǹǓǏ �^'ঀ

�ӒԝӒԒӻӥӼҺԝӥԃӼ ԃӜ ԝӢӒ ӒӎӝӒ ҺӼӝӵӒ eǦǓ ЙȖșȠ șȠǓȒ ǩǿ ȠǦǓ ǉȅǾȒȣȠƺȠǩȅǿƺǹ ƺǿƺǹΡșǩș ǩș ȠǦǓ ǏǓȠǓȖǾǩǿƺȠǩȅǿ ȅǟ

ȠǦǓ ǓǏǠǓ ƺǿǠǹǓঀ eǦǓ ǓǏǠǓ ȒȅșǩȠǩȅǿ ǩǿ ǓƺǉǦ ȖȅΛ ǩș ǏǓȠǓȖǾǩǿǓǏ ȣșǩǿǠ ǹǩǿǓƺȖ ǩǿȠǓȖȒȅǹƺȠǩȅǿঀ � ǹǩǿǓƺȖ ȖǓǠȖǓșșǩȅǿ ȅǟ

ǓǏǠǓ ȒȅșǩȠǩȅǿ ΚǓȖșȣș ȖȅΛ ǿȣǾǈǓȖ ȖǓȠȣȖǿș ȠǦǓ șǹȅȒǓ ǧॹ ΛǦǩǉǦ ǉƺǿ ǈǓ ȣșǓǏ Ƞȅ ǏǓȠǓȖǾǩǿǓ ȠǦǓ ǓǏǠǓ ƺǿǠǹǓ ܰ ƺǿǏ ȠǦǓ

ƺΚǓȖƺǠǓ ǿȣǾǈǓȖ ȅǟ ǹǩǿǓșFǙ͠ ȠǦƺȠ ȒȖȅǏȣǉǓ ƺ ǦȅȖǩΦȅǿȠƺǹ șǦǩǟȠ ȅǟ ȅǿǓ ȒǩΠǓǹॸ ࢺࢳ

FǙ͠ =
ࣥ
ǧ
=

ࣥ
Ƞƺǿ(ܰ)

. শࢴঀࢳষ

eǦǓ ȅΚǓȖșƺǾȒǹǩǿǠ ǟƺǉȠȅȖ FǙ͠ ǩș ȖȅȣǿǏǓǏ Ƞȅ ȠǦǓ ǿǓƺȖǓșȠ ǩǿȠǓǠǓȖ FȈȞȿঀ eǦǓ ȖȅȣǿǏǩǿǠ ǓȖȖȅȖ Ǧƺș ǈǓǓǿ șǦȅΛǿ Ƞȅ

ǈǓ ΛǓǹǹ ǈǓǹȅΛ ઔࢲ ǟȅȖ ȅȣȖ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓ ȅǟ ǩǿȠǓȖǓșȠ ƺǿǏ ƺǿ ǓǏǠǓ ƺǿǠǹǓ ƺȖȅȣǿǏ ঀࢱঀࢳ ࢺࢳ KǿǉǓ ȠǦǓ ǓǏǠǓ ƺǿǠǹǓ ǩș

ǷǿȅΛǿॹ ȠǦǓ ȅΚǓȖșƺǾȒǹǓǏ �^' ǩș ǉȅǿșȠȖȣǉȠǓǏ ƺș ǏǓșǉȖǩǈǓǏ ƺǈȅΚǓ ǈΡ ǩǿȠǓȖǹƺǉǩǿǠFȈȞȿ ǉȅǿșǓǉȣȠǩΚǓ ǹǩǿǓș ȅǟ ȠǦǓ ǩǾƺǠǓ

শ'ǩǠঀ ƺষঀࢴࢲঀࢴ

'ӥӼӥԝӒ ӒӵӒӻӒӼԝ ӎӥӜӜӒԒӒӼԝӥҺԝӥԃӼ eǦǓ @^' শ'ǩǠঀ ǈষࢴࢲঀࢴ ǩș ȅǈȠƺǩǿǓǏ ǈΡ ϫȞȈȿǲ ǲȘǲȝǲȞȿ ǮȈωǲȵǲȞȿȈǙȿȈȤȞॹ ȣșে

ǩǿǠ ȠǦǓ șΡǾǾǓȠȖǩǉ ǉǓǿȠȖƺǹ ǏǩАǓȖǓǿǉǓ ǈǓȠΛǓǓǿ ǿǓǩǠǦǈȅȖǩǿǠ ȒǩΠǓǹș

Ǿ′(ͦ) ≈ Ǿ(ͦ+ ȸ)− Ǿ(ͦ− ȸ)
ȸ

. শࢴঀࢴষ

2ǿ EƺȠǦǓǾƺȠǩǉƺॹ ȠǦǩș Λƺș ȖǓƺǹǩΦǓǏ ǈΡ ǉȅǿΚȅǹȣȠǩȅǿ ȅǟ ȠǦǓ �^' ΛǩȠǦ ƺ মࢱঀࢶॹࢱॹেࢱঀࢶয ǷǓȖǿǓǹঀ 'ǩǿǩȠǓ ǓǹǓǾǓǿȠ ǏǩАǓȖǓǿে

ȠǩƺȠǩȅǿ ǩǿȠȖȅǏȣǉǓș ƺ șǾƺǹǹ ǓȖȖȅȖࢹࢳॹ ǟȅȖ ΛǦǩǉǦ ƺ ǉȅȖȖǓǉȠǩȅǿ ǩș ƺȒȒǹǩǓǏ ǩǿ ȠǦǓ ǟȖǓȕȣǓǿǉΡ ǏȅǾƺǩǿঀ

'ҺԖԝ'ԃԡԒӥӒԒeԒҺӼԖӜԃԒӻ eȅǉƺǹǉȣǹƺȠǓ ȠǦǓEe'ॹ ƺ'Ǚȸȿ 'ȤɂȵȈǲȵeȵǙȞȸǾȤȵȝ শ''eষ ǩș ƺȒȒǹǩǓǏ Ƞȅ ȠǦǓ ȅΚǓȖșƺǾে

ȒǹǓǏ@^'ঀ XȖǩȅȖ Ƞȅ ''eॹ ȠǦǓ ǹǓǿǠȠǦ ȅǟ ȠǦǓ@^'Λƺș șΡǾǾǓȠȖǩǉƺǹǹΡ ȠȖȣǿǉƺȠǓǏ ƺȖȅȣǿǏ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ Ƞȅ ƺ ǹǓǿǠȠǦ

ȅǟ ࣦࣦࣥ ǏƺȠƺ ȒȅǩǿȠșঀ �ǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ǓǏǠǓ ƺǿǠǹǓॹ ȠǦǩș ǿȣǾǈǓȖ ȅǟ ǏƺȠƺ ȒȅǩǿȠș ǉȅȖȖǓșȒȅǿǏș Ƞȅ ƺ ǹǓǿǠȠǦ ȅǟ ࢸেࢶ ǉǾ

ǩǿ ȠǦǓ ǩǾƺǠǓঀ �ș ȠǦǓ @^' ǹǓǿǠȠǦ ǉƺǿ ǩǾȒƺǉȠ Ee' ƺǉǉȣȖƺǉΡࢶࢺॹ ȠǦǩș șȠǓȒ ǩș ǟȣȖȠǦǓȖ ǩǿΚǓșȠǩǠƺȠǓǏ ǩǿ ^ǓǉȠǩȅǿ ঀࢲঀࢲঀࢵ

eǦǓ ƺǈșȅǹȣȠǓ ΚƺǹȣǓ ȅǟ ȠǦǓ ''e ȖǓșȣǹȠ ǩș ǿȅȖǾƺǹǩΦǓǏ Ƞȅ ȠǦǓ ΦǓȖȅ ǟȖǓȕȣǓǿǉΡ ΚƺǹȣǓ Ƞȅ ȅǈȠƺǩǿ ȠǦǓ ȒȖǓșƺǾȒǹǓǏ Ee'

শ'ǩǠঀ ǉষঀࢴࢲঀࢴ eǦǓ ǟȖǓȕȣǓǿǉΡ ȖǓșȅǹȣȠǩȅǿ ȅǟ ȠǦǓ Ee' ǏǓȒǓǿǏș ȅǿ ȠǦǓ ǹǓǿǠȠǦ ȅǟ ȠǦǓ @^' ƺǿǏ ȠǦǓȖǓǟȅȖǓ ΚƺȖǩǓș ΛǩȠǦ

ȠǦǓ ǓǏǠǓ ƺǿǠǹǓ ǈǓȠΛǓǓǿ ǾǓƺșȣȖǓǾǓǿȠșঀ

ࢷࢵ



)LJXUH ����� ,OOXVWUDWLRQ RI WKH VWHSV LQ WKH LPDJH
DQDO\VLV� EDVHG RQ D VLPXODWHG HGJH LPDJH�
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�ԃԒԒӒӈԝӥԃӼԖ 'ǩǿǩȠǓ ǓǹǓǾǓǿȠ ǏǩАǓȖǓǿȠǩƺȠǩȅǿ ǩǿȠȖȅǏȣǉǓș ƺ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ΛǦǩǉǦ ǏǓȒǓǿǏș ȅǿ ȠǦǓ șȣǈșƺǾে

ȒǹǩǿǠ ǏǩșȠƺǿǉǓ ȸॸ ࢹࢳ

Ee'ǲȸȿȈȝǙȿǲǮ

Ee'ȿȵɂǲ
= șǩǿǉ

(
ܿܽ
ܽFͧ

)
শࢴঀࢵষ

= șǩǿǉ (ࣦܿȸܽ) . শࢴঀࢶষ

eǦǓ ȒȖǓΚǩȅȣșǹΡ ǉƺǹǉȣǹƺȠǓǏEe' ǩș ǏǩΚǩǏǓǏ ǈΡ ȠǦǩș ȠǓȖǾ Ƞȅ ǉȅȖȖǓǉȠ ǟȅȖ ȠǦǓ ǿȣǾǓȖǩǉƺǹ ǏǩАǓȖǓǿȠǩƺȠǩȅǿঀ

eǦǓ șƺǾȒǹǩǿǠ ȒȅǩǿȠș ǩǿ ȠǦǓ �^' ΛǓȖǓ ƺșșȣǾǓǏ Ƞȅ ǹǩǓ ȒǓȖȒǓǿǏǩǉȣǹƺȖ Ƞȅ ȠǦǓ ǓǏǠǓঀ �ȣǓ ȠǦǓ ǓǏǠǓ ƺǿǠǹǓ ܰॹ ȠǦǓ

șƺǾȒǹǩǿǠ ǏǩșȠƺǿǉǓ ǈǓȠΛǓǓǿ ǏƺȠƺ ȒȅǩǿȠș ǩș ƺǉȠȣƺǹǹΡ șǾƺǹǹǓȖ ǈΡ ƺ ǟƺǉȠȅȖ ȅǟ ǉȅș(ܰ)ঀ eǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ƺΠǩș ǩș

ȠǦǓȖǓǟȅȖǓ ȖǓșǉƺǹǓǏ ǈΡ ȠǦǓ ǟƺǉȠȅȖ ࣥ/ ǉȅș(ܰ)ঀ ࢷࢲ

ࢸࢵ



्৺्৺ौ �ӼҺӵԱԖӥԖ ԃӜEԃӼԝӒ �ҺԒӵԃ ԖӥӻԡӵҺԝӒӎ ӥӻҺӝӒԖ

�ȒƺȖȠ ǟȖȅǾ ȠǦǓ ǟƺǉȠ ȠǦƺȠ ȠǦǓ ǓǏǠǓ ƺǿǠǹǓ ǩș ƺǹȖǓƺǏΡ ǷǿȅΛǿॹ ȠǦǓ ƺǿƺǹΡșǩș ȅǟ ȠǦǓ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǓǏ ǩǾƺǠǓș ǩș

ǉƺȖȖǩǓǏ ȅȣȠ ƺș ǏǓșǉȖǩǈǓǏ ƺǈȅΚǓ ǟȅȖ ǓΠȒǓȖǩǾǓǿȠƺǹ ǩǾƺǠǓșঀ eǦǓ ȒǦȅȠȅǿ МȣǓǿǉǓ ǩș șǉȅȖǓǏ ࢷࢳ ȠǩǾǓșॹ ΛǩȠǦ ȠǦǓ șǉȅȖǩǿǠ

ЙǓǹǏ ȠȖƺǿșǹƺȠǓǏ ȖǓǹƺȠǩΚǓ Ƞȅ ȠǦǓ ȒǦƺǿȠȅǾ শșǓǓ ^ǓǉȠǩȅǿ ষঀࢴঀࢳঀࢴ eǦǩș ȖǓșȣǹȠș ǩǿ ƺǿ ǓǏǠǓ ƺǿǠǹǓ ȅǟ ঀࢳঀࢳ eǦǓ Ee'

ǩș ǩǿǓΚǩȠƺǈǹΡ ƺАǓǉȠǓǏ ǈΡ ƺΚǓȖƺǠǩǿǠ ȠǦǓ șǩǠǿƺǹ ȅΚǓȖ ȠǦǓ ΛǩǏȠǦ ȅǟ ȠǦǓ șǉȅȖǩǿǠ ǈǩǿș শࢱঀࢳǾǾষঀ eȅ ǓǹǩǾǩǿƺȠǓ ȠǦǩș

ǩǿМȣǓǿǉǓ ǟȖȅǾ ȠǦǓ ȖǓșȣǹȠșॹ ȠǦǓ ǉƺǹǉȣǹƺȠǓǏEe' ǩș ǏǩΚǩǏǓǏ ǈΡ

Ee'ǧȈȞȞȈȞǿ = |șǩǿǉ(ܿ · ࣤ.ࣦǾǾ · ܽ)|. শࢴঀࢷষ

�ƺǉǦ ȒƺȖȠǩǉǹǓ ǓǾǩȠȠǓǏ ǟȖȅǾ ȠǦǓ șȅȣȖǉǓ ǩș ȠȖƺǉǷǓǏ ȠǦȖȅȣǠǦȅȣȠ ȠǦǓ ǓǿȠǩȖǓ șǩǾȣǹƺȠǩȅǿঀ eǦǓ ȒǦƺșǓ șȒƺǉǓ ƺȠ ȠǦǓ

șǉȅȖǩǿǠ ȒǹƺǿǓ ǉȅǿȠƺǩǿș ƺ ࢳࢴ ǈǩȠ @�e�/ ΚƺȖǩƺǈǹǓ ǟȅȖ ǓΚǓȖΡ ȒƺȖȠǩǉǹǓॹ ΛǦǩǉǦ ȒȖȅΚǩǏǓș ǩǿǟȅȖǾƺȠǩȅǿ ȅǿ ȠǦǓ ȒƺȖȠǩǉǹǓ

ǉǦƺȖǠǓ ƺǿǏॹ ǾȅșȠ ǩǾȒȅȖȠƺǿȠǹΡॹ ȅǿ ȠǦǓ ǠǓȅǾǓȠȖǩǉ ȖǓǠǩȅǿș ǩǿ ΛǦǩǉǦ ȠǦǓ ȒƺȖȠǩǉǹǓ Ǧƺș ǈǓǓǿ ȅȖ Ǧƺș ǩǿȠǓȖƺǉȠǓǏঀࢵࢹ eǦǩș

ƺǹǹȅΛș Ƞȅ ЙǹȠǓȖ ȠǦǓ Йǿƺǹ ȒǦƺșǓ șȒƺǉǓ ǈƺșǓǏ ȅǿ ȠǦǓ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖΡঀ hșǩǿǠ ȠǦǓ @�e�/ ΚƺȖǩƺǈǹǓॹ ǩȠ ǩș ȒȅșșǩǈǹǓ Ƞȅ

ǏǩșȠǩǿǠȣǩșǦ ǈǓȠΛǓǓǿȒȖǩǾƺȖΡ ȖƺǏǩƺȠǩȅǿ শǿȅ ǩǿȠǓȖƺǉȠǩȅǿষ ƺǿǏ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ শǉȖǓƺȠǓǏΛǩȠǦǩǿ ȒǦƺǿȠȅǾষঀ eǦǓ

șȣǾ ȅǟ ȒȖǩǾƺȖΡ ƺǿǏ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ ǓȕȣƺǹǓǏ ȠǦǓ ȠȅȠƺǹ ȖƺǏǩƺȠǩȅǿॹ ΛǦǩǉǦ ǉȅǿЙȖǾș ȠǦƺȠ ȠǦǓ ȒƺȖȠǩǉǹǓ șǓǹǓǉȠǩȅǿ

ΛȅȖǷǓǏ ǉȅȖȖǓǉȠǹΡ ƺǿǏ ƺǹǹ ȒƺȖȠǩǉǹǓș ΛǓȖǓ ȠƺǷǓǿ ǩǿȠȅ ƺǉǉȅȣǿȠঀ

^ǩǿǉǓ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ǏǩǏ ǿȅȠ ǾȅǏǓǹ ȠǦǓ ǏǓȠǓǉȠȅȖ ǈȣȠ ǓǿǏǓǏ ƺȠ ȠǦǓ ǩǾƺǠǓ ȒǹƺǿǓॹ ȠǦǓ Ee' ǏǓȖǩΚǓǏ ǟȖȅǾ ȠǦǓ

ȠȅȠƺǹ ȒǦȅȠȅǿ МȣǓǿǉǓ ǏǩȖǓǉȠǹΡ ǩǿǏǩǉƺȠǓș ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ȅǟ ƺ ǾǓƺșȣȖǓǾǓǿȠ ΛǩȠǦ ȠǦǓ ǠǩΚǓǿ ȒǦƺǿȠȅǾॹ ƺȖǩșǩǿǠ

ǟȖȅǾ ȠǦǓ ǏǩАǓȖǓǿǉǓș ǈǓȠΛǓǓǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ƺǿǏ ƺǿ ǩǏǓƺǹ șȠǓȒ ǟȣǿǉȠǩȅǿঀ @ƺȠǓȖ ȅǿॹ ȠǦǩș Ee' ǩș ȠǩȠǹǓǏ

ȱȅǙȞȿȤȝEe'ঀ

्৺्৺् tӒԒӥӜӥӈҺԝӥԃӼ ԃӜ ӈԃӻԏԡԝҺԝӥԃӼҺӵ ҺӼҺӵԱԖӥԖ

eǦǓ ȖǓșȣǹȠș ȒȖǓșǓǿȠǓǏ ǩǿ ǟȅǹǹȅΛǩǿǠ șǓǉȠǩȅǿș ȖǓǹΡ ǦǓƺΚǩǹΡ ȅǿ ȠǦǓ ǉȅȖȖǓǉȠ ǩǾȒǹǓǾǓǿȠƺȠǩȅǿ ȅǟ ȠǦǓ ȒȖǓΚǩȅȣșǹΡ ȒȖǓে

șǓǿȠǓǏ ǉƺǹǉȣǹƺȠǩȅǿ șȠǓȒșঀ eǦǓ EƺȠǦǓǾƺȠǩǉƺ ȒȖȅǠȖƺǾ ΛȖǩȠȠǓǿ ǟȅȖ ƺǿƺǹΡșǩș ȅǟ ǓΠȒǓȖǩǾǓǿȠƺǹ ƺǿǏ EȅǿȠǓ �ƺȖǹȅ

șǩǾȣǹƺȠǓǏ ǓǏǠǓ ǩǾƺǠǓș Λƺș ȠǦǓȖǓǟȅȖǓ ȠǓșȠǓǏ ΛǩȠǦ ƺ șǓȖǩǓș ȅǟ șΡǿȠǦǓȠǩǉ ǓǏǠǓ ǩǾƺǠǓșॹ ǟȅȖ ΛǦǩǉǦ ȠǦǓ ȠȖȣǓ Ee' Λƺș

ǷǿȅΛǿঀ eǦǓ șΡǿȠǦǓȠǩǉ ǓǏǠǓ ǩǾƺǠǓș ΛǓȖǓ ǈƺșǓǏ ȅǿ ȠǦǓ ǟȅǹǹȅΛǩǿǠ ƺǿƺǹΡȠǩǉƺǹ ǓǏǠǓ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿॸ

�^'șǩǾ(ͦ) =






ࣥ− ࣥ
ࣦ · Ǔ

−ȵͦ ͦ ≥ ࣤ

ࣥ
ࣦ · Ǔ

+ȵͦ ͦ < ࣤ.
শࢴঀࢸষ

eǦǓ ȒƺȖƺǾǓȠǓȖ ȵ ǏǓЙǿǓș ȠǦǓ șȠǓǓȒǿǓșș ȅǟ ȠǦǓ �^' ƺǿǏ ȠǦǓȖǓǈΡ ȠǦǓ ǏǓȠǓǉȠȅȖ ȖǓșȒȅǿșǓঀ vǦǓǿ ͦ ǩș ǓΠȒȖǓșșǓǏ ǩǿ

ǾǩǹǹǩǾǓȠǓȖșॹ ƺ ΚƺǹȣǓ ȅǟ ȵࢱঀࢶࢷ ƺȒȒȖȅΠǩǾƺȠǓǹΡ ǾƺȠǉǦǓș ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ ǟȅȣǿǏ ǩǿ ǉǹǩǿǩǉƺǹǹΡ ȣșǓǏEt ǏǓȠǓǉȠȅȖșঀ

ࢹࢵ



)LJXUH ����� 7KLV GLJLWDO HGJH LPDJH ZLWK H[DJJHU�
DWHG HGJH WUDQVLWLRQ ZDV FUHDWHG IURP DQ DQDO\WLFDO
HGJH VSUHDG IXQFWLRQ�

eǦǓEe' ǉȅȖȖǓșȒȅǿǏǩǿǠ Ƞȅ �^'ȸȈȝ ǩș @ȅȖǓǿȠΦǩƺǿ șǦƺȒǓǏॸ

Ee'șǩǾ(ܽ) =
ȵࣦ

ȵࣦ + (ࣦܿܽ)ࣦ
. শࢴঀࢹষ

eȅ ǉȅǿșȠȖȣǉȠ ƺ șΡǿȠǦǓȠǩǉ ǓǏǠǓ ǩǾƺǠǓॹ ȠǦǓ ΚƺǹȣǓș ȅǟ �^'ȸȈȝ ΛǓȖǓ șƺǾȒǹǓǏ ƺǿǏ ΛȖǩȠȠǓǿ Ƞȅ ƺǿ ƺȖȖƺΡॹ ǩǿǉǹȣǏǩǿǠ ƺ

șǦǩǟȠ ȅǟ Ƞƺǿ(ܰ) ǟȖȅǾȖȅΛȠȅ ȖȅΛ ȠȅȒȖȅǏȣǉǓ ȠǦǓ ǩǾƺǠǓȅǟ ƺǿ ǓǏǠǓΛǩȠǦ ǓǏǠǓ ƺǿǠǹǓܰ শ'ǩǠঀ ষঀࢵࢲঀࢴ eǦǓ ǉȅȖȖǓșȒȅǿǏǩǿǠ

șȅȣȖǉǓ ǉȅǏǓ ǉƺǿ ǈǓ ǟȅȣǿǏ ǩǿ �ȒȒǓǿǏǩΠ �ঀࢳঀ eȅ ȅǈȠƺǩǿ ƺ ǾȅȖǓ ȖǓƺǹǩșȠǩǉ ǓǏǠǓ ǩǾƺǠǓॹ ȠǦǓ ƺǿƺǹΡȠǩǉƺǹ ǓǏǠǓ șȒȖǓƺǏ

ǟȣǿǉȠǩȅǿ ǉƺǿ ǈǓ ǉȅǿΚȅǹΚǓǏ ΛǩȠǦ ƺ ȖǓǉȠƺǿǠȣǹƺȖ ǟȣǿǉȠǩȅǿ Ƞȅ ǾǩǾǩǉ ȠǦǓ ǓАǓǉȠ ȅǟ ƺ șƺǾȒǹǩǿǠ ƺȒǓȖȠȣȖǓॹ ǟȅǹǹȅΛǓǏ ǈΡ

ȠǦǓ ƺǏǏǩȠǩȅǿ ȅǟ Xȅǩșșȅǿ ȅȖ (ƺȣșșǩƺǿ ǿȅǩșǓ Ƞȅ ȠǦǓ ȒȖǩǾƺȖΡ șǩǠǿƺǹঀ

eǦǓ ǏǩșǉȖǓȠǓ Ee' ΚƺǹȣǓș ǉƺǹǉȣǹƺȠǓǏ ǟȅȖ ȠǦȖǓǓ ǓΠǓǾȒǹƺȖΡ șΡǿȠǦǓȠǩǉ ǩǾƺǠǓș șǦȅΛǓǏ ǓΠǉǓǹǹǓǿȠ ƺǠȖǓǓǾǓǿȠ ΛǩȠǦ

ȠǦǓ ȠǦǓȅȖǓȠǩǉƺǹ Ee'ș শ'ǩǠঀ ষঀࢶࢲঀࢴ Ee' ȖǓșȣǹȠș ȒȖǓșǓǿȠǓǏ ǩǿ ȠǦǩș ȠǦǓșǩșॹ ΛǦǓȠǦǓȖ ǟȖȅǾ ǓΠȒǓȖǩǾǓǿȠ ȅȖ șǩǾȣǹƺȠǩȅǿॹ

ƺȖǓ ƺǹΛƺΡș ǏǩșǉȖǓȠǓ ǏƺȠƺঀ /ȅΛǓΚǓȖॹ ƺș ȠǦǓ ǟȖǓȕȣǓǿǉΡ ȖǓșȅǹȣȠǩȅǿ ȅǟ ȠǦǓ Ee'ș ǩș ȕȣǩȠǓ ЙǿǓ শ≈ࢱঀࢶࢲࢱǾǾ−ࣥষॹ ȠǦǓΡ

ƺȖǓ ǩǿ ǾȅșȠ ǉƺșǓș ǏǩșȒǹƺΡǓǏ ΛǩȠǦ șȅǹǩǏ ǹǩǿǓș ƺș ƺ ǠȣǩǏǓ Ƞȅ ȠǦǓ ǓΡǓঀ
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�D� $QDO\WLFDO HGJH VSUHDG IXQFWLRQ �VROLG OLQH� DQG VDPSOHG
GDWD SRLQWV XVHG WR FUHDWH WKH HGJH LPDJHV�
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�E� 'LVFUHWH 07) YDOXHV REWDLQHG IURP 0DWKHPDWLFD SURJUDP
DQG WUXH 07) �VROLG OLQH��

)LJXUH ����� $QDO\WLFDO (6)V EDVHG RQ (T� ����� ZLWK VKDUSQHVV VHWWLQJV RI ȵ  ���� ���� ��� ZHUH WXUQHG LQWR V\QWKHWLF HGJH LPDJHV�
EDVHG RQ D VDPSOLQJ GLVWDQFH RI ���PP DQG ���� HGJH DQJOH� 7KH LPDJHV ZHUH DQDO\]HG ZLWK WKH GHYHORSHG 0DWKHPDWLFD SURJUDP WR
UHYHDO H[FHOOHQW DJUHHPHQW EHWZHHQ WKH GLVFUHWH �FDOFXODWHG� 07) YDOXHV DQG WKH WUXH �DQDO\WLFDOO\ REWDLQHG� 07)�

ࢺࢵ
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4
[ǓșȣǹȠș

eӢӥԖԮԃԒӲ ԖԝҺԒԝԖΛǩȠǦ ƺǿ ǓΠȒǓȖǩǾǓǿȠƺǹ ǩǿΚǓșȠǩǠƺȠǩȅǿ ȅǟ ȠǦǓ ǩǾȒƺǉȠ ȅǟ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾǏǓșǩǠǿ ȅǿ ȠǦǓEe'

ǾǓƺșȣȖǓǾǓǿȠঀ � ǾǓȠǦȅǏ ǩș ǏǓΚǩșǓǏ ΛǦǩǉǦ ȒȖǓǏǩǉȠș ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǩǿ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ǈƺșǓǏ ȅǿ EȅǿȠǓ

�ƺȖǹȅ șǩǾȣǹƺȠǩȅǿșঀ eǦǓ ǩǿМȣǓǿǉǓ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșॹ ƺǈșȅȖȒȠǩȅǿȣǿșǦƺȖȒǿǓșș ƺǿǏ șǉƺȠȠǓȖ ƺȠEtǓǿǓȖǠǩǓș

ǩș ǩǿΚǓșȠǩǠƺȠǓǏॹ ǈǓǟȅȖǓ ǏǩșǉȣșșǩǿǠ șȣǩȠƺǈǹǓ ǓǏǠǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿș ǟȅȖ Etࢷ ǈǓƺǾ ȕȣƺǹǩȠΡঀ

ॎ৺ो Ee' ӻӒҺԖԡԒӒӻӒӼԝԖ ԃӼ XԃԒԝҺӵtӥԖӥԃӼ Һ^ोौॊॊ

eȅ ǩșȅǹƺȠǓ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿॹ șǓΚǓȖƺǹ ȒǦƺǿȠȅǾș ΛǓȖǓ ȣșǓǏ Ƞȅ ǾǓƺșȣȖǓ ȠǦǓ ǏǓȠǓǉȠȅȖEe'

ȅǟ ƺ șǩǿǠǹǓ Et ǩǾƺǠǩǿǠ șΡșȠǓǾ শtƺȖǩƺǿ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲষঀ XȖǩȅȖ Ƞȅ ȠǦƺȠॹ ȠǦǓ ȖȅǹǓ ȅǟ ȠǦǓ ƺǿƺǹΡșǩș ȖǓǠǩȅǿ ȅǟ

ǩǿȠǓȖǓșȠ ƺǿǏ ȠǦǓ ǿȅǩșǓ ǹǓΚǓǹ ǩǿ ȠǦǓ ǓǏǠǓ ǩǾƺǠǓ ΛǓȖǓ ƺǏǏȖǓșșǓǏঀ

ॎ৺ो৺ो �ӒӜӥӼӥӼӝ ԝӢӒ [ӒӝӥԃӼ ԃӜ 2ӼԝӒԒӒԖԝ

eǦǓEe' ǩș ǓΚƺǹȣƺȠǓǏ ǟȖȅǾ ƺ ǉǓǿȠȖƺǹ ȖǓǠǩȅǿ ȅǟ ǩǿȠǓȖǓșȠ শ[K2ষ ǩǿ ȠǦǓ ǩǾƺǠǓॹ ΛǦǩǉǦ ǉȅǿȠƺǩǿș ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿঀ

eǦǓ ΛǩǏȠǦ ȅǟ ȠǦǓ [K2 ǾȣșȠ ǈǓ ǹƺȖǠǓ ǓǿȅȣǠǦ Ƞȅ ǉȅǿȠƺǩǿ FȈȞȿ ȖȅΛșॹ ǈȣȠ Ǧƺș ǿȅ ǟȣȖȠǦǓȖ ǩǾȒƺǉȠ ȅǿ ȠǦǓ Ee'

ȖǓșȣǹȠঀ eǦǓ [K2 ǹǓǿǠȠǦ শ�^' ǹǓǿǠȠǦষ ǏǓȠǓȖǾǩǿǓș ȠǦǓ ǟȖǓȕȣǓǿǉΡ ȖǓșȅǹȣȠǩȅǿ ȅǟ ȠǦǓ Ee' ƺǿǏ ǩș șǓȠ Ƞȅ ƺ ȒȅΛǓȖ

ȅǟ ࢳ ǈǓǟȅȖǓ 'ȅȣȖǩǓȖ eȖƺǿșǟȅȖǾঀ 2ǟ ȠǦǓ [K2 ǹǓǿǠȠǦ ǩș șǓȠ Ƞȅȅ șǾƺǹǹॹ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ȖǓșȅǹȣȠǩȅǿ ȅǟ ȠǦǓ Ee'

ࢲࢶ



Λǩǹǹ ǈǓ ǉȅƺȖșǓ ƺǿǏ ȒȅșșǩǈǹΡ ǦǩǏǓ ǩǿȠǓȖǓșȠǩǿǠ ǏǓȠƺǩǹș șȣǉǦ ƺș ƺ ǹȅΛেǟȖǓȕȣǓǿǉΡ ǏȖȅȒঀࢲࢸॹࢷࢺ Kǿ ȠǦǓ ȅȠǦǓȖ ǦƺǿǏॹ ƺ ΚǓȖΡ

ǹƺȖǠǓ [K2 ǹǓǿǠȠǦ ǉȖǓƺȠǓș ƺ ǦǩǠǦ ȖǓșȅǹȣȠǩȅǿEe'ॹ ƺȠ ȠǦǓ ȒȖǩǉǓ ȅǟ ƺ ǦǩǠǦǓȖ ǿȅǩșǓ ǹǓΚǓǹঀ ࢶࢺ
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)LJXUH ���� ([SHULPHQWDOO\
GHWHUPLQHG GHWHFWRU 07)
RI 9DULDQ 3RUWDO9LVLRQ
D6����� FDOFXODWHG IURP
WKH LPDJH RI D ��� FP
WKLFN OHDG HGJH SKDQWRP�
&KDQJHV LQ WKH 52, OHQJWK
KDG QR HIIHFW RQ WKH 07)�
H[FHSW IRU WKH IUHTXHQF\
UHVROXWLRQ�

eǦǓEe'Λƺș ǉƺǹǉȣǹƺȠǓǏ ǟȖȅǾ ǓΠȒǓȖǩǾǓǿȠƺǹ ǓǏǠǓ ǩǾƺǠǓș শࢶঀࢱ ǉǾ ǹǓƺǏ ǩǿ 'ǩǠঀ ষॹࢲঀࢵ ȣșǩǿǠ ǏǩАǓȖǓǿȠ �^' ǹǓǿǠȠǦș

ȅǟ ࣦࣥࣥॹ ࣦࣦࣥ ƺǿǏ ࣦࣥࣧ ǏƺȠƺ ȒȅǩǿȠșঀ eǦǓșǓ ǿȣǾǈǓȖș ƺȖǓ ǓȕȣǩΚƺǹǓǿȠ Ƞȅ [K2 ǹǓǿǠȠǦș ȅǟ ƺȖȅȣǿǏ ࢶঀࢳ ǉǾॹ ࢱঀࢶ ǉǾ ƺǿǏ

ࢱঀࢱࢲ ǉǾ শΚƺȖΡǩǿǠ șǹǩǠǦȠǹΡ ǏǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ǓΠƺǉȠ ǓǏǠǓ ƺǿǠǹǓষॹ ΛǦǩǉǦ ǉȅȖȖǓșȒȅǿǏ Ƞȅ Ee' șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ȖǓșে

ȅǹȣȠǩȅǿș ȅǟ ǾǾ−ࣥॹࢵࢱঀࢱ ࣥ−ǾǾࢳࢱঀࢱ ƺǿǏ ǾǾ−ࣥঀࢲࢱঀࢱ

2ǿ ȠǦǓ ǓΠǓǾȒǹƺȖΡ ǉȅǾȒƺȖǩșȅǿ ǩǿ 'ǩǠȣȖǓ ॹࢲঀࢵ ȠǦǓ Ee'ș șǦȅΛ ǓΠǉǓǹǹǓǿȠ ƺǠȖǓǓǾǓǿȠঀ eǦǓ ǏǓȠǓǉȠȅȖ Ee' ǓΚǩে

ǏǓǿȠǹΡ ǏȅǓș ǿȅȠ șǦȅΛ ƺ ǹȅΛেǟȖǓȕȣǓǿǉΡ ǏȖȅȒॹ ǩঀǓঀ ȠǦǓ ǩǾƺǠǓ ǩș ǟȖǓǓ ǟȖȅǾ ǹȅǿǠেȖƺǿǠǓ ǿȅǿেȣǿǩǟȅȖǾǩȠǩǓșঀ eǦǓ șƺǾǓ

Λƺș ǟȅȣǿǏ ǟȅȖ ȠǦǓ ȠǦȖǓǓ ȅȠǦǓȖ ȒǦƺǿȠȅǾ ǏǓșǩǠǿșঀ eǦǓ ǾǓƺșȣȖǓǏ Ee'ș ȖǓȒȅȖȠǓǏ ǦǓȖǓƺǟȠǓȖ ΛǓȖǓ ǉƺǹǉȣǹƺȠǓǏ ǟȖȅǾ

ǓǩȠǦǓȖ ࣦࣦࣥ ȅȖ ࣦࣥࣧ ǏƺȠƺ ȒȅǩǿȠșॹ ǏǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ǓΠƺǉȠ ǓǏǠǓ ƺǿǠǹǓ ȅǟ ȠǦǓ ǩǿǏǩΚǩǏȣƺǹ ǾǓƺșȣȖǓǾǓǿȠঀ 2ǿ ǾȅșȠ ǉƺșǓșॹ

ȠǦǓΡ ƺȖǓ ǏǩșȒǹƺΡǓǏ ΛǩȠǦ șȅǹǩǏ ǹǩǿǓș ƺș ƺ ǠȣǩǏǓ Ƞȅ ȠǦǓ ǓΡǓঀ

ॎ৺ो৺ौ eӢӒ ӥӼӜӵԡӒӼӈӒ ԃӜ ӼԃӥԖӒ ӥӼ ԝӢӒ ӒӎӝӒ ӥӻҺӝӒ

FȅǩșǓ ǉƺǿ ǓǿȠǓȖ ǩǿȠȅ ȠǦǓ ǩǾƺǠǓ ǟȅȖǾƺȠǩȅǿ ȒȖȅǉǓșș ǩǿǾƺǿΡΛƺΡșॹ ǏǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ǿƺȠȣȖǓ ȅǟ ȠǦǓ ǩǾƺǠǩǿǠ șΡșȠǓǾঀ

EȅǏǓȖǿ ƺে^ǩ МƺȠ ȒƺǿǓǹ ǏǓȠǓǉȠȅȖș ǩǿȠȖȅǏȣǉǓ ǉȅǿΚǓȖșǩȅǿ ǿȅǩșǓ ǏȣǓ Ƞȅ ȠǦǓ МȣǉȠȣƺȠǩǿǠ ƺǾȅȣǿȠ ȅǟ ǓǿǓȖǠΡ ǏǓȒȅșǩȠǓǏ

ȒǓȖ ǩǿȠǓȖƺǉȠǩǿǠ ΠেȖƺΡ ȒǦȅȠȅǿ ǩǿ ȠǦǓ șǉǩǿȠǩǹǹƺȠȅȖॹ ƺș ΛǓǹǹ ƺș ǓǹǓǉȠȖȅǿǩǉ ǿȅǩșǓঀ 2ǿ ƺǏǏǩȠǩȅǿॹ ǹǩǷǓ ƺǹǹ ΠেȖƺΡ ǩǾƺǠǩǿǠ

șΡșȠǓǾșॹ ȠǦǓΡ ƺȖǓ ƺАǓǉȠǓǏ ǈΡ ȕȣƺǿȠȣǾ ǿȅǩșǓ ǉƺȣșǓǏ ǈΡ МȣǉȠȣƺȠǩȅǿș ǩǿ ȠǦǓ ǩǿǉȅǾǩǿǠ ȒǦȅȠȅǿ ǏǩșȠȖǩǈȣȠǩȅǿঀࢸࢺ

eǦǓ Ee' ǩș ǈΡ ǏǓЙǿǩȠǩȅǿ ƺ ǿȅǩșǓেǹǓșș ȕȣƺǿȠǩȠΡঀ FǓΚǓȖȠǦǓǹǓșșॹ ƺǿΡ ǓǏǠǓ ǩǾƺǠǓ ƺǉȕȣǩȖǓǏ ΛǩȠǦ ƺ ǏǓȠǓǉȠȅȖ Λǩǹǹ

ǉȅǿȠƺǩǿ ǿȅǩșǓঀ eǦǓ ǩǾȒǹǩǉƺȠǩȅǿș ȅǟ ǿȅǩșǓ ȅǿ ȠǦǓEe'ΛǓȖǓ ЙȖșȠ ƺǿƺǹΡΦǓǏ ȣșǩǿǠ șΡǿȠǦǓȠǩǉ ǓǏǠǓ ǩǾƺǠǓșॹ ǟȅȖ ΛǦǩǉǦ

ȠǦǓ ȠȖȣǓ Ee' Λƺș ǷǿȅΛǿঀ

eǦǓ ǿȅǩșǓ ǩǿ ȠǦǓEe' ǩǿǉȖǓƺșǓșΛǩȠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ শ'ǩǠঀ ƺষॹࢳঀࢵ ƺș ȠǦǓ ǿȅǩșǓ ǩǿ ȠǦǓ ǓǏǠǓ ǩǾƺǠǓ ǩș ǩǿȠǓȖȒȖǓȠǓǏ

ƺș ƺ ȕȣǩǉǷেǉǦƺǿǠǩǿǠ șǩǠǿƺǹ ǹΡǩǿǠ ȅΚǓȖ ȠǦǓ ƺǉȠȣƺǹ ǓǏǠǓ șǩǠǿƺǹঀ �ǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ǹǓΚǓǹ ȅǟ ǿȅǩșǓ ǩǿ ȠǦǓ ǩǾƺǠǓ ǩǿ

ࢳࢶ
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�D� 1RLVH DUWLÀFLDOO\ LQÁDWHV WKH PHDVXUHG 07) DW KLJKHU
VSDWLDO IUHTXHQFLHV �´ELDV HUURUµ��
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�E� ([DPSOH RI LQVXIÀFLHQW QRLVH UHSUHVHQWDWLRQ LQ WKH LPDJH�
2GG GDWD SRLQWV DUH ZHOO DOLJQHG ZLWK WKH DQDO\WLFDO VROXWLRQ�
ZKLOH HYHQ GDWD SRLQWV VKRZ D V\VWHPDWLF RIIVHW�

)LJXUH ���� 0RGXODWLRQ WUDQVIHU IXQFWLRQ �07)� RI D V\QWKHWLF HGJH LPDJHV �VHH 6HFWLRQ ������ ZLWK DGGHG *DXVVLDQ QRLVH �݂  ��
UHODWLYH WR VLJQDO UDQJH�� %OXH� 07) FDOFXODWHG IURP QRLV\ HGJH LPDJH� %ODFN� $QDO\WLFDO VROXWLRQ �WUXH 07)��

ȖǓǹƺȠǩȅǿ Ƞȅ ȠǦǓ șǩǠǿƺǹ ȖƺǿǠǓॹ ȠǦǓȖǓ ǩș ȠǦǓ ȖǩșǷ ȅǟ ƺ ȱȤȸȈȿȈ͠ǲ ǧȈǙȸ ǲȵȵȤȵ ǩǿ ȠǦǓEe'ঀࢶࢲॹࢹࢺ eǦǓ ǈǩƺș ǓȖȖȅȖ ǩș ƺǿ ǩǿǓΚǩȠƺǈǹǓ

șǩǏǓ ǓАǓǉȠ ȅǟEe' ǉƺǹǉȣǹƺȠǩȅǿॹ ƺș ȠǦǓEe' ǩș ǏǓЙǿǓǏ ƺș ȠǦǓ ƺǈșȅǹȣȠǓ ΚƺǹȣǓ ȅǟ ȠǦǓ ȅȒȠǩǉƺǹ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿঀ eǦǩș

ΛƺΡॹ ƺ МȣǉȠȣƺȠǩȅǿ ȠǦƺȠ ǹȅΛǓȖș ȠǦǓ ȅȒȠǩǉƺǹ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ǈǓǹȅΛ ΦǓȖȅ șȠǩǹǹ ƺȒȒǓƺȖș ƺș ƺ ȒȅșǩȠǩΚǓEe' ΚƺǹȣǓঀ eǦǩș

ǩș ǓșȒǓǉǩƺǹǹΡ ǓАǓǉȠǩΚǓ ƺȠ ǦǩǠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓș ΛǦǓȖǓ ȠǦǓ ǾǓƺǿEe' ȠǓǿǏș ȠȅΛƺȖǏș ΦǓȖȅঀ

2ǿ ƺǏǏǩȠǩȅǿॹ șȅǾǓEe'ș ǉȅǿȠƺǩǿǓǏ ƺ ǉȅǿșȒǩǉȣȅȣș ȒƺȠȠǓȖǿॹ ǠǩΚǩǿǠ ȠǦǓ ǩǾȒȖǓșșǩȅǿ ȅǟ ȠΛȅEe'ș ǹΡǩǿǠ șǩǏǓ ǈΡ

șǩǏǓ শ'ǩǠঀ ǈষঀࢳঀࢵ vǦǩǹǓ ȠǦǓ ЙȖșȠॹ ȠǦǩȖǏॹ ЙǟȠǦ ǓȠǉঀ ǏƺȠƺ ȒȅǩǿȠ ƺȖǓ ΛǓǹǹ ƺǹǩǠǿǓǏΛǩȠǦ ȠǦǓ ȠȖȣǓEe'ॹ ȠǦǓ șǓǉȅǿǏॹ ǟȅȖȠǦॹ

șǩΠȠǦ ǓȠǉঀ ǏƺȠƺ ȒȅǩǿȠ șǦȅΛ ƺ șΡșȠǓǾƺȠǩǉ ȅАșǓȠঀ eǦǩș ǩǿǏǩǉƺȠǓș ȠǦƺȠ ȠǦǓ ǹǓǿǠȠǦ ȅǟ ȠǦǓ [K2 ȣșǓǏ ǟȅȖ ƺǿƺǹΡșǩș ǾƺΡ

ǿȅȠ ǈǓ șȣГǉǩǓǿȠǹΡ ǹȅǿǠ Ƞȅ ȖǓȒȖǓșǓǿȠ ȠǦǓ ǿȅǩșǓ șȒǓǉȠȖȣǾঀࢶࢲ eǦǓ ǿȅǩșΡ ǓǏǠǓ șǩǠǿƺǹ ǉƺǿ ǈǓ ȠǦȅȣǠǦȠ Ƞȅ ǉȅǿșǩșȠ ȅǟ

ȠΛȅ ǉȅǾȒȅǿǓǿȠșআ ȠǦǓ ǩǏǓƺǹ ǿȅǩșǓেǟȖǓǓ ǓǏǠǓ șǩǠǿƺǹ ǲȸǾ(ͦ) ƺǿǏ ȠǦǓ ƺǏǏǩȠǩȅǿƺǹ ǿȅǩșǓ Ȟ(ͦ)ॸ

Ee'(ܽ) =
∣∣F
( Ǐ
Ǐͦ ǲȸǾ(ͦ)

)
+ F

( Ǐ
ǏͦȞ(ͦ)

)∣∣
∣∣F
( Ǐ
Ǐͦ ǲȸǾ(ͦ)

)
+ F

( Ǐ
ǏͦȞ(ͦ)

)∣∣
ܽ=ࣤ

শࢵঀࢲষ

eǦǓ ȖǓƺǹ ȒƺȖȠ ȅǟ F
( Ǐ
Ǐͦ ǲȸǾ(ͦ)

)
ƺǹȠǓȖǿƺȠǓș ǈǓȠΛǓǓǿ ȒȅșǩȠǩΚǓ ƺǿǏ ǿǓǠƺȠǩΚǓ ΚƺǹȣǓșঀ �ȣȖǩǿǠ Ee' ǿȅȖǾƺǹǩΦƺȠǩȅǿॹ ƺǹǹ

ǏƺȠƺ ȒȅǩǿȠș ƺȖǓ șǉƺǹǓǏΛǩȠǦ ȠǦǓ șƺǾǓ ΚƺǹȣǓॹ ǿƺǾǓǹΡ ȠǦƺȠ ȅǟ ȠǦǓ শȅǏǏষ ΦǓȖȅ ǟȖǓȕȣǓǿǉΡ ΚƺǹȣǓঀ vǓ ƺșșȣǾǓ ǟȅȖ ǩǹǹȣșȠȖƺে

Ƞǩȅǿ ȒȣȖȒȅșǓș ȠǦƺȠ ȠǦǓ ǿȅǩșǓ ȒȖȅǏȣǉǓș ƺ ǉȅǿșȠƺǿȠ ȒȅșǩȠǩΚǓ ȅАșǓȠ

F
( Ǐ
ǏͦȞ(ͦ)

)
> ࣤঀ 2ǿ ȠǦǩș ǉƺșǓॹ ȠǦǓ ƺǈșȅǹȣȠǓ ΚƺǹȣǓ ȅǟ ȠǦǓ ȖǓƺǹ ȒƺȖȠ ȅǟ ȠǦǓ 'ȅȣȖǩǓȖ ȠȖƺǿșǟȅȖǾ ǩș ǩǿǉȖǓƺșǓǏ ǟȅȖ

ȒȅșǩȠǩΚǓ শȅǏǏষ ΚƺǹȣǓș ƺǿǏ ȖǓǏȣǉǓǏ ǟȅȖ ǿǓǠƺȠǩΚǓ শǓΚǓǿষ ΚƺǹȣǓșঀ �ȣȖǩǿǠ ǿȅȖǾƺǹǩΦƺȠǩȅǿॹ ȠǦǓ ƺǈșȅǹȣȠǓ ΚƺǹȣǓș ǩǿ ǓΚǓǿ

ǏƺȠƺ ȒȅǩǿȠș ƺȖǓ ȖǓǏȣǉǓǏ ǓΚǓǿ ǟȣȖȠǦǓȖॹ ƺș ȠǦǓΡ ƺȖǓ șǉƺǹǓǏ Ƞȅ ȠǦǓ শǩǿǉȖǓƺșǓǏষ ΦǓȖȅ ǟȖǓȕȣǓǿǉΡ ΚƺǹȣǓঀ eǦǓ ǉȅǾǈǩǿǓǏ

ǓАǓǉȠ ȅǟ ȠƺǷǩǿǠ ȠǦǓ ƺǈșȅǹȣȠǓ ΚƺǹȣǓ ƺǿǏ șǉƺǹǩǿǠ Ƞȅ ΦǓȖȅ ǟȖǓȕȣǓǿǉΡ ΚƺǹȣǓ ǩǿ �ȕঀ শࢵঀࢲষ ǹǓƺǏș Ƞȅ ƺ șǩǠǿǩЙǉƺǿȠ ǏǓΚǩƺȠǩȅǿ

ǟȖȅǾ ȠǦǓ ȠȖȣǓ Ee' ǩǿ ǓΚǓȖΡ șǓǉȅǿǏ ǏƺȠƺ ȒȅǩǿȠঀ

�Ƞ ȠǦǓ ǈǓǠǩǿǿǩǿǠ ȅǟ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠș ȅǿ ȠǦǓ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲॹ ȠǦǓ ƺǾȅȣǿȠ ȅǟ ǿȅǩșǓ ǩǿ ȠǦǓ ǓǏǠǓ ǩǾƺǠǓ

ࢴࢶ
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)LJXUH ���� 0HDQ 07)
REWDLQHG IURP ��� FP OHDG
SKDQWRP� PHDVXUHG ZLWK
�08 DQG ��08 H[SRVXUH
SHU LPDJH� 'HYLDWLRQV
IURP ELDV HUURU VWDUW DW
DURXQG �PP−ࣥ� �(UURU
EDUV LQGLFDWH VWDQGDUG
HUURU RI WKH PHDQ��
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)LJXUH ���� 0HDQ 07)
REWDLQHG IURP ��� FP OHDG
SKDQWRP� PHDVXUHG ZLWK
�08 DQG ��08 H[SRVXUH
SHU LPDJH� 0DJQLÀHG IRU
ORZ VSDWLDO IUHTXHQFLHV�
(UURUV EDUV LQGLFDWH WKH
VWDQGDUG GHYLDWLRQ� ZKLFK
LV KLJKHU LQ HYHQ GDWD
SRLQWV�

Λƺș ƺǿƺǹΡΦǓǏ Ƞȅ ƺΚȅǩǏ ǈȅȠǦ ȠǦǓ ǈǩƺș ǓȖȖȅȖ ƺǿǏ ǓȖȖȅǿǓȅȣș șǉƺǹǩǿǠ ǩǿ ǓΚǓǿ ǏƺȠƺ ȒȅǩǿȠșঀ eǦǓ ǿȅǩșǓ ǹǓΚǓǹ ǉƺǿ ǈǓ

ƺǏǴȣșȠǓǏ Κǩƺ ȠǦǓ ǓΠȒȅșȣȖǓ șǓȠȠǩǿǠॹ ǩঀǓঀ ȠǦǓ ǿȣǾǈǓȖ ȅǟ ǾȅǿǩȠȅȖ ȣǿǩȠș শEhষ ȣșǓǏ Ƞȅ ƺǉȕȣǩȖǓ ƺǿ ǩǾƺǠǓঀ �ǿșǓǾǈǹǓș

ȅǟ ࢱࢱࢲ ǓǏǠǓ ǩǾƺǠǓșΛǓȖǓ ƺǉȕȣǩȖǓǏ ƺȠ EhॹΛǦǩǉǦࢴ ǩș ȠΡȒǩǉƺǹ ǟȅȖ ȒƺȠǩǓǿȠ ǩǾƺǠǩǿǠॹ ƺǿǏ ƺ ǦǩǠǦǓȖ ǓΠȒȅșȣȖǓ ȅǟ Ehঀࢱࢵ

vǦǓǿ ǉȅǾȒƺȖǩǿǠ ȠǦǓ ǾǓƺǿ Ee' ΚƺǹȣǓș ȅǈȠƺǩǿǓǏ ǟȖȅǾ ȠǦǓ ǓǿșǓǾǈǹǓșॹ ȠǦǓ ǈǩƺș ǓȖȖȅȖ ǈǓǉȅǾǓș ƺȒȒƺȖǓǿȠ ǟȅȖ

șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓș ȅǟ ࣥ−ǾǾࢳ ƺǿǏ ǦǩǠǦǓȖ শ'ǩǠঀ ষঀࢴঀࢵ eǦǩș ǈǓǦƺΚǩȅȖ Λƺș ǟȅȣǿǏ ǟȅȖ ƺǹǹ ǩǿΚǓșȠǩǠƺȠǓǏ ȒǦƺǿȠȅǾ ǏǓে

șǩǠǿșঀ eǦǓǾǓƺǿǩǿǠǟȣǹ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓ ǟȅȖ șȠƺȠǓেȅǟেȠǦǓেƺȖȠEtǏǓȠǓǉȠȅȖș ȖǓƺǉǦǓș ȅǿǹΡ ȣȒ Ƞȅ ǾǾ−ࣥॹࢲ ǟȅȖ

ǦǩǠǦǓȖ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓș ȠǦǓ ǉȅǿȠȖƺșȠ ǩș ǿǓǠǹǩǠǩǈǹǓঀ 2ǿ ȠǦǩș ȖƺǿǠǓॹ ȠǦǓ [E^ ǏǩАǓȖǓǿǉǓ ȅǟ ȠǦǓ ǾǓƺǿEe' ΚƺǹȣǓș

ǉƺǹǉȣǹƺȠǓǏ ǟȖȅǾ Ehࢴ ƺǿǏ Ehࢱࢵ ǓΠȒȅșȣȖǓș ǩș ǈǓǹȅΛ ࢷঀࢱ ઔॹ ǩǿǏǩǉƺȠǩǿǠ ȠǦƺȠ ȠǦǓǾǓƺșȣȖǓǾǓǿȠ ǩș ǿȅȠ șȣǈǴǓǉȠ Ƞȅ ƺ

ǈǩƺș ǓȖȖȅȖঀ eǦǓ ȒȖǓșǓǿȠƺȠǩȅǿ ȅǟEe' ȖǓșȣǹȠș ǩǿ ȠǦǓ ǟȅǹǹȅΛǩǿǠ șǓǉȠǩȅǿș ǩș ȠǦǓȖǓǟȅȖǓ ǹǩǾǩȠǓǏ Ƞȅ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ

ȖƺǿǠǓ ȣȒ Ƞȅ ǾǾ−ࣥঀࢲ

eǦǓ ǿȅǩșǓ ȖǓȒȖǓșǓǿȠƺȠǩȅǿ ǩǿ ȠǦǓ ǏƺȠƺ Λƺș ƺǿƺǹΡΦǓǏ ǈΡ ǉȅǾȒƺȖǩǿǠ ȠǦǓ Ee' șȠƺǿǏƺȖǏ ǏǓΚǩƺȠǩȅǿ ǩǿ ǓΚǓǿ ƺǿǏ

ȅǏǏ ǏƺȠƺ ȒȅǩǿȠșॹ ƺǠƺǩǿ ǈƺșǓǏ ȅǿ ǓǿșǓǾǈǹǓș ȅǟ ࢱࢱࢲ ǩǾƺǠǓșঀ �ș ǏǓșǉȖǩǈǓǏ ƺǈȅΚǓॹ ǓΚǓǿ ǏƺȠƺ ȒȅǩǿȠș ǾƺΡ ǈǓ șǉƺǹǓǏ

ࢵࢶ



ǩǿƺǉǉȣȖƺȠǓǹΡ ǏǓȒǓǿǏǩǿǠȅǿ ȠǦǓǿȅǩșǓ ǏǩșȠȖǩǈȣȠǩȅǿ ǩǿ ȠǦǓ ǩǿǏǩΚǩǏȣƺǹ ǩǾƺǠǓॹΛǦǩǉǦ ǩǿǉȖǓƺșǓș ȠǦǓ șȠƺǿǏƺȖǏǏǓΚǩƺȠǩȅǿ

ȅǟ ȠǦǓșǓEe'ΚƺǹȣǓșঀ �Ƞ ΚǓȖΡ ǹȅΛ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓș ȣȒ Ƞȅ ǾǾ−ࣥॹࢲঀࢱ ȠǦǓ șȠƺǿǏƺȖǏ ǏǓΚǩƺȠǩȅǿ ǩǿ ǓΚǓǿ ǏƺȠƺ ȒȅǩǿȠș

ǩș ƺǈȅȣȠ ǟȅȣȖ ȠǩǾǓș ǦǩǠǦǓȖ ȠǦƺǿ ȠǦǓ șȠƺǿǏƺȖǏ ǏǓΚǩƺȠǩȅǿ ǩǿ ȅǏǏ ǏƺȠƺ ȒȅǩǿȠșॹ ǈȅȠǦ ǟȅȖ Ehࢴ ƺǿǏ Ehࢱࢵ ǩǾƺǠǓș

শ'ǩǠঀ ষঀࢵঀࢵ eǦǓ ǓАǓǉȠ ǠȖƺǏȣƺǹǹΡ ǏǩșƺȒȒǓƺȖș ƺȠ ǦǩǠǦǓȖ ǟȖǓȕȣǓǿǉǩǓșॹ ƺș ȠǦǓ ȅΚǓȖƺǹǹ ΚƺȖǩƺǈǩǹǩȠΡ ǩǿ ȠǦǓ ǏƺȠƺ ȒȅǩǿȠș

ǩǿǉȖǓƺșǓșঀ �ș ǓΠȒǓǉȠǓǏॹ ǓǏǠǓ ǩǾƺǠǓș ƺǉȕȣǩȖǓǏ ΛǩȠǦ Ehࢱࢵ ȒȖȅΚǩǏǓ ƺ ǾȣǉǦ ǹȅΛǓȖ șȠƺǿǏƺȖǏ ǏǓΚǩƺȠǩȅǿॹ ǓঀǠঀ ࢳঀࢱ ઔ

ƺȠ ࣥ−ǾǾࢲঀࢱ ǉȅǾȒƺȖǓǏ Ƞȅ ࢹঀࢱ ઔ ǟȅȖ Ehࢴ ǓΠȒȅșȣȖǓঀ /ȅΛǓΚǓȖॹ ƺǿ ǓΠȒȅșȣȖǓ ȅǟ Ehࢴ ǉƺǿ ƺǹșȅ ǈǓ ȣșǓǏॹ ȒȖȅΚǩǏǓǏ

ȠǦƺȠ ȠǦǓ Ee' ǩș ǉƺǹǉȣǹƺȠǓǏ ƺș ȠǦǓ ǾǓƺǿ Ee' ǟȖȅǾ ƺ șȣГǉǩǓǿȠǹΡ ǹƺȖǠǓ ǓǿșǓǾǈǹǓ ȅǟ ǓǏǠǓ ǩǾƺǠǓș șȅ ȠǦƺȠ ȠǦǓ

МȣǉȠȣƺȠǩȅǿș ǩǿ ǓΚǓǿ ǏƺȠƺ ȒȅǩǿȠș ƺȖǓ ǓȕȣƺǹǹΡ ǏǩșȠȖǩǈȣȠǓǏ ƺȖȅȣǿǏ ȠǦǓ ǾǓƺǿঀ 2ǿ ȠǦǓ ǟȅǹǹȅΛǩǿǠ ǓΠȒǓȖǩǾǓǿȠƺǹ șȠȣǏΡॹ

ƺǹǹ ǓǏǠǓ ǩǾƺǠǓș ΛǓȖǓ ƺǉȕȣǩȖǓǏ ΛǩȠǦ Ehঀࢱࢵ

ॎ৺ो৺् �ԏӒԒӥӻӒӼԝҺӵ ԖԝԡӎԱ ԃӜ ӻӒҺԖԡԒӒӻӒӼԝ ҺӈӈԡԒҺӈԱ

Ee' ǾǓƺșȣȖǓǾǓǿȠș ȖǓȒȅȖȠǓǏ ǩǿ ȠǦǓ ǹǩȠǓȖƺȠȣȖǓ ΛǓȖǓ ǉȅǿǏȣǉȠǓǏ ΛǩȠǦ ǏǩАǓȖǓǿȠ ȒǦƺǿȠȅǾș ƺǿǏ ȅǿ ǏǩАǓȖǓǿȠ ǏǓে

ȠǓǉȠȅȖșॹ ΛǦǩǉǦ ȒȖǓΚǓǿȠș ƺ ǉȅǾȒƺȖǩșȅǿ ȅǟ ȠǦǓ ȖǓșȣǹȠșঀ eȅ ǏǓȠǓȖǾǩǿǓ ΛǦǓȠǦǓȖ ȠǦǓ ǏǓșǩǠǿ ȅǟ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾ

ǩǿМȣǓǿǉǓș ȠǦǓ ǾǓƺșȣȖǓǏ ǏǓȠǓǉȠȅȖ Ee'ॹ ƺǿ ǓΠȒǓȖǩǾǓǿȠƺǹ șȠȣǏΡ Λƺș ǉƺȖȖǩǓǏ ȅȣȠ ΛǩȠǦ ǏǩАǓȖǓǿȠ ȒǦƺǿȠȅǾș ȅǿ ƺ

șǩǿǠǹǓ ǏǓȠǓǉȠȅȖঀ

eǦǓEe' ȅǟ ƺ tƺȖǩƺǿ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲΛƺșǾǓƺșȣȖǓǏ ΛǩȠǦ ǟȅȣȖ ǹǓƺǏ ȒǦƺǿȠȅǾș ȅǟ ࢴঀࢲ ǉǾॹ ࢴঀࢴ ǉǾॹ ࢱঀࢶ ǉǾ

ƺǿǏ ࢱঀࢱࢲ ǉǾ ȠǦǩǉǷǿǓșșঀ ^ǩǿǉǓ ȠǦǓ ȖƺǿǠǓ ȅǟ ȒȖǓΚǩȅȣșǹΡ ȖǓȒȅȖȠǓǏ ȒǦƺǿȠȅǾș ΛǓǿȠ ǟȖȅǾ ǾǾࢶঀࢱ ȠǦǩǿ ȠƺǿȠƺǹȣǾ Ƞȅ

ࢱࢵ ǉǾ ȠǦǩǉǷ șȠǓǓǹॹ ƺǹǹ ǟȅȣȖ ǓǏǠǓ ȒǦƺǿȠȅǾș ΛȅȣǹǏ ǈǓ ǏǓǓǾǓǏ șȣǩȠƺǈǹǓ ƺǉǉȅȖǏǩǿǠ Ƞȅ ȠǦǓ ǹǩȠǓȖƺȠȣȖǓঀ �ΠǉǓȒȠ ǟȅȖ ȠǦǓ

ȒǦƺǿȠȅǾ ǏǓșǩǠǿॹ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ǉȅǿǏǩȠǩȅǿș ΛǓȖǓ ǷǓȒȠ ǉȅǿșȠƺǿȠঀ eǦǓ ǾǓƺșȣȖǓǾǓǿȠ ȣǿǉǓȖȠƺǩǿȠΡ Λƺș ƺșșǓșșǓǏ

ǈΡ ƺǉȕȣǩȖǩǿǠ ǓǿșǓǾǈǹǓș ȅǟ ࢱࢱࢲ ǓǏǠǓ ǩǾƺǠǓș ȒǓȖ ȒǦƺǿȠȅǾ ƺǿǏ ǏǓȠǓȖǾǩǿǓ ȠǦǓǾǓƺǿEe' ƺǹȅǿǠΛǩȠǦ ȠǦǓ șȠƺǿǏƺȖǏ

ǓȖȖȅȖ ȅǟ ȠǦǓ ǾǓƺǿ শ^�Eষঀ eǦǓ șȠƺǿǏƺȖǏ ǓȖȖȅȖ ǩǿǉȖǓƺșǓș ΛǩȠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ƺǿǏ ΚƺȖǩǓș ΛǩȠǦ ȠǦǓ ȒǦƺǿȠȅǾ

ȠǦǩǉǷǿǓșșॹ ǈȣȠ Λƺș ǟȅȣǿǏ Ƞȅ ǈǓ ǈǓǹȅΛ ࢳࢱࢱঀࢱ ǟȅȖ ƺǹǹ ǾǓƺșȣȖǓǾǓǿȠș ΛǩȠǦ Ehࢱࢵ ǓΠȒȅșȣȖǓঀ vǦǓǿ ȠǦǓ ȒǦƺǿȠȅǾ

Λƺș ȖǓȒȅșǩȠǩȅǿǓǏࢱࢲ ȠǩǾǓș Ƞȅ ǏǓȠǓȖǾǩǿǓΛǦǓȠǦǓȖ ƺǿ ƺǏǏǩȠǩȅǿƺǹ șǓȠȣȒ ǓȖȖȅȖΛƺș ǩǿȠȖȅǏȣǉǓǏॹ ȠǦǓǾǓƺǿEe'ΚƺǹȣǓș

ǓȕȣƺǹǹΡ șǦȅΛǓǏ ƺ șȠƺǿǏƺȖǏ ǓȖȖȅȖ ȅǟ ঀࢳࢱࢱঀࢱ (ǩΚǓǿ ȠǦƺȠ ȠǦǓ ȒǩΠǓǹ ȒǩȠǉǦ ǓǿȠǓȖș ȠǦǓ Ee' ǉƺǹǉȣǹƺȠǩȅǿ ΛǩȠǦ ȠǦȖǓǓ

șǩǠǿǩЙǉƺǿȠ ЙǠȣȖǓșॹ ȠǦǓ ǾǓƺǿ Ee' ΚƺǹȣǓș ȒȖǓșǓǿȠǓǏ ǩǿ ȠǦǩș ȠǦǓșǩș ǉƺǿ șƺǟǓǹΡ ǈǓ șȒǓǉǩЙǓǏ ΛǩȠǦ ƺǿ ȣǿǉǓȖȠƺǩǿȠΡ ȅǟ

±ࣤ.ࣤࣥঀ �ș ȠǦǓ ǓȖȖȅȖ ǈƺȖș ΛȅȣǹǏ ǈǓ șǾƺǹǹǓȖ ȠǦƺǿ ȠǦǓ șΡǾǈȅǹ șǩΦǓॹ ȠǦǓΡ ƺȖǓ ȅǾǩȠȠǓǏ ǟȖȅǾ ȠǦǓ ǟȅǹǹȅΛǩǿǠ ȒǹȅȠșঀ �ȣǓ

Ƞȅ ȠǦǓ ǦǩǠǦ ǟȖǓȕȣǓǿǉΡ ȖǓșȅǹȣȠǩȅǿ ȅǟ ȠǦǓ Ee' শ۹ܽ ǾǾ−ࣥষॹࢶࢲࢱঀࢱ≈ ȠǦǓ ǏƺȠƺ ȒȅǩǿȠș ƺȖǓ ǴȅǩǿǓǏ ΛǩȠǦ ƺ ǹǩǿǓঀ

�ș șǓǓǿ ǩǿ ȠǦǓ ǓǏǠǓ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿș শ'ǩǠঀ ষॹࢶঀࢵ ȠǦǓ ȠȖƺǿșǾǩșșǩȅǿ ȠǦȖȅȣǠǦ ȠǦǓ ȒǦƺǿȠȅǾș Λƺș ࢴࢶ ઔ শࢲঀࢴ ǉǾ

ǹǓƺǏষॹ ࢵࢳ ઔ শࢴঀࢴ ǉǾ ǹǓƺǏষॹ ࢳࢲ ઔ শࢶঀࢱ ǉǾ ǹǓƺǏষ ƺǿǏ ઔࢴ শࢱࢲঀࢱ ǉǾ ǹǓƺǏষঀ �Ρ ǉȅǾȒƺȖǩșȅǿॹ ƺ ǾǾࢲ ȠȣǿǠșȠǓǿ ǓǏǠǓ

ȖǓǏȣǉǓș ȠǦǓ ȠȖƺǿșǾǩșșǩȅǿ Ƞȅ ࢲঀࢱ ઔ ƺȠ Ƿt ȖƺǏǩƺȠǩȅǿș ȕȣƺǹǩȠǩǓș [Z� ࢴ Ƞȅ [Z� ࢸࢵঀࢺ eǦǓ ǉǓǿȠȖƺǹ ȖǓǠǩȅǿ ƺȖȅȣǿǏ ȠǦǓ

ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ ƺǹșȅ ȖǓΚǓƺǹș ǏǩАǓȖǓǿǉǓș ǩǿ ȠǦǓ șǦƺȒǓ ȅǟ ȠǦǓ ǉȣȖΚǓșঀ �ș ȠǦǓ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș ǩǿǉȖǓƺșǓșॹ șȅ ǏȅǓș

ȠǦǓ ΛǩǏȠǦ ȅǟ ȠǦǓ ȠȖƺǿșǩȠǩȅǿ ƺȖǓƺ ƺǿǏ ȠǦǓȖǓǈΡ ȠǦǓ șǹȅȒǓ ȅǟ ȠǦǓ �^'ঀ

�ȣǓ Ƞȅ ȠǦǓ ǏǩАǓȖǓǿȠǩƺȠǩȅǿ șȠǓȒॹ ȠǦǓ ǏǩАǓȖǓǿȠ ƺǈșȅȖȒȠǩȅǿ ǹǓΚǓǹș Λǩǹǹ ǿȅȠ ǈǓ ȖǓМǓǉȠǓǏ ǩǿ ȠǦǓ Ee'ঀ eǦǓ Ee'

ࢶࢶ



1.3 cm lead

3.3 cm lead

5.0 cm lead

10.0 cm lead
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)LJXUH ���� 0HDQ (6)
RI IRXU HGJH SKDQWRPV
RQ 9DULDQ 3RUWDO9LVLRQ
D6���� GHWHFWRU� REWDLQHG
IURP HQVHPEOHV RI ���
HGJH LPDJHV HDFK�

1.3 cm lead 3.3 cm lead 5.0 cm lead 10.0 cm lead
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)LJXUH ���� 07) RI
WKH 9DULDQ 3RUWDO9LVLRQ
D6���� GHWHFWRU� DFTXLUHG
ZLWK HGJH SKDQWRPV PDGH
RI OHDG ZLWK D WKLFNQHVV RI
��� FP� ��� FP� ��� FP DQG
���� FP� 5HG GRW LQGLFDWHV
07)ࣩࣤ VSHFLÀHG E\ WKH
PDQXIDFWXUHU�

ȅǿǹΡ ǏǓȒǓǿǏș ȅǿ ȠǦǓ ȖǓǹƺȠǩΚǓ șǹȅȒǓ ȠǦƺȠ ǏǓșǉȖǩǈǓș ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿঀ eǦǓ ǾǓƺșȣȖǓǏ ǏǓȠǓǉȠȅȖ Ee'ș শ'ǩǠঀ ষࢷঀࢵ

șǦȅΛǉƺșǓ ȒȖȅǟȅȣǿǏ ǏǩșǉȖǓȒƺǿǉǩǓș ǈǓȠΛǓǓǿ ȠǦǓ ǟȅȣȖ ȒǦƺǿȠȅǾșঀ (ǓǿǓȖƺǹǹΡ șȒǓƺǷǩǿǠॹ ƺ ȠǦǩǉǷǓȖ ȒǦƺǿȠȅǾ ȖǓșȣǹȠș ǩǿ

ȅΚǓȖƺǹǹ ǹȅΛǓȖEe' ΚƺǹȣǓșঀ eǦǓ ǏǩАǓȖǓǿǉǓș ǈǓȠΛǓǓǿ ȠǦǓEe'ș ǩǿǉȖǓƺșǓ ΛǩȠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡঀ 2ǟॹ ƺș ƺǿ ǓΠƺǾȒǹǓॹ

ȠǦǓ ࢱঀࢶ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾ ǩș șǓȠ ƺș ȠǦǓ ȖǓǟǓȖǓǿǉǓEe'ॹ ȠǦǓ ȅȠǦǓȖ ȒǦƺǿȠȅǾș ǉƺȣșǓ ǏǓΚǩƺȠǩȅǿș ǩǿEe' ƺȠ ࣥ−ǾǾࢲ ȅǟ

ǾȅȖǓ ȠǦƺǿ ઔࢱࢶ ǩǿ ǈȅȠǦ ǏǩȖǓǉȠǩȅǿșঀ eǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ƺȠΛǦǩǉǦ ȠǦǓǾȅǏȣǹƺȠǩȅǿ Ǧƺș ǏȖȅȒȒǓǏ Ƞȅ ઔॹEe'ࣩࣤॹࢱࢶ

Λƺș ǏǓȠǓȖǾǩǿǓǏ ƺȠ ǾǾ−ࣥॹࢺࢵঀࢱ ǾǾ−ࣥॹࢺࢴঀࢱ ࣥ−ǾǾࢶࢴঀࢱ ƺǿǏ ࣥ−ǾǾࢸࢳঀࢱ ǟȖȅǾ ȠǦǩǿǿǓșȠ Ƞȅ ȠǦǩǉǷǓșȠ ȒǦƺǿȠȅǾঀ

eǦǓǾƺǿȣǟƺǉȠȣȖǓȖ șȒǓǉǩЙǓș ȠǦǓEe'ࣩࣤ ƺȠ ǾǾ−ࣥঀࢶࢴঀࢱ 2Ƞ ǩș ȣǿǷǿȅΛǿȣǿǏǓȖΛǦǩǉǦǾǓƺșȣȖǓǾǓǿȠ ǉȅǿǏǩȠǩȅǿș ȠǦǩș

ΚƺǹȣǓ Λƺș ǏǓȠǓȖǾǩǿǓǏॹ ǈȣȠ ǩȠ ǉƺǿ ǈǓ ǿȅȠǓǏ ȠǦƺȠ ǩȠ ǈǓșȠ ǾƺȠǉǦǓș ȠǦǓ Ee' ǾǓƺșȣȖǓǏ ΛǩȠǦ ࢱঀࢶ ǉǾ ǹǓƺǏঀ �ǿȅȠǦǓȖ

șȠȖǩǷǩǿǠ ǟǓƺȠȣȖǓ ǩș ȠǦǓEe'ȒǓƺǷ ΚƺǹȣǓ ȅǟ ȒȖȅǏȣǉǓǏࢹࢱঀࢲ ƺȠ ƺȖȅȣǿǏࢱঀࢶࢱǾǾ−ࣥ ǈΡ ȠǦǓ ࢴঀࢲ ǉǾ ǹǓƺǏȒǦƺǿȠȅǾঀ eǦǩș

ǩș șȣȖȒȖǩșǩǿǠ ǩǿ șȅ ǟƺȖ ƺș ȠǦǓ ǏǓȠǓǉȠȅȖEe' șǦȅȣǹǏ ǿȅȠ ǈǓ ƺǈǹǓ Ƞȅ ȠƺǷǓ ΚƺǹȣǓș ǠȖǓƺȠǓȖ ȠǦƺǿ ȣǿǩȠΡ ǈΡ ǏǓЙǿǩȠǩȅǿঀ eǦǓ

ǓАǓǉȠ ǩș ǹǓșș ȒȖȅǿȅȣǿǉǓǏॹ ǈȣȠ șȠǩǹǹ ΚǩșǩǈǹǓॹ ǟȅȖ ȠǦǓ ࢴঀࢴ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾঀ eǦǩș ȅΚǓȖșǦȅȅȠ șȠȖȅǿǠǹΡ ǩǿǏǩǉƺȠǓș ȠǦƺȠ

ȠǦǓ ȣǿǏǓȖǹΡǩǿǠ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǩș ǿȅȠ ƺ ǠǓǿȣǩǿǓ șȠǓȒ ǟȣǿǉȠǩȅǿঀ

ࢷࢶ



eȅ ǈȖǩǓМΡ ȒƺȖƺȒǦȖƺșǓॹ ǾǓƺșȣȖǩǿǠ ȠǦǓ Ee' ȅǟ ƺ șǩǿǠǹǓ Et ǏǓȠǓǉȠȅȖ ΛǩȠǦ ǏǩАǓȖǓǿȠ ȒǦƺǿȠȅǾș Ǧƺș ȖǓΚǓƺǹǓǏ

ǿȅȠƺǈǹǓ ǏǩАǓȖǓǿǉǓș ΛǦǩǉǦ ǉƺǿ ȅǿǹΡ ǈǓ ƺȠȠȖǩǈȣȠǓǏ Ƞȅ ȠǦǓ ȒǦƺǿȠȅǾঢ়ș ǏǓșǩǠǿঀ 'ȖȅǾ ǾǓƺșȣȖǓǾǓǿȠ ƺǹȅǿǓॹ ǩȠ ǩș ǩǾে

ȒȅșșǩǈǹǓ Ƞȅ ǏǓȠǓȖǾǩǿǓ ΛǦǩǉǦ ȖǓșȣǹȠ ǩș ǉǹȅșǓșȠ Ƞȅ ȠǦǓ ȠȖȣǓ ǏǓȠǓǉȠȅȖ Ee'ঀ eǦǓ ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ǉƺǿ ȅǿǹΡ

ǈǓ ƺșșǓșșǓǏ ǩǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǩș ǷǿȅΛǿঀ eǦǩș ǩș ǩǿΚǓșȠǩǠƺȠǓǏ ǩǿ ȠǦǓ ǟȅǹǹȅΛǩǿǠ șǓǉȠǩȅǿșॹ ȣșǩǿǠ EȅǿȠǓ

�ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ȅǟ ǓǏǠǓ ȒǦƺǿȠȅǾșঀ

ࢸࢶ



ॎ৺ौ eӢӒ ӎӒԝӒӈԝԃԒ ӥӼԏԡԝ ԖӥӝӼҺӵ ҺӼӎ ԝӢӒ ԏӢҺӼԝԃӻEe'

EǓƺșȣȖǩǿǠ ȠǦǓ ȒȖǓșƺǾȒǹǓǏ ǏǓȠǓǉȠȅȖ Ee' ǩș ǈƺșǓǏ ȅǿ ȒȖȅΚǩǏǩǿǠ ƺ ΛǓǹǹেǏǓЙǿǓǏ ǩǿȒȣȠ ǟȅȖ ȠǦǓ ǏǓȠǓǉȠȅȖ ƺǿǏ ȅǈে

șǓȖΚǩǿǠ ȠǦǓ ȖǓșȣǹȠঀ 'ȅȖ Et șΡșȠǓǾșॹ ȠǦǓȖǓ ƺȒȒǓƺȖ Ƞȅ ǈǓ șǓΚǓȖƺǹ ǏǩГǉȣǹȠǩǓș Ƞȅ ƺǉǦǩǓΚǓ șȣǉǦ ƺ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠঀ eǦǓ

ǓǏǠǓ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩș ǏǓЙǿǓǏ ƺș ȠǦǓ ǏǓȠǓǉȠȅȖ ȖǓșȒȅǿșǓ Ƞȅ ƺ șȠǓȒ ǟȣǿǉȠǩȅǿ ǩǿȒȣȠ /(ͦ)ॸ

�^'Ǯǲȿ(ͦ) = /(ͦ) ! X^'Ǯǲȿ(ͦ) শࢵঀࢳষ

2ǿ ȖǓƺǹǩȠΡॹ ȠǦǓ ǓǏǠǓ ǩǾƺǠǓ ǩș ƺǉȕȣǩȖǓǏ ǈƺșǓǏ ȅǿ ƺ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹॹ �2^(ͦ)ॹ ȒȖȅΚǩǏǓǏ ǈΡ ȠǦǓ ǓǏǠǓ ȒǦƺǿে

ȠȅǾঀ 2ǟ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ǩș ȣǿșȣǩȠƺǈǹǓ ǟȅȖ ȠǦǓ ǠǩΚǓǿ ǈǓƺǾ ȕȣƺǹǩȠΡॹ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ Λǩǹǹ ǏǓΚǩƺȠǓ ǟȖȅǾ

ȠǦǓ ȖǓȕȣǩȖǓǏ șȠǓȒ ǟȣǿǉȠǩȅǿ șǦƺȒǓঀ eǦǓ ȠǦȖǓǓ ǾȅșȠ ǹǩǷǓǹΡ ǩǿМȣǓǿǉǓș ȅǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ƺȖǓ ǠǓȅǾǓȠȖǩǉ

ȣǿșǦƺȖȒǿǓșș ƺǿǏ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșșॹ ǈȅȠǦ ȅǟ ΛǦǩǉǦ ǉƺǿ ǈǓ ǏǓșǉȖǩǈǓǏ ǈΡ ƺ ǉȅǿΚȅǹȣȠǩȅǿ ȅȒǓȖƺȠǩȅǿॹ ƺǿǏ șǉƺȠে

ȠǓȖঀ vǓ ǉƺǿ ȠǦǓȖǓǟȅȖǓ ǓΠȒȖǓșș ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ƺș ȠǦǓ ǉȅǿΚȅǹȣȠǩȅǿ ȅǟ ƺ șȠǓȒ ǟȣǿǉȠǩȅǿ ΛǩȠǦ ƺ ȒȅǩǿȠ șȒȖǓƺǏ

ǟȣǿǉȠǩȅǿ ǟȅȖ ǈȅȠǦ ǠǓȅǾǓȠȖǩǉ ƺǿǏ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșșॹ X^'ǧȘɂȵ(ͦ)ॹ Ƞȅ ΛǦǩǉǦ ƺ șǉƺȠȠǓȖ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿॹ

X^'ȸǨǙȿ(ͦ)ॹ ǩș ƺǏǏǓǏॸ

�2^(ͦ) = /(ͦ) ! X^'ǧȘɂȵ(ͦ) + X^'ȸǨǙȿ(ͦ) শࢵঀࢴষ

eǦǓ ǾǓƺșȣȖǓǏ ǓǏǠǓ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ ǩș ȠǦǓǿ ȠǦǓ ȖǓșȒȅǿșǓ Ƞȅ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹॸ

�^'ȝǲǙȸ(ͦ) = �2^(ͦ) ! X^'Ǯǲȿ(ͦ) শࢵঀࢵষ

2ǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǏǓΚǩƺȠǓș ǟȖȅǾ ƺ șȠǓȒ ǟȣǿǉȠǩȅǿॹ ȠǦǓ Ee' ǓΚƺǹȣƺȠǓǏ ǟȖȅǾ ȠǦǩș ǓǏǠǓ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ

Λǩǹǹ ǿȅȠ ǈǓ ȠǦǓ ȠȖȣǓ ǏǓȠǓǉȠȅȖ Ee'ॸ

Ee'ȝǲǙȸ(ܽ) '= Ee'Ǯǲȿ(ܽ) শࢵঀࢶষ

Eǩǿ ǓȠ ƺǹঀ ǦƺΚǓ ȒȖȅȒȅșǓǏ ȠǦƺȠ ȠǦǓ ȒǦƺǿȠȅǾΛǦȅșǓ �^'ǾȅșȠ ǉǹȅșǓǹΡ ȖǓșǓǾǈǹǓș ƺǿ ǩǏǓƺǹ șȠǓȒ ǟȣǿǉȠǩȅǿ ǩș ǾȅșȠ

ǹǩǷǓǹΡ Ƞȅ ǠǩΚǓ ƺǉǉȣȖƺȠǓ Ee' ȖǓșȣǹȠșঀ ࢷࢷ eǦǩș ǩș ǿȅȠ ǓǿȠǩȖǓǹΡ ǉȅȖȖǓǉȠঀ vǩȠǦȅȣȠ ǷǿȅΛǩǿǠ ȠǦǓ ǏǓȠǓǉȠȅȖ ȖǓșȒȅǿșǓॹ ǩȠ ǩș

ǩǾȒȅșșǩǈǹǓ Ƞȅ ǩǿǟǓȖ ǟȖȅǾ ȠǦǓ �^' ȠǦƺȠ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǩș șȣǩȠƺǈǹǓঀ XƺȖȠ ȅǟ ȠǦǩșΛȅȖǷΛƺș ȠǦǓ ǏǓΚǓǹȅȒǾǓǿȠ

ȅǟ ȠǦǓ ǟȅǹǹȅΛǩǿǠ ȠǓǉǦǿǩȕȣǓ Ƞȅ ȕȣƺǿȠǩǟΡ ȠǦǓǾǓƺșȣȖǓǾǓǿȠ ǓȖȖȅȖ ȖǓșȣǹȠǩǿǠ ǟȖȅǾ ȠǦǓ ȒǦƺǿȠȅǾǏǓșǩǠǿॸ eǦǓ ǏǓȠǓǉȠȅȖ

ǩǿȒȣȠ șǩǠǿƺǹ ǉƺǿ ǈǓ ƺǿƺǹΡΦǓǏ ǩǿ ȠǦǓ șƺǾǓ ΛƺΡ ƺș ƺ ǾǓƺșȣȖǓǏ ǓǏǠǓ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿॹ ǩঀǓঀ ǏǩАǓȖǓǿȠǩƺȠǓǏॹ 'ȅȣȖǩǓȖ

ȠȖƺǿșǟȅȖǾǓǏ ƺǿǏ șǉƺǹǓǏ Ƞȅ ȠǦǓ ΦǓȖȅ ǟȖǓȕȣǓǿǉΡ ΚƺǹȣǓঀ vǓ Λǩǹǹ ǉƺǹǹ ȠǦǓ ȖǓșȣǹȠǩǿǠ ǟȖǓȕȣǓǿǉΡ șȒǓǉȠȖȣǾ ȠǦǓ ȱȅǙȞȿȤȝ

ࢹࢶ



Ee' ॸ

Ee'ȱȅǙȞȿȤȝ(ܽ) =

∣∣F
( Ǐ
Ǐͦ�2^(ͦ)

)∣∣
∣∣F
( Ǐ
Ǐͦ�2^(ͦ)

)∣∣
ܽ=ࣤ

শࢵঀࢷষ

2ǿ ǉƺșǓ ȅǟ ƺǿ ǩǏǓƺǹ șȠǓȒ ǟȣǿǉȠǩȅǿ ǩǿȒȣȠॹ ȠǦǓ ȒǦƺǿȠȅǾEe'Λǩǹǹ ǈǓ ȣǿǩȠΡ ƺȠ ƺǹǹ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓșঀ 2ǟ ȠǦǓ ǏǓȠǓǉȠȅȖ

ǩǿȒȣȠ șǩǠǿƺǹ ǏǓΚǩƺȠǓș ǟȖȅǾ ȠǦǓ șȠǓȒেǹǩǷǓ ȒȖȅЙǹǓॹ ȠǦǓ ǏǩАǓȖǓǿǉǓ ǈǓȠΛǓǓǿ ȠǦǓ ȒǦƺǿȠȅǾEe' ƺǿǏ ȣǿǩȠΡ Λǩǹǹ ǏǩșȒǹƺΡ

ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǩǿȠȖȅǏȣǉǓǏ ǈΡ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿঀ vǓ Λǩǹǹ ǓǾȒǹȅΡ ȠǦǩș Ƞȅȅǹ Ƞȅ ǏǓȠǓȖǾǩǿǓ ȠǦǓ ƺǉǦǩǓΚƺǈǹǓ

ƺǉǉȣȖƺǉΡ ȅǟ ƺǿ Ee' ǾǓƺșȣȖǓǾǓǿȠঀ FȅȠǓ ȠǦƺȠ ȠǦǓ ȒǦƺǿȠȅǾ Ee' ǩș ǿȅȠ ƺǿ Ee' ƺș ǏǓЙǿǓǏ ǈΡ ǹǩǿǓƺȖেșΡșȠǓǾș

ȠǦǓȅȖΡ ƺǿǏ ǏȅǓș ǿȅȠ ǏǓșǉȖǩǈǓ ƺ șȣǈșΡșȠǓǾ ǩǿ ȠǦǓ ǩǾƺǠǩǿǠ ǉǦƺǩǿঀ 2Ƞ ǩș șǩǾȒǹΡ ȠǦǓ ǏǩАǓȖǓǿȠǩƺȠǓǏ ƺǿǏ 'ȅȣȖǩǓȖ ȠȖƺǿșে

ǟȅȖǾǓǏ ǩǿȒȣȠ șǩǠǿƺǹঀ

�ș ǓƺǉǦ ǩǾƺǠǓ ƺǉȕȣǩȖǓǏ ΛǩȠǦ ƺ ǏǓȠǓǉȠȅȖ ǓǿȠƺǩǹș ȠǦǓ ǉȅǿΚȅǹȣȠǩȅǿ ΛǩȠǦ ȠǦǓ ǏǓȠǓǉȠȅȖ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿॹ ȠǦǓ

ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǉƺǿǿȅȠ ǈǓ ǓΠȠȖƺǉȠǓǏ ǈΡ ǾǓƺșȣȖǓǾǓǿȠঀ /ȅΛǓΚǓȖॹ ǩȠ ǉƺǿ ǈǓ ȅǈȠƺǩǿǓǏ ǟȖȅǾ EȅǿȠǓ �ƺȖǹȅ

șǩǾȣǹƺȠǩȅǿșঀ �Ρ șǩǾȣǹƺȠǩǿǠ ȠǦǓ ȒƺȖȠǩǉǹǓ ȠȖƺǿșȒȅȖȠ ȠǦȖȅȣǠǦ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ǠǓȅǾǓȠȖΡॹ ȠǦǓ ȒǦȅȠȅǿ ǏǩșȠȖǩǈȣȠǩȅǿ

ǩǿ ȠǦǓ ǩǾƺǠǓ ȒǹƺǿǓ ে ǓȕȣǩΚƺǹǓǿȠ Ƞȅ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ে ǉƺǿ ǈǓ șǉȅȖǓǏঀ eǦǓ ȖǓǾƺǩǿǏǓȖ ȅǟ ȠǦǩș ȠǦǓșǩș ǏǓșǉȖǩǈǓș

ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ȅǿ ȠǦǓEe'ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ǈΡ ƺǿƺǹΡΦǩǿǠ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ

ȒȖȅǏȣǉǓǏ ǈΡ ǓƺǉǦ ȒǦƺǿȠȅǾঀ
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�D� 7KH GHWHFWRU LQSXW VLJQDO � SKRWRQ ÁXHQFH� RI WKH LGHDO�
L]HG HGJH SKDQWRP IROORZV WKH GHVLUHG VWHS IXQFWLRQ VKDSH�
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�E� 7KH SKDQWRP 07) VKRZV D FRQVWDQW YDOXH RI XQLW\� ZKLFK
LQGLFDWHV WKDW WKH SKDQWRP GRHV QRW LQWURGXFH D V\VWHPDWLF HUURU
LQ WKH 07) PHDVXUHPHQW�

)LJXUH ���� 0RQWH &DUOR VLPXODWLRQ RI D WKLQ� FRPSOHWHO\ DEVRUELQJ HGJH SKDQWRP SODFHG LQ GLUHFW FRQWDFW ZLWK WKH GHWHFWRU�

'ȅȖ ƺ ȕȣǩǉǷ ǏǓǾȅǿșȠȖƺȠǩȅǿ ȅǟ ȠǦǓ ƺǈȅΚǓ ȒȖȅǉǓǏȣȖǓॹ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ƺǿǏ ƺǿƺǹΡșǩș ȅǟ ƺǿ ǩǏǓƺǹ ǓǏǠǓ ȒǦƺǿȠȅǾ ǩș

ǩǿǉǹȣǏǓǏ ƺȠ ȠǦǩș ȒȅǩǿȠঀ eǦǓ ǩǏǓƺǹ ǓǏǠǓ ȒǦƺǿȠȅǾ ǩș ȠǦǩǿॹ ǦǩǠǦǹΡ ƺǈșȅȖǈǩǿǠ ƺǿǏ ȒǹƺǉǓǏ ǩǿ ǏǩȖǓǉȠ ǉȅǿȠƺǉȠ ΛǩȠǦ ȠǦǓ

ǏǓȠǓǉȠȅȖ ǏȣȖǩǿǠEe'ǾǓƺșȣȖǓǾǓǿȠঀ eǦǩș șǩȠȣƺȠǩȅǿΛƺș ȖǓǉȖǓƺȠǓǏ ǩǿ ƺEȅǿȠǓ�ƺȖǹȅ șǩǾȣǹƺȠǩȅǿǈΡ ȠƺǷǩǿǠ ƺ ǾǾࢲ

ȠǦǩǉǷ ǹǓƺǏ ȒǦƺǿȠȅǾƺǿǏ ǩǏǓƺǹǩΦǩǿǠ ǩȠ Ƞȅ șǦȅΛǉȅǾȒǹǓȠǓ ƺǈșȅȖȒȠǩȅǿঀ eǦǩșΛƺș ƺǉǦǩǓΚǓǏ ǈΡ șǓȠȠǩǿǠ ȠǦǓ ǓǹǓǉȠȖȅǿ ƺǿǏ

ȒǦȅȠȅǿ ǉȣȠেȅА ǓǿǓȖǠǩǓș ΛǩȠǦǩǿ ȠǦǓ ǠǓȅǾǓȠȖǩǉ ǈȅȣǿǏƺȖǩǓș ȅǟ ȠǦǓ ȒǦƺǿȠȅǾ Ƞȅ ƺ ΚƺǹȣǓ ǦǩǠǦǓȖ ȠǦƺǿ ȠǦǓ ǾƺΠǩǾȣǾ

ࢺࢶ



ȒƺȖȠǩǉǹǓ ǓǿǓȖǠΡ ǠǓǿǓȖƺȠǓǏǈΡ ȠǦǓ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖঀ �ǿΡȒƺȖȠǩǉǹǓ ȠǦƺȠ ǓǿȠǓȖș ȠǦǓȒǦƺǿȠȅǾΛǩǹǹ ȠǓȖǾǩǿƺȠǓ ǩȠș ǦǩșȠȅȖΡ

ǩǾǾǓǏǩƺȠǓǹΡঀ eǦȣșॹ ȠǦǓ ȒǦƺǿȠȅǾ ǩș ǉȅǾȒǹǓȠǓǹΡ ƺǈșȅȖǈǩǿǠ ƺǿǏ ǏȅǓș ǿȅȠ ȒȖȅǏȣǉǓ ƺǿΡ șǓǉȅǿǏƺȖΡ ȒƺȖȠǩǉǹǓșঀ XǹƺǉǓǏ

ǴȣșȠ ǩǿ ǟȖȅǿȠ ȅǟ ȠǦǓ șǉȅȖǩǿǠ ȒǹƺǿǓॹ ȠǦǩș ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ǹǓƺǏș Ƞȅ ƺ ȒǓȖǟǓǉȠ șȠǓȒেǟȣǿǉȠǩȅǿ ǩǿȒȣȠ șǩǠǿƺǹ শ'ǩǠঀ ƺষঀࢸঀࢵ

�ǿƺǹΡșǩș ȅǟ ȠǦǓ șǩǠǿƺǹ ȖǓΚǓƺǹș ƺ ȒǦƺǿȠȅǾEe' ΛǦǩǉǦ ǩș ȣǿǩȠΡ ƺȠ ƺǹǹ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓșॹ ȒȖȅȅǟেȅǟেȒȖǩǿǉǩȒǹǓ ȠǦƺȠ

ȠǦǓ șǩǾȣǹƺȠǓǏ ȒǦƺǿȠȅǾ ǏȅǓș ǩǿ ǟƺǉȠ ǈǓǦƺΚǓ ǩǏǓƺǹ শ'ǩǠঀ ǈষঀࢸঀࢵ

eǦǓ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ȅǟ ȖǓƺǹ ȒǦƺǿȠȅǾș ȒȖǓșǓǿȠǓǏ ǩǿ ȠǦǓ ǟȅǹǹȅΛǩǿǠ șǓǉȠǩȅǿș Λǩǹǹ ǈǓ ǉȅǿǏȣǉȠǓǏ ǩǿ ƺ

șǩǾǩǹƺȖ ǟƺșǦǩȅǿঀ FȅȠǓ ȠǦƺȠ ǟȖȅǾǦǓȖǓ ȅǿॹ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩȠșǓǹǟ ǩș ǿȅ ǹȅǿǠǓȖ ȒƺȖȠ ȅǟ ȠǦǓ ǩǿΚǓșȠǩǠƺȠǩȅǿঀ eǦǓ șǩǾȣǹƺȠǩȅǿș

ǾȅǏǓǹ ȠǦǓ ȒƺȖȠǩǉǹǓ ȠȖƺǿșȒȅȖȠ ȣȒ Ƞȅ ȠǦǓ ǩǾƺǠǩǿǠ ȒǹƺǿǓॹ ǈȣȠ Ǐȅ ǿȅȠ ǩǿǉǹȣǏǓ ȠǦǓ ǏǓȠǓǉȠȅȖঀ eǦǓ ƺǿƺǹΡșǩș ǩș ǟȅǉȣșșǓǏ

ǓΠǉǹȣșǩΚǓǹΡ ȅǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹॹ ΛǦǩǉǦ ǾƺǷǓș ȠǦǓ ȖǓșȣǹȠș ƺȒȒǹǩǉƺǈǹǓ Ƞȅ ƺǿΡ ǏǓȠǓǉȠȅȖ ȅȒǓȖƺȠǩǿǠ ΛǩȠǦ ƺ

ǉȅǾȒƺȖƺǈǹǓ ǈǓƺǾ ȕȣƺǹǩȠΡঀ eǦǩș ǿȅȠ ȅǿǹΡ ǩǿǉǹȣǏǓș ȅȠǦǓȖ �X2�șॹ ǈȣȠ ƺǹșȅ �ࢳ ǩȅǿǩΦƺȠǩȅǿ ǉǦƺǾǈǓȖ ƺȖȖƺΡș ȣșǓǏ ǟȅȖ

ȕȣƺǹǩȠΡ ƺșșȣȖƺǿǉǓ ȅǟ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖșঀ

ࢱࢷ



ॎ৺् EӒҺԖԡԒӒӻӒӼԝ ҺӈӈԡԒҺӈԱ ԮӥԝӢ ӵӒҺӎ ԏӢҺӼԝԃӻԖ

eǦǓǏǓΚǓǹȅȒǓǏǾǓȠǦȅǏ ȠȅȕȣƺǿȠǩǟΡ ȠǦǓ șΡșȠǓǾƺȠǩǉǾǓƺșȣȖǓǾǓǿȠ ǓȖȖȅȖ Κǩƺ ȠǦǓ ȒǦƺǿȠȅǾEe'ΛƺșȣșǓǏ Ƞȅ ƺǿƺǹΡΦǓ

ȠǦǓ ǈǓǦƺΚǩȅȖ ȅǟ ȠǦǓ ǟȅȣȖ ǹǓƺǏ ȒǦƺǿȠȅǾș ȣșǓǏ ȅǿ ȠǦǓ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲ ǏǓȠǓǉȠȅȖঀ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș

ȖǓΚǓƺǹǓǏ ȠǦǓ ȒǦȅȠȅǿ МȣǓǿǉǓ ƺȠ ȠǦǓ ǩǾƺǠǩǿǠ ȒǹƺǿǓॹ ΛǦǩǉǦ ǩș ǓȕȣǩΚƺǹǓǿȠ Ƞȅ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹঀ eǦǓ șǩǠǿƺǹș

ΛǓȖǓ ȒȖȅǉǓșșǓǏ Ƞȅ ǏǓȠǓȖǾǩǿǓ ȠǦǓ ȒǦƺǿȠȅǾEe' ǟȅȖ ǓƺǉǦ ȒǦƺǿȠȅǾঀ

eǦǓ ȣǿǉǓȖȠƺǩǿȠΡ ȅǟ ƺ șǩǾȣǹƺȠǩȅǿ ǩș ǓΠȒȖǓșșǓǏ ǈΡ ȠǦǓ șȠƺǿǏƺȖǏ ǓȖȖȅȖ ȅǟ ȠǦǓǾǓƺǿ শ^�Eষ șȒǓǉǩЙǓǏ ǟȅȖ ǓƺǉǦ ǏƺȠƺ

ȒȅǩǿȠ ǩǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ শșǓǓ �ȕঀ শࢴঀࢲষষঀ eǦǓ ȖǓǹƺȠǩȅǿșǦǩȒ ǈǓȠΛǓǓǿǿȅǩșǓ ǩǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ƺǿǏ

ǿȅǩșǓ ǩǿ ȠǦǓ Ee' ǩș ǿȅǿেǹǩǿǓƺȖࢺࢺॹ ΛǦǩǉǦ ǾƺǷǓș ǩȠ ǏǩГǉȣǹȠ Ƞȅ ǓșȠǩǾƺȠǓ ȠǦǓ șȠƺǿǏƺȖǏ ǓȖȖȅȖ ǩǿ ȠǦǓ ȒǦƺǿȠȅǾEe'ঀ

/ȅΛǓΚǓȖॹ ȠǦǓ ȣǿǉǓȖȠƺǩǿȠΡ ǩǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹș ȅǈȠƺǩǿǓǏ ǟȖȅǾEȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș Λƺș ƺǈȅȣȠ ȅǿǓ

ȅȖǏǓȖ ȅǟ ǾƺǠǿǩȠȣǏǓ ǹȅΛǓȖ ȠǦƺǿ ȠǦǓ ȣǿǉǓȖȠƺǩǿȠΡ ǩǿ ȠǦǓ ǾǓƺșȣȖǓǏ ǓǏǠǓ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿșঀ 2Ƞ ǩș ȠǦǓȖǓǟȅȖǓ ȒȅșșǩǈǹǓ

Ƞȅ șȒǓǉǩǟΡ ȠǦǓ ȣǿǉǓȖȠƺǩǿȠΡ ǩǿ ȠǦǓ ȒǦƺǿȠȅǾ Ee' ΛǩȠǦ ±ࣤ.ࣤࣥॹ ƺǿƺǹȅǠȅȣș Ƞȅ ȠǦǓ ȣǿǉǓȖȠƺǩǿȠΡ ǩǿ ȠǦǓ ǾǓƺșȣȖǓǏ

ǏǓȠǓǉȠȅȖ Ee'ঀ KǿǉǓ ƺǠƺǩǿॹ ȠǦǓ ǓȖȖȅȖ ǈƺȖș ƺȖǓ ǿȅȠ ǏǩșȒǹƺΡǓǏ ƺș ȠǦǓΡ ΛȅȣǹǏ ǈǓ șǾƺǹǹǓȖ ȠǦƺǿ ȠǦǓ șΡǾǈȅǹ șǩΦǓ ƺǿǏ

ȠǦǓ ǏƺȠƺ ȒȅǩǿȠș ƺȖǓ ǴȅǩǿǓǏ ΛǩȠǦ ƺ ǹǩǿǓ শ۹ܽ ǾǾ−ࣥষঀࢷࢲࢱঀࢱ≈

eǦǓEȅǿȠǓ�ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ȅǟ ȠǦǓ ȒǦƺǿȠȅǾș ǠǩΚǓ ƺǉǉǓșș Ƞȅ ȠǦǓ ȒǦȅȠȅǿМȣǓǿǉǓ ƺș ǩȠ ǩș șǓǓǿ ǈΡ ȠǦǓ ǏǓȠǓǉȠȅȖ

শ'ǩǠঀ ষঀࢹঀࢵ 2Ƞ ǩș ǩǾǾǓǏǩƺȠǓǹΡ ƺȒȒƺȖǓǿȠ ȠǦƺȠ ȠǦǓ ȒǦƺǿȠȅǾș ȒȖȅǏȣǉǓ ΚǓȖΡ ǏǩАǓȖǓǿȠ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹșঀ vǦǩǹǓ

ǩȠ ǩș ǿƺȠȣȖƺǹ ȠǦƺȠ ȠǦǓ ǹǓΚǓǹ ȅǟ ƺǈșȅȖȒȠǩȅǿ ΚƺȖǩǓșॹ ȠǦǓȖǓ ƺȖǓ ȠΛȅ ǉȅǿșȒǩǉȣȅȣș ǏǓȠƺǩǹș ƺǈȅȣȠ ȠǦǓ șǦƺȒǓ ȅǟ ȠǦǓ șǩǠǿƺǹșॸ

'ǩȖșȠǹΡॹ ȠǦǓȖǓ ƺȖǓ ǏǩșȠȅȖȠǩȅǿș ƺȖȅȣǿǏ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ ȠǦƺȠ ƺȖǓ șǩǾǩǹƺȖ Ƞȅ ȠǦǓ ǈǓǦƺΚǩȅȖ ȅǟ ƺǿ ǓǏǠǓ ǓǿǦƺǿǉǓǾǓǿȠ

ǓАǓǉȠঀ eǦǓșǓ ǏǩșȠȅȖȠǩȅǿș ƺȖǓ ǾȅșȠ ȒȖȅǿȅȣǿǉǓǏ ǩǿ ȠǦǓ ȠǦǩǿǿǓșȠ ȒǦƺǿȠȅǾॹ ƺǿǏ ǠȖƺǏȣƺǹǹΡ ǏǓǉǹǩǿǓ ΛǩȠǦ ȒǦƺǿȠȅǾ

ȠǦǩǉǷǿǓșșঀ ^ǓǉȅǿǏǹΡॹ ȠǦǓ șǩǠǿƺǹ ȅǟ ȠǦǓ ࢱঀࢱࢲ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾ șǦȅΛș ƺǿ ǩǏǓƺǹ șȠǓȒ ǏǩȖǓǉȠǹΡ ǈǓǹȅΛ ȠǦǓ ȒǦƺǿȠȅǾॹ

ǈȣȠ ǩș șǹȅȒǓǏ ǉȅǾǩǿǠ ǟȖȅǾ ȠǦǓ șǩǏǓ ȅǟ ȠǦǓ ȅȒǓǿ ЙǓǹǏঀ

eǦǓ ǉȅȖȖǓșȒȅǿǏǩǿǠ ȒǦƺǿȠȅǾEe'ș șǦȅΛ ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ΛǦǩǉǦ ǩș ȒȖǓșǓǿȠ ǩǿ ȠǦǓ Ee' ǾǓƺșȣȖǓǾǓǿȠș

)LJXUH ���� 'HWHFWRU
LQSXW VLJQDO � WRWDO SKR�
WRQ ÁXHQFH� FUHDWHG E\
WKH IRXU H[SHULPHQWDOO\
LQYHVWLJDWHG OHDG HGJH
SKDQWRPV ���� FP� ��� FP�
��� FP DQG ���� FP WKLFN�
QHVV� DW WKH LPDJLQJ SODQH
�6,' ��� FP�� 2EWDLQHG
IURP 0RQWH &DUOR VLPXOD�
WLRQV�

1.3 cm lead

3.3 cm lead

5.0 cm lead

10.0 cm lead
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1.3 cm lead 3.3 cm lead 5.0 cm lead 10.0 cm lead
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)LJXUH ���� 3KDQWRP
07)V RI WKH IRXU H[SHUL�
PHQWDOO\ LQYHVWLJDWHG OHDG
HGJH SKDQWRPV ���� FP�
��� FP� ��� FP DQG ���� FP
WKLFNQHVV� LQ GLUHFW FRQ�
WDFW ZLWK WKH GHWHFWRU DW
6,' ��� FP�

ǈΡ ȠǦǓ ǏǓΚǩƺȠǩȅǿ ǟȖȅǾ ȣǿǩȠΡ শ'ǩǠঀ ষঀࢺঀࢵ eǦǓ ǩǹǹȣǾǩǿƺȠǩǿǠ ǉȅǿǉǹȣșǩȅǿ ΛǓ ǉƺǿ ǏȖƺΛ ǟȖȅǾ ȠǦǩș ǉȅǾȒƺȖǩșȅǿ ǩș ȠǦƺȠ

ȠǦǓ ǏǓȠǓǉȠȅȖ Ee' ǉƺǿ ǈǓ ǈȅȠǦ ȅΚǓȖে ƺǿǏ ȣǿǏǓȖǓșȠǩǾƺȠǓǏॹ ǏǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ǏǓșǩǠǿ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾঀ 'ȅȖ ȠǦǓ

ǟȅȣȖ ȒǦƺǿȠȅǾș șǦȅΛǿ ǦǓȖǓॹ ȠǦǓ ǓȖȖȅȖ ȖƺǿǠǓș ȖȅȣǠǦǹΡ ǟȖȅǾ েࢺ ઔ Ƞȅ ࢶࢴઔ ƺǿǏ șǦȅΛș ƺ ǏǓȒǓǿǏǓǿǉǓ ȅǿ șȒƺȠǩƺǹ

ǟȖǓȕȣǓǿǉΡঀ @ȅȅǷǩǿǠ ǈƺǉǷॹ ȠǦǓ ǏǩșǉȖǓȒƺǿǉǩǓș ǈǓȠΛǓǓǿ ȠǦǓ ǾǓƺșȣȖǓǏ Ee'ș ǩǿ ȠǦǓ ǓΠȒǓȖǩǾǓǿȠƺǹ șȠȣǏΡ শ'ǩǠঀ ষࢷঀࢵ

ƺȒȒǓƺȖ Ƞȅ ǾƺȠǉǦ ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖș șǓǓǿ ǩǿ ȠǦǩș ƺǿƺǹΡșǩșॹ ΛǩȠǦ ȠǦǩǿǿǓȖ ȒǦƺǿȠȅǾș ȒȖȅǏȣǉǩǿǠ ȅΚǓȖƺǹǹ ǦǩǠǦǓȖ

Ee' ΚƺǹȣǓșঀ eǦǓ ࢱঀࢶ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾ ǹȅȅǷș ǾȅșȠ ȒȖȅǾǩșǩǿǠ ǩǿ ȠǓȖǾș ȅǟ ƺǉǉȣȖƺǉΡঀ eǦǩș ΛȅȣǹǏ ЙȠ ǩǿ ΛǩȠǦ ȠǦǓ

ƺǠȖǓǓǾǓǿȠ ǟȅȣǿǏ ǈǓȠΛǓǓǿ ȠǦǓ Ee'ǾǓƺșȣȖǓǏ ΛǩȠǦ ȠǦǩș ȒǦƺǿȠȅǾ ƺǿǏ ȠǦǓ ǾƺǿȣǟƺǉȠȣȖǓȖেșȒǓǉǩЙǓǏEe'ࣩࣤঀ

eǦǓ ȕȣǓșȠǩȅǿ ǩșॸ vǦƺȠ ƺȖǓ ȠǦǓ ȣǿǏǓȖǹΡǩǿǠ ȒǦΡșǩǉƺǹ ǓАǓǉȠș ȠǦƺȠ ǉȅǿȠȖǩǈȣȠǓ Ƞȅ ȠǦǓ șǩǠǿƺǹ ǏǩșȠȅȖȠǩȅǿșঁ �ƺșǓǏ ȅǿ

ȠǦǓ ƺǿșΛǓȖॹ ǩȠ ǾƺΡ ǈǓ ȒȅșșǩǈǹǓ Ƞȅ ǏǓΚǩșǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿș ȠǦƺȠ ƺǉǦǩǓΚǓ ǦǩǠǦǓȖ ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡঀ eǦȖǓǓ Ǔǟে

ǟǓǉȠș ǦƺΚǓ ǈǓǓǿ ǾǓǿȠǩȅǿǓǏ ȠǦƺȠ ǦƺΚǓ ȠǦǓ ȒȅȠǓǿȠǩƺǹ Ƞȅ ǩǿМȣǓǿǉǓ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹঀ eǦǓΡ ƺȖǓ ষࢲ ǠǓȅǾǓȠȖǩǉ

ȣǿșǦƺȖȒǿǓșș ǟȖȅǾ ȠǦǓ ЙǿǩȠǓ șȅȣȖǉǓ șǩΦǓॹ ষࢳ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșș ǟȖȅǾ ΚƺȖΡǩǿǠ ƺǈșȅȖȒȠǩȅǿ ǹǓǿǠȠǦș ǩǿ ƺ ȠǦǩǉǷ

ȒǦƺǿȠȅǾ ƺǿǏ ষࢴ șǉƺȠȠǓȖ ȒȖȅǏȣǉǓǏ ΛǩȠǦǩǿ ȠǦǓ ȒǦƺǿȠȅǾঀ 2ǿ ȅȖǏǓȖ Ƞȅ ǏǩșȠǩǿǠȣǩșǦ ǈǓȠΛǓǓǿ ȠǦǓ ǓАǓǉȠșॹ ȠǦǓ ǏǓȠǓǉে

ȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ Λƺș șǓȒƺȖƺȠǓǏ ǩǿȠȅ ȒȖǩǾƺȖΡ ƺǿǏ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿঀ 2ǟ ȠǦǓ ȒȖǩǾƺȖΡ ȖƺǏǩƺȠǩȅǿॹ ΛǦǩǉǦ ǦƺǏ ǿȅ

ǩǿȠǓȖƺǉȠǩȅǿ ΛǩȠǦ ȠǦǓ ȒǦƺǿȠȅǾॹ ǏǓΚǩƺȠǓș ǟȖȅǾ ȠǦǓ ǏǓșǩȖǓǏ șȠǓȒ ǟȣǿǉȠǩȅǿॹ ȠǦǩș ǾȣșȠ ǈǓ ǏȣǓ Ƞȅ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒে

ǿǓșș ȅȖ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșșঀ eǦǓ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿॹ ȅǿ ȠǦǓ ȅȠǦǓȖ ǦƺǿǏॹ Λǩǹǹ șǦȅΛǉƺșǓ ȠǦǓ ǏǩșȠȖǩǈȣȠǩȅǿ ȅǟ

șǓǉȅǿǏƺȖΡ ȒƺȖȠǩǉǹǓș ȒȖȅǏȣǉǓǏ ΛǩȠǦǩǿ ȠǦǓ ȒǦƺǿȠȅǾॹ ǓঀǠঀ ǈΡ �ȅǾȒȠȅǿ șǉƺȠȠǓȖǩǿǠঀ

ॎ৺्৺ो �ӼҺӵԱԖӥԖ ԃӜ ԏԒӥӻҺԒԱ ԒҺӎӥҺԝӥԃӼ

�ȣȖǩǿǠ ƺ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿॹ ȠǦǓ ǦǩșȠȅȖΡ ȅǟ ǓƺǉǦ ȒƺȖȠǩǉǹǓ ǩș ȖǓǉȅȖǏǓǏ ǩǿ ȠǓȖǾș ȅǟ ǦȅΛ ƺǿǏ ΛǦǓȖǓ ǩȠ Ǧƺș

ǩǿȠǓȖƺǉȠǓǏ শșǓǓ @�e�/ ͠ǙȵȈǙǧȘǲ ǩǿ ^ǓǉȠǩȅǿ ষঀࢳঀࢴঀࢴ eǦǩș ǩǿǟȅȖǾƺȠǩȅǿ Λƺș ȣșǓǏ Ƞȅ ЙǹȠǓȖ ȠǦǓ ȒǦƺșǓ șȒƺǉǓ ƺǿǏ

șǉȅȖǓ ȅǿǹΡ ȠǦƺȠ ȒƺȖȠ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ΛǦǩǉǦ șȠǓǾș ǟȖȅǾ ȒȖǩǾƺȖΡ ȒǦȅȠȅǿșঀ eǦǓ МȣǓǿǉǓ ǉȅǾȒȅǿǓǿȠ

ƺȠȠȖǩǈȣȠƺǈǹǓ Ƞȅ ȒȖǩǾƺȖΡ ȖƺǏǩƺȠǩȅǿ Λƺș ƺǿƺǹΡΦǓǏ șǩǾǩǹƺȖ Ƞȅ ȠǦǓ ȠȅȠƺǹ МȣǓǿǉǓঀ

ࢳࢷ



�Ƞ ЙȖșȠ ǠǹƺǿǉǓॹ ȠǦǓ ȒȖǩǾƺȖΡ ȖƺǏǩƺȠǩȅǿ ȅǟ ƺǹǹ ǟȅȣȖ ȒǦƺǿȠȅǾș ƺȒȒǓƺȖș Ƞȅ ǈǓ ΚǓȖΡ ǉǹȅșǓ Ƞȅ ƺ șȠǓȒেǟȣǿǉȠǩȅǿ ȒȖȅে

ЙǹǓ শ'ǩǠঀ ষঀࢱࢲঀࢵ KǈΚǩȅȣș ǏǩАǓȖǓǿǉǓș ƺȖǩșǓ ǟȖȅǾ ȠǦǓ ǉǦƺǿǠǓ ǩǿ ȠȖƺǿșǾǩșșǩȅǿॹ ΛǦǩǉǦ ȖƺǿǠǓș ǟȖȅǾ ઔࢵࢴ ǟȅȖ ࢴঀࢲ ǉǾ

ǹǓƺǏ ȅΚǓȖ ࢱࢲ ઔ ƺǿǏ ઔࢵ ǟȅȖ ࢴঀࢴ ǉǾ ƺǿǏ ࢱঀࢶ ǉǾ ǹǓƺǏॹ ȖǓșȒǓǉȠǩΚǓǹΡॹ Ƞȅ ࢴঀࢱ ઔ ǟȅȖ ࢱঀࢱࢲ ǉǾ ǹǓƺǏঀ @Ǔșș ȅǈΚǩȅȣș ǩș ȠǦǓ

ǠȖƺǏȣƺǹ ǉǦƺǿǠǓ ǩǿ șǦƺȒǓॸ eǦǓ ǾƺǠǿǩЙǓǏ ΚǩǓΛ ȅǟ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ ȖǓΚǓƺǹș ǦȅΛ ȠǦǓ ȒȖȅЙǹǓ ǠȖƺǏȣƺǹǹΡ șǹȅȒǓș

ΛǩȠǦ ǩǿǉȖǓƺșǓǏ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșșঀ eǦǓ ǉǓǿȠȖƺǹ ȖǓǠǩȅǿ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ȠȖƺǿșǟȅȖǾș ǟȖȅǾ ƺ ȖǩǠǦȠ ƺǿে

ǠǹǓ শࢲঀࢴ ǉǾ ǹǓƺǏষ Ƞȅ ƺ șǦȅȣǹǏǓȖ ǉȣȖΚǓ শࢱࢲঀࢱ ǉǾ ǹǓƺǏষঀ eǦǩș ǓАǓǉȠ ȅǿǹΡ ȅǉǉȣȖș ȅǿ ȠǦǓ ȅȒǓǿ ЙǓǹǏ șǩǏǓ ȅǟ ȠǦǓ ǓǏǠǓ

ȠȖƺǿșǩȠǩȅǿঀ �ȅǾǩǿǠ ǟȖȅǾ ȠǦǓ ȒǦƺǿȠȅǾ șǩǏǓॹ ȠǦǓ ȠȖƺǿșǩȠǩȅǿ ƺȒȒǓƺȖș ƺș ƺ ȖǩǠǦȠ ƺǿǠǹǓঀ 'ȣȖȠǦǓȖǾȅȖǓॹ ȠǦǓ ȒȖǩǾƺȖΡ

ȖƺǏǩƺȠǩȅǿ ǈǓǹȅΛ ȠǦǓ ȒǦƺǿȠȅǾș ǟȅȖǾș ƺ ȒǹƺȠǓƺȣ ȠǦƺȠ ƺȒȒǓƺȖș ǉȅǿșȠƺǿȠ ȠǦȖȅȣǠǦȅȣȠঀ

�ǹȠǦȅȣǠǦ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹș ƺȒȒǓƺȖǓǏ Ƞȅ ǈǓ ȕȣǩȠǓ șǩǾǩǹƺȖ ƺȒƺȖȠ ǟȖȅǾ ȠǦǓ ƺǈșȅȖȒȠǩȅǿ ǹǓΚǓǹșॹ ȠǦǓ ǏǩАǓȖে

ǓǿǉǓș ǈǓȠΛǓǓǿ ȠǦǓȒǦƺǿȠȅǾșǈǓǉȅǾǓ ƺȒȒƺȖǓǿȠ ǩǿ ȠǦǓȒǦƺǿȠȅǾEe'ș শ'ǩǠঀ ষঀࢲࢲঀࢵ �Ƞ ΚǓȖΡ ǹȅΛ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓș

ȣȒ Ƞȅ ǾǾ−ࣥॹࢲঀࢱ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ȖǓșȣǹȠș ǉȅǩǿǉǩǏǓ ΛǩȠǦ ȠǦǓ ȠȖȣǓ ǏǓȠǓǉȠȅȖ Ee'ঀ /ȅΛǓΚǓȖॹ ΛǩȠǦ ǦǩǠǦǓȖ șȒƺȠǩƺǹ

ǟȖǓȕȣǓǿǉǩǓșॹ ȠǦǓ ǾǓƺșȣȖǓǏEe'ș ǩǿǉȖǓƺșǩǿǠǹΡ ȣǿǏǓȖǓșȠǩǾƺȠǓ ȠǦǓ ȠȖȣǓEe'ঀ KΚǓȖ ȠǦǓ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓ ƺǿƺǹΡΦǓǏ

ǦǓȖǓॹ ȠǦǓ ǏǓǉǹǩǿǓ ǩș ƺȒȒȖȅΠǩǾƺȠǓǹΡ ǹǩǿǓƺȖঀ eǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ƺȠ ࣥ−ǾǾࢲ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ǠȖȅΛș ǟȖȅǾ েࢴઔ ǟȅȖ

ࢴঀࢲ ǉǾ ǹǓƺǏ Ƞȅ েࢺ ઔ ǟȅȖ ࢱঀࢱࢲ ǉǾ ǹǓƺǏঀ

�ƺǿ ȠǦǓșǓ ЙǿǏǩǿǠș ǈǓ ǓΠȒǹƺǩǿǓǏ ǈΡ ǠǓȅǾǓȠȖǩǉ ƺǿǏইȅȖ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșșঁ 2ǟ ȠǦǓ ǈǓƺǾ ǏǩΚǓȖǠǓǿǉǓ ǹǓǏ Ƞȅ

șǩǠǿǩЙǉƺǿȠ ǉǦƺǿǠǓș ǩǿ ȠǦǓ ƺǈșȅȖȒȠǩȅǿ ǹǓǿǠȠǦ ΛǩȠǦǩǿ ȠǦǓ ǉǓǿȠȖƺǹ ȖǓǠǩȅǿ ȅǟ ǾǾࢱࢹ ȅΚǓȖ ΛǦǩǉǦ ȠǦǓ Ee' ǩș ǓΚƺǹȣে

ƺȠǓǏॹ ȠǦǓǿ ȠǦǩș ΛȅȣǹǏ ǈǓ șǦȅΛǿ ǈΡ șǹȅȒǩǿǠ Ƞƺǩǹș ǩǿ ȠǦǓ șǩǠǿƺǹ ȒȖȅЙǹǓ ে ΛǦǩǉǦ ƺȖǓ ǿȅȠ ȒȖǓșǓǿȠঀ Kǿ ȠǦǓ ȅȠǦǓȖ ǦƺǿǏॹ

ȠǦǓ ȅǈșǓȖΚǓǏ șǹȅȒǓ ǩǿ ȠǦǓ ǉǓǿȠȖƺǹ ȖǓǠǩȅǿ ЙȠș ȠǦǓ ǏǓșǉȖǩȒȠǩȅǿ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșॸ vǦǩǹǓ ȠǦǓ ȒǦƺǿȠȅǾ ǓΠǩȠ

ȒǹƺǿǓ ǩș ǩǿ ǉȅǿȠƺǉȠ ΛǩȠǦ ȠǦǓ ǏǓȠǓǉȠȅȖॹ ȠǦǓ ȠǦǩǉǷǿǓșș ȅǟ ȠǦǓ ȒǦƺǿȠȅǾ ǉƺȣșǓș ȠǦǓ ǓǿȠȖƺǿǉǓ ȒǹƺǿǓ Ƞȅ ǈǓ ǓǹǓΚƺȠǓǏ Ƞȅ

ƺ ǉǓȖȠƺǩǿ ǦǓǩǠǦȠঀ eǦȣșॹ ȠǦǓ ȒȖȅǴǓǉȠǩȅǿ ȅǟ ȠǦǓ ǓǿȠȖƺǿǉǓ ȒǹƺǿǓ ǉȅȣǹǏ ǈǓ ǩǿМȣǓǿǉǓǏ ǈΡ ǓΠȠȖƺǟȅǉƺǹ ȖƺǏǩƺȠǩȅǿ ǓΚǓǿ

ȠǦȅȣǠǦ ȠǦǓ ȒǦƺǿȠȅǾ ǩș ǩǿ ǏǩȖǓǉȠ ǉȅǿȠƺǉȠ ΛǩȠǦ ȠǦǓ ǏǓȠǓǉȠȅȖঀ 2ǿ ƺ ΛƺΡॹ ȠǦǓ șǩȠȣƺȠǩȅǿ ǈǓƺȖș ȖǓșǓǾǈǹƺǿǉǓ Ƞȅ ȠǦǓ

ǩǿȠȖȅǏȣǉȠǩȅǿ ȅǟ ƺǿ ƺǩȖ ǠƺȒॹ ȅǿǹΡ ȠǦƺȠ Ǧƺǹǟ ȅǟ ȠǦǓ ƺǩȖ ǠƺȒ ǩș ЙǹǹǓǏ ΛǩȠǦ ȒǦƺǿȠȅǾǾƺȠǓȖǩƺǹঀ eǦǩș ΛȅȣǹǏ ƺǹșȅ ǓΠȒǹƺǩǿ

)LJXUH ����� 'HWHFWRU
LQSXW VLJQDO DWWULEXWDEOH WR
SULPDU\ UDGLDWLRQ IRU IRXU
HGJH SKDQWRPV DW �09
EHDP TXDOLW\ �REWDLQHG
IURP 0RQWH &DUOR VLPX�
ODWLRQV�� 0DJQLÀHG YLHZ
UHYHDOV VPDOO GHYLDWLRQV
IURP WKH GHVLUHG VWHS�
IXQFWLRQ SURÀOH WKDW DSSHDU
ZLWK LQFUHDVLQJ SKDQWRP
WKLFNQHVV�

1.3 cm lead

3.3 cm lead

5.0 cm lead

10.0 cm lead
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1.3 cm lead 3.3 cm lead 5.0 cm lead 10.0 cm lead
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)LJXUH ����� 3KDQWRP
07) GHULYHG IURP SULPDU\
UDGLDWLRQ DORQH� H[FOXGLQJ
WKH LQÁXHQFH RI VFDWWHU
RU EUHPVVWUDKOXQJ� 7KH
PHDVXUHG 07) XQGHUHVWL�
PDWHV WKH WUXH 07)� 7KH
V\VWHPDWLF HUURU LQFUHDVHV
ZLWK SKDQWRP WKLFNQHVV
DQG VSDWLDO IUHTXHQF\�

ΛǦΡ ȠǦǓ ǓАǓǉȠ ǩș ȅǿǹΡ ΚǩșǩǈǹǓ ǩǿ ȠǦǓ ȅȒǓǿ ЙǓǹǏॸ �ΠȠȖƺǟȅǉƺǹ ȖƺǏǩƺȠǩȅǿ ΛǦǩǉǦ ȅȖǩǠǩǿƺȠǓș ǟȖȅǾ ȠǦǓ șǩǏǓ ȅǟ ȠǦǓ ȅȒǓǿ

ЙǓǹǏ Λǩǹǹ Ȓƺșș ȠǦȖȅȣǠǦ ȠǦǓ ȒǦƺǿȠȅǾॹ ΛǦǓȖǓǈΡ ǾȅșȠ ȅǟ ǩȠ Λǩǹǹ ǈǓ ƺǈșȅȖǈǓǏঀ eǦȣșॹ ȠǦǓ ȖǓșȣǹȠș ǩǿǏǩǉƺȠǓ ȠǦƺȠ ȠǦǓ

ȒȖǩǾƺȖΡ ǉȅǾȒȅǿǓǿȠ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǩș ǏȅǾǩǿƺȠǓǏ ǈΡ ǠǓȅǾǓȠȖǩǉ ȖƺȠǦǓȖ ȠǦƺǿ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșșঀ

eȅ ȒȖȅΚǓ ȠǦǩș ȒȅǩǿȠॹ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ǟȅȖ ȠǦǓ ࢱঀࢱࢲ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾॹΛǦǩǉǦ șǦȅΛǓǏ ȠǦǓ ǹƺȖǠǓșȠ ǏǓΚǩƺȠǩȅǿș ǩǿ ȒȖǩে

ǾƺȖΡ ȖƺǏǩƺȠǩȅǿ ƺǿǏ ǩǿ ΛǦǩǉǦ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ΛȅȣǹǏ ǈǓǾȅșȠ ȒȖȅǿȅȣǿǉǓǏॹ Λƺș ȖǓȒǓƺȠǓǏঀ

eǦǩș ȠǩǾǓॹ ȠǦǓ eȖȣǓ�ǓƺǾ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ Λƺș ǾȅǏǓǹǓǏ ƺș ƺ ȒȅǩǿȠ șȅȣȖǉǓ ΛǩȠǦ ƺǿ ȣǿǏǓȖǹΡǩǿǠ Etࢷ șȒǓǉȠȖȣǾ

ǩǿșȠǓƺǏ ȅǟ ȣșǩǿǠ eȖȣǓ�ǓƺǾ ȒǦƺșǓ șȒƺǉǓ ǏƺȠƺঀ eǦǓ ǩǏǓƺ ǩș ȠǦƺȠ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǉƺǿ ȅǿǹΡ ȅǉǉȣȖ ǩǿ ƺ șΡșȠǓǾ

ΛǩȠǦ ƺ ЙǿǩȠǓ șȅȣȖǉǓ șǩΦǓॹ ΛǦǩǹǓ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșș șȠǓǾș ǟȖȅǾ ȠǦǓ ǈǓƺǾ ǏǩΚǓȖǠǓǿǉǓ ƺǿǏ ǾȣșȠ ǈǓ ȒȖǓșǓǿȠ ǩǿ

ǈȅȠǦ șǩǾȣǹƺȠǩȅǿșঀ

point source

phase space
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�D� &RPSDULVRQ RI GHWHFWRU LQSXW VLJQDOV� 7KH LPSOHPHQWD�
WLRQ RI D SRLQW VRXUFH HOLPLQDWHV JHRPHWULF XQVKDUSQHVV IURP
WKH VLPXODWLRQ�

point source

phase space

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

���

���

�	
��
 ��������� [��-� ]

��
��
��
�
�
	


�E� 7KH SKDQWRP 07) IURP WKH SRLQW VRXUFH LPSOHPHQWDWLRQ
UHVXOWV LQ D FRQVWDQW YDOXH RI XQLW\� ZKLFK VKRZV WKDW WKH
VLJQDO LV IUHH IURP DEVRUSWLRQ XQVKDUSQHVV�

)LJXUH ����� 0RQWH &DUOR VLPXODWLRQ RI ���� FP OHDG HGJH SKDQWRP LQ FRQWDFW JHRPHWU\ �6,' ��� FP� �09 EHDP TXDOLW\�� 7KH DFFHOHU�
DWRU LV PRGHOHG DV D SRLQW VRXUFH RU XVLQJ D IXOO SKDVH VSDFH�

eǦǓМȣǓǿǉǓ ǏǩșȠȖǩǈȣȠǩȅǿ ǈǓǦǩǿǏ ȠǦǓ ࢱঀࢱࢲ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾ ǟǓƺȠȣȖǓș ƺ ȒǩǉȠȣȖǓেȒǓȖǟǓǉȠ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿΛǩȠǦȅȣȠ

ȠǦǓ șǹǩǠǦȠǓșȠ șǹȅȒǓ ΛǦǓǿ ȠǦǓ ȒǦȅȠȅǿ ǈǓƺǾ ǩș ǾȅǏǓǹǓǏ ƺș ƺ ȒȅǩǿȠ șȅȣȖǉǓ শ'ǩǠঀ ƺষঀࢳࢲঀࢵ �ΚǩǏǓǿȠǹΡॹ ȠǦǓ ǏǩșȠȅȖȠǩȅǿ
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ȅǈșǓȖΚǓǏ ǩǿ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ΛǩȠǦ ȠǦǓ ǉȅǾȒǹǓȠǓ ȒǦƺșǓ șȒƺǉǓ ǾȣșȠ șȠǓǾ ǟȖȅǾ ǓΠȠȖƺǟȅǉƺǹ ȖƺǏǩƺȠǩȅǿॹ ƺș ȠǦǓ ȅǿǹΡ Ǐǩǟে

ǟǓȖǓǿǉǓ ǈǓȠΛǓǓǿ ȠǦǓ șǩǾȣǹƺȠǩȅǿș ǩș ȠǦǓ șǩΦǓ ȅǟ ȠǦǓ ǟȅǉƺǹ șȒȅȠঀ eǦǓ ȒǦƺǿȠȅǾEe' ȅǈȠƺǩǿǓǏ ǈΡ ȠǦǓ ȒȅǩǿȠ șȅȣȖǉǓ

șǩǾȣǹƺȠǩȅǿ ǩș ȣǿǩȠΡ ȅΚǓȖ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓȅǟ ǩǿȠǓȖǓșȠॹ ȠǦǓǏǓΚǩƺȠǩȅǿș ǹǩǓΛǩȠǦǩǿ ȠǦǓ șȠƺȠǩșȠǩǉƺǹ ȣǿǉǓȖȠƺǩǿȠΡ

শ'ǩǠঀ ǈষঀࢳࢲঀࢵ eǦǩș ΚǓȖǩЙǓș ȠǦǓ ǦΡȒȅȠǦǓșǩș ȠǦƺȠ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșș ȅǿ Ee' ǾǓƺșȣȖǓǾǓǿȠ

ƺǉǉȣȖƺǉΡ ǩș ǩǿșǩǠǿǩЙǉƺǿȠঀ eǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǩș ǓΚǩǏǓǿȠǹΡ ǿȅȠ ǩǿМȣǓǿǉǓǏ ǈΡ ǏǩАǓȖǓǿǉǓș ǩǿ ȠǦǓ ƺǈșȅȖȒȠǩȅǿ

ǹǓǿǠȠǦ ΛǩȠǦǩǿ ȠǦǓ ȒǦƺǿȠȅǾঀ

eȅ ЙǿƺǹǩΦǓ ȠǦǓ Ǐǩșǉȣșșǩȅǿ ƺǈȅȣȠ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșșॹ ΛǓ ǉƺǿ Ǐȅ ƺ ǈƺǉǷেȅǟেȠǦǓেǓǿΚǓǹȅȒǓ ǉƺǹǉȣǹƺȠǩȅǿ Ƞȅ

ǓșȠǩǾƺȠǓ ȠǦǓ ǾƺΠǩǾȣǾ ǉǦƺǿǠǓ ǩǿ ƺǈșȅȖȒȠǩȅǿ ǹǓǿǠȠǦ ǩǿ ȠǦǓ ǠǩΚǓǿ ǠǓȅǾǓȠȖΡঀ eǦǓ [K2 ǟȅȖ Ee' ǉƺǹǉȣǹƺȠǩȅǿ

ǩș ࢵ ǉǾ ǩǿ ǓƺǉǦ ǏǩȖǓǉȠǩȅǿ ǟȖȅǾ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿঀ �șșȣǾǩǿǠ ƺ ȒȅǩǿȠ șȅȣȖǉǓ ƺȠ ȠǦǓ șȅȣȖǉǓেȠȅেǩǾƺǠǓȖ ǏǩșȠƺǿǉǓ

শ^2�ষ ȅǟ ࢱࢹࢲ ǉǾॹ ȠǦǓ ǾƺΠǩǾȣǾ ƺǿǠǹǓ ǏȣǓ Ƞȅ ǈǓƺǾ ǏǩΚǓȖǠǓǿǉǓ ǩș ݅ = ƺȖǉȠƺǿ( ࣨ ǉǾ
ࣥ࣬ࣤ ǉǾ ) ≈ ࣥ.ࣧ◦ঀ eǦǓ ǾǩǿǩǾȣǾ

ƺǈșȅȖȒȠǩȅǿ ǹǓǿǠȠǦ ǩș ȠǦǓ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș ȿঀ eǦǓ ǾƺΠǩǾȣǾ ƺǈșȅȖȒȠǩȅǿ ǹǓǿǠȠǦ ȿ′ ǩș ǠǩΚǓǿ ǈΡ ȿ′ = ȿ
ǉȅș(ޒ) ঀ eǦǓ

ȖǓǹƺȠǩΚǓ ǏǩАǓȖǓǿǉǓ ǩǿ ƺǈșȅȖȒȠǩȅǿ ǹǓǿǠȠǦ ƺǾȅȣǿȠș Ƞȅ ȿ′/ȿ = ࣥ.ࣤࣤࣤࣧ ǩǿ ȠǦǓ ȒȖǓșǓǿȠ ǠǓȅǾǓȠȖΡॹ ΛǦǩǉǦ ǩș ǩǿșǩǠǿǩЙǉƺǿȠঀ

�ș ǩȠ ǩș ǩǿǏǓȒǓǿǏǓǿȠ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșșॹ ȠǦǓ ȖǓșȣǹȠ ǦȅǹǏș ȠȖȣǓ ǓΚǓǿ ǩǟ ƺ ȒǦƺǿȠȅǾ ΛǩȠǦ ࢱࢵ ǉǾ ȠǦǩǉǷǿǓșș ȅȖ

ǾȅȖǓ ΛǓȖǓ Ƞȅ ǈǓ ȣșǓǏঀ eȅ ǩǿǏȣǉǓ ƺ ȒȅȠǓǿȠǩƺǹǹΡ ǾǓƺǿǩǿǠǟȣǹ ǉǦƺǿǠǓ ȅǟ ઔࢶ ǩǿ ȠǦǓ ƺǈșȅȖȒȠǩȅǿ ǹǓǿǠȠǦॹ ȠǦǓ ^2�

ΛȅȣǹǏ ǦƺΚǓ Ƞȅ ǈǓ ȖǓǏȣǉǓǏ Ƞȅ ƺǿ ȣǿȖǓƺșȅǿƺǈǹǓ শƺǿǏ ǩǾȒȖƺǉȠǩǉƺǹষ ΚƺǹȣǓ ȅǟ ࢳࢲ ǉǾঀ vǓ ǉƺǿ ȠǦǓȖǓǟȅȖǓ ǏǓЙǿǩȠǓǹΡ

ǉȅǿǉǹȣǏǓ ȠǦƺȠ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșș ȅǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǩș ǿǓǠǹǩǠǩǈǹǓ ƺǿǏ ǿǓǓǏ ǿȅȠ

ǈǓ ǉȅǿșǩǏǓȖǓǏ ΛǦǩǹǓ ȅȒȠǩǾǩΦǩǿǠ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ΛǩȠǦ ȖǓǠƺȖǏ ȠȅEe'ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡঀ

eǦǓ șǩǾȣǹƺȠǩȅǿ ȒȖǓșǓǿȠǓǏ ǦǓȖǓ ƺǹșȅ șȅǹΚǓș ƺǿ ǓΠǩșȠǩǿǠ ǉȅǿМǩǉȠ ΛǩȠǦ ȒȖǩȅȖ ΛȅȖǷॸ 2ǿ ȠǦǩș ȠǦǓșǩșॹ ЙȖșȠ ȠǦǓ ǟȣǿǏƺে

ǾǓǿȠƺǹ ǉȅǿșǩǏǓȖƺȠǩȅǿș ƺǿǏ ȠǦǓǿ ȠǦǓ ǓΠȒǓȖǩǾǓǿȠƺǹ șȠȣǏΡ ǩǿ ^ǓǉȠǩȅǿ ࢴঀࢲঀࢵ ȒȅǩǿȠǓǏ Ƞȅ ȠǦǓ ǟƺǉȠ ȠǦƺȠ ȠǦǓ ȒǦƺǿȠȅǾ

ǏǓșǩǠǿ Ǧƺș șǩǠǿǩЙǉƺǿȠ ǩǿМȣǓǿǉǓ ȅǿ ȠǦǓ ȖǓșȣǹȠ ȅǟ ƺǿ Ee' ǾǓƺșȣȖǓǾǓǿȠঀ eǦǩș șȠȅȅǏ ǩǿ ǉȅǿȠȖƺșȠ Ƞȅ șȠƺȠǓǾǓǿȠș

ǾƺǏǓ ǈΡ ^ƺΛƺǿȠ ǓȠ ƺǹঀॹ ΛǦȅ șƺΛ ǿȅ ǏǩАǓȖǓǿǉǓș ǩǿ ȠǦǓ ȅȣȠǉȅǾǓ ȅǟ șǩǾȣǹƺȠǩȅǿș ǉȅǿǏȣǉȠǓǏ ǟȅȖ ࢶ ǉǾॹ ࢱࢲ ǉǾ ƺǿǏ

ࢺࢲ ǉǾ ȠȣǿǠșȠǓǿॹ ƺș ΛǓǹǹ ƺș ࢱࢲ ǉǾॹ ࢱࢳ ǉǾ ƺǿǏ ࢱࢵ ǉǾ șȠǓǓǹ ȒǦƺǿȠȅǾșঀࢴࢴ 2ǿ ȠǦǓ șȠȣǏΡ ȅȣȠǹǩǿǓॹ ȠǦǓ ƺȣȠǦȅȖș ǿȅȠǓ

ȠǦƺȠ ȠǦǓ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ Λƺș ǾȅǏǓǹǓǏ ƺș ƺ ȒȅǩǿȠ șȅȣȖǉǓঀ eǦǩș ǓАǓǉȠǩΚǓǹΡ ȖǓǾȅΚǓǏ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ǠǓȅǾǓȠȖǩǉ

ȣǿșǦƺȖȒǿǓșș ǟȖȅǾ ȠǦǓ șǩǾȣǹƺȠǩȅǿ ƺǿǏ ǠƺΚǓ ȠǦǓ ǩǾȒȖǓșșǩȅǿ ȠǦƺȠ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș Λƺș ȅǟ ǿȅ ǉȅǿșǓȕȣǓǿǉǓ Ƞȅ

ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡঀ eǦǓ ȖǓșȣǹȠș șǦȅΛǿ ǦǓȖǓ ǩǹǹȣșȠȖƺȠǓ ȠǦƺȠ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ǟȅȖ ƺǿΡ șǩȠȣƺȠǩȅǿ

ǩǿ ΛǦǩǉǦ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǉƺǿǿȅȠ ǈǓ ǓΠǉǹȣǏǓǏ ȅȣǠǦȠ Ƞȅ ǈǓ ǩǾȒǹǓǾǓǿȠǓǏ ȣșǩǿǠ ȠǦǓ ǟȣǹǹ ȒǦƺșǓ șȒƺǉǓ ȖƺȠǦǓȖ

ȠǦƺǿ ƺ ȒȅǩǿȠ șȅȣȖǉǓঀ eǦǓ ǉȅǿǉǹȣșǩȅǿ ǏȖƺΛǿ ǈΡ ȠǦǓ ƺȣȠǦȅȖșॹ ǿƺǾǓǹΡ ȠǦƺȠ ǉǦƺǿǠǓș ǩǿ ȠǦǓ ȠǦǩǉǷǿǓșș ȅǟ ƺ ȒǦƺǿȠȅǾ

ǦƺΚǓ ǿȅ ǓАǓǉȠ ȅǿ ȠǦǓǾǓƺșȣȖǓǾǓǿȠ ȖǓșȣǹȠॹ ǩș ǿȅȠ ΚƺǹǩǏ ƺș ǩȠ ǩș ǈƺșǓǏ ȅǿ ǩǿǉȅȖȖǓǉȠ șǩǾȣǹƺȠǩȅǿșঀ ^ǩǾǩǹƺȖ ǉȅǿǉǹȣșǩȅǿș

ǉƺǿ ǈǓ ǏȖƺΛǿ ǟȅȖ șǩǾȣǹƺȠǩȅǿș ΛǩȠǦ ƺ ȒƺȖƺǹǹǓǹ ǈǓƺǾࢹࢶॹࢵࢷॹ ΛǦǩǉǦ ǿȅȠ ȅǿǹΡ ȖǓǾȅΚǓș ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿে

șǦƺȖȒǿǓșșॹ ǈȣȠ ƺǹșȅ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșșঀ

(ӒԃӻӒԝԒӥӈ ԡӼԖӢҺԒԏӼӒԖԖ ӥӼ ӵӥӼӒҺԒ ҺӈӈӒӵӒԒҺԝԃԒԖ 2Ƞ Λƺș ǓșȠƺǈǹǩșǦǓǏ ȠǦƺȠ ȠǦǓ ǏǓΚǩƺȠǩȅǿș ȅǟ ȒȖǩǾƺȖΡ

ȖƺǏǩƺȠǩȅǿ ƺȖǓ ǉƺȣșǓǏ ǈΡ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșঀ eǦǓ ǹƺșȠ ȕȣǓșȠǩȅǿ Ƞȅ ǈǓ ƺǿșΛǓȖǓǏ ǦǓȖǓ ǩș ΛǦǓȠǦǓȖ ǠǓȅǾǓȠȖǩǉ ȣǿে

ࢶࢷ



șǦƺȖȒǿǓșș ǩǿ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖș ǟȅǹǹȅΛș ȠǦǓ ǠǓȅǾǓȠȖǩǉƺǹ ǏǓЙǿǩȠǩȅǿ ǠǩΚǓǿ ǩǿ

�ȕঀ শࢳঀࢱࢵষঀ 2ǿ ȒȖǩǿǉǩȒǹǓॹ ȠǦǓ ǟȅȖǾȣǹƺ șǦȅȣǹǏ ǈǓ ΚƺǹǩǏ ǟȅȖ ƺǿΡ ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓॹ ȒȖȅΚǩǏǓǏ ȠǦƺȠ ǩȠ ǩș ǏǓЙǿǓǏ ǈΡ

șǦƺȖȒ ǈȅȣǿǏƺȖǩǓș ƺǿǏ ȒȖȅǏȣǉǓș ƺ ȣǿǩǟȅȖǾ ȒǦȅȠȅǿ ǏǩșȠȖǩǈȣȠǩȅǿঀ [ȅșșǾƺǿǿ ƺǿǏ @ȣǈǈǓȖȠș ǦƺΚǓ ǏǓǾȅǿșȠȖƺȠǓǏ

ȠǦǓ ƺȒȒǹǩǉƺǈǩǹǩȠΡ ǟȅȖ ƺǿ ΠেȖƺΡ ȠȣǈǓ ǓǾǩȠȠǩǿǠ ࢱࢸ ǷtȒ ȖƺǏǩƺȠǩȅǿঀࢺࢴ �ș ȅǟ ΡǓȠॹ ȠǦǓȖǓ ǦƺΚǓ ǈǓǓǿ ǿȅ ȖǓȒȅȖȠș ȅǟ ȠǦǓ

ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩǿȠȖȅǏȣǉǓǏ ǈΡ ƺǿEt ǩǾƺǠǩǿǠ șΡșȠǓǾ ȅǿ ƺ ǉǹǩǿǩǉƺǹ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖঀ

�ǏǏǩȠǩȅǿƺǹ șǩǾȣǹƺȠǩȅǿș ΛǓȖǓ ȒǓȖǟȅȖǾǓǏ Ƞȅ ǾǩǾǩǉ ȠǦǓ ȠǦǓȅȖǓȠǩǉƺǹ șǩȠȣƺȠǩȅǿ ȅǟ ƺǿ ǩǿЙǿǩȠǓșǩǾƺǹǹΡ ȠǦǩǿॹ Ȗƺে

ǏǩȅȒƺȕȣǓ ǓǏǠǓ ȒǦƺǿȠȅǾॹ ȒȅșǩȠǩȅǿǓǏ șȅǾǓΛǦǓȖǓ ǈǓȠΛǓǓǿ șȅȣȖǉǓ ƺǿǏ ǏǓȠǓǉȠȅȖঀ eǦǓ ȒǦƺǿȠȅǾ Λƺș ǩǏǓƺǹǩΦǓǏ ƺș

ǏǓșǉȖǩǈǓǏ ǈǓǟȅȖǓ ǈΡ șǓȠȠǩǿǠ ȠǦǓ ǓǹǓǉȠȖȅǿ ƺǿǏ ȒǦȅȠȅǿ ǉȣȠেȅА ǓǿǓȖǠǩǓș Ƞȅ ƺ ΚƺǹȣǓ ǦǩǠǦǓȖ ȠǦƺǿ ȠǦǓ ǾƺΠǩǾȣǾ ȒƺȖȠǩে

ǉǹǓ ǓǿǓȖǠΡঀ 2ǿ ƺǏǏǩȠǩȅǿ Ƞȅ ȠǦǓ ǾǾࢱࢹ ȠȖƺǉǓ ΛǩȠǦ ǾǾࢳঀࢱ ȖǓșȅǹȣȠǩȅǿ ǟȖȅǾΛǦǩǉǦ ȠǦǓ ȒǦƺǿȠȅǾEe' ǩș ǉƺǹǉȣǹƺȠǓǏॹ

ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ Λƺș șƺǾȒǹǓǏ ƺȠ ƺ ЙǿǓȖ șȒƺǉǩǿǠ ȅǟ ǾǾࢳࢱঀࢱ ǩǿ ȠǦǓ ǉǓǿȠȖƺǹ ȖǓǠǩȅǿ ȅǟ ǾǾࢹ ƺȖȅȣǿǏ ȠǦǓ

ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿঀ eȅ ǩǿǏȣǉǓ ȒǓǿȣǾǈȖƺș ȅǟ șǩǠǿǩЙǉƺǿȠ ΛǩǏȠǦॹ ȠǦǓ ǠǓȅǾǓȠȖǩǓș ΛǓȖǓ ǉȖǓƺȠǓǏ ΛǩȠǦ ǉȅǾȒƺȖƺȠǩΚǓǹΡ

ǦǩǠǦ ǾƺǠǿǩЙǉƺȠǩȅǿ ǟƺǉȠȅȖșঀ eǦǓ șȅȣȖǉǓেȠȅেǩǾƺǠǓȖ ǏǩșȠƺǿǉǓ Λƺș ЙΠǓǏ Ƞȅ ^2� ࢱࢹࢲ ǉǾঀ eǦȖǓǓ ȒǦƺǿȠȅǾেȠȅেǩǾƺǠǓȖ

ǏǩșȠƺǿǉǓș ȅǟ Ǯࢱࢳ ǉǾॹ Ǯࢷࢴ ǉǾ ƺǿǏ Ǯࢱࢷ ǉǾ ΛǓȖǓ șǩǾȣǹƺȠǓǏॹ ǉȖǓƺȠǩǿǠ ȖƺȠǩȅș ȅǟ Ǯ/� = ࣥ/࣬ॹ Ǯ/� = ࣥ/ࣨ ƺǿǏ

Ǯ/� = ࣥ/ࣦॹ ȖǓșȒǓǉȠǩΚǓǹΡঀ

�ƺșǓǏ ȅǿ ȠǦǓ ȠǦǓȅȖΡॹ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ȅȣǠǦȠ Ƞȅ șǦȅΛ ƺ ǹǩǿǓƺȖ ȠȖƺǿșǩȠǩȅǿ ǈǓȠΛǓǓǿ ȠΛȅ ȒǹƺȠǓƺȣșঀ eǦǓ

șǩǾȣǹƺȠǩȅǿ ȖǓșȣǹȠș șǦȅΛ ȠǦƺȠ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ȒȖȅǠȖǓșșǓș ƺǹȅǿǠ ƺ șǦȅȣǹǏǓȖ ǉȣȖΚǓ ǩǿșȠǓƺǏ ȅǟ ƺ ǹǩǿǓƺȖ ȠȖƺǿে

șǩȠǩȅǿ শ'ǩǠঀ ƺষঀࢴࢲঀࢵ eǦǩș șȣǠǠǓșȠș ȠǦƺȠ ȠǦǓ șȅȣȖǉǓ ǓǾǩȠș ƺǿ ǩǿǦȅǾȅǠǓǿǓȅȣș ȒǦȅȠȅǿ ǏǩșȠȖǩǈȣȠǩȅǿ ƺǿǏ Ǧƺș ǈǹȣȖȖǓǏ

ǈȅȣǿǏƺȖǩǓșঀ 'ȣȖȠǦǓȖ ǩǿǏǩǉƺȠǩȅǿ ǟȅȖ ȠǦǩș ǩș ȠǦǓ ȅΚǓȖƺǹǹ ȠȖǓǿǏ ȅǟ ȠǦǓ șǩǠǿƺǹॹ ΚǩșǩǈǹǓ ǩǿ ȠǦǓ ȖǓǠǩȅǿș ǹǓǟȠ ƺǿǏ ȖǩǠǦȠ ǟȖȅǾ

ȠǦǓ ȠȖƺǿșǩȠǩȅǿॹ ΛǦǩǉǦ ǟƺǩǹ Ƞȅ ǓșȠƺǈǹǩșǦ ƺ ȒǹƺȠǓƺȣঀ �ȒȒƺȖǓǿȠǹΡॹ ȠǦǓ ȣǿșǦƺȖȒǿǓșș ǓΠȠǓǿǏș ΛǩǏǓȖ ȠǦƺǿ ȠǦǓ șǉȅȖǓǏ

ǾǾࢹ ȖǓǠǩȅǿॹ ȒȅșșǩǈǹΡ ǩǿȠȖȅǏȣǉǓǏ ǈΡ șǉƺȠȠǓȖ ǟȖȅǾ ȠǦǓ ǉȅǹǹǩǾƺȠǩǿǠ șΡșȠǓǾঀ eȅ ȕȣƺǿȠǩǟΡ ȠǦǓ ȣǿșǦƺȖȒǿǓșșॹ ȠǦǓ

ȒǓǿȣǾǈȖƺ ͡ Λƺș șȣǈșǓȕȣǓǿȠǹΡ ǉƺǹǉȣǹƺȠǓǏ ƺș ȠǦǓ ΛǩǏȠǦ ȅΚǓȖ ΛǦǩǉǦ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ ǉǦƺǿǠǓș ǟȖȅǾ ઔࢱࢳ Ƞȅ

ઔঀࢱࢹ 'ȅȖ ȠǦǓ ǠǓȅǾǓȠȖǩǓș Ǯ/� = ࣥ/࣬ॹ Ǯ/� = ࣥ/ࣨ ƺǿǏ Ǯ/� = ࣥ/ࣦॹ ȠǦǓ ǉƺǹǉȣǹƺȠǩȅǿ ȖǓȠȣȖǿǓǏ ȒǓǿȣǾǈȖƺș ȅǟ

ǾǾॹࢷࢲঀࢱ ǾǾࢲࢴঀࢱ ƺǿǏ ǾǾࢱࢷঀࢱ ΛǩǏȠǦॹ ȖǓșȒǓǉȠǩΚǓǹΡঀ eǦǓșǓ ΚƺǹȣǓș ǏǓǾȅǿșȠȖƺȠǓ ȠǦƺȠ ȠǦǓ ǉǓǿȠȖƺǹ ȖǓǠǩȅǿ ȅǟ ȠǦǓ

ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿ șǉƺǹǓș ƺȒȒȖȅΠǩǾƺȠǓǹΡ ǹǩǿǓƺȖ ΛǩȠǦ Ǯ/�ॹ ǏǓșȒǩȠǓ ȠǦǓ ȅΚǓȖƺǹǹ șǩǠǾȅǩǏ șǦƺȒǓ ȅǟ ȠǦǓ șǩǠǿƺǹঀ �ș ȠǦǓ

ǓΠƺǉȠ șȅȣȖǉǓ șǩΦǓ Ǿ ǩș ȣǿǷǿȅΛǿॹ ȠǦǓ ΛǩǏȠǦ ȅǟ ȠǦǓ ȒǓǿȣǾǈȖƺș ǉƺǿǿȅȠ ǈǓ ΚǓȖǩЙǓǏঀ /ȅΛǓΚǓȖॹ ȣșǩǿǠ ȠǦǓ ǟȅȖǾȣǹƺ

ǩǿ ȖǓΚǓȖșǓ Ƞȅ ǉƺǹǉȣǹƺȠǓ ȠǦǓ șȅȣȖǉǓ șǩΦǓ ǟȖȅǾ ȠǦǓ ȒǓǿȣǾǈȖƺș ȖǓȠȣȖǿș ƺ ΚƺǹȣǓ ƺȖȅȣǿǏ ǾǾॹࢶࢳঀࢲ ΛǦǩǉǦ ЙȠș ǩǿȠȅ ȠǦǓ

ȒǹƺȣșǩǈǹǓ ȖƺǿǠǓ ȅǟ ǾǾࢳেࢲ ǟȅȖ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖșঀ

eǦǓ ȒǦƺǿȠȅǾEe'ș ƺȖǓ ǉǹǓƺȖǹΡ ǏǓΚȅǩǏ ȅǟ ƺǿΡ șǩǿǉ ȒƺȠȠǓȖǿ শ'ǩǠঀ ǈষঀࢴࢲঀࢵ eǦǩș ǩș ȣǿǏǓȖșȠƺǿǏƺǈǹǓॹ ƺș ȠǦǓ ǏǓȠǓǉে

ȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǏǓΚǩƺȠǓș șȅ ǾȣǉǦ ǟȖȅǾ ȠǦǓ ȠǦǓȅȖǓȠǩǉƺǹ șǦƺȒǓ ƺǿǏ ȠǦǓ ǏǩșǉȅǿȠǩǿȣǩȠǩǓș ƺȠ ȠǦǓ ǈȅȣǿǏƺȖǩǓș ȅǟ ȠǦǓ

ȒǓǿȣǾǈȖƺ ƺȖǓ ȖǓȒǹƺǉǓǏ ǈΡ ǠȖƺǏȣƺǹ șǹȅȒǓșঀ �ȅǿșǓȕȣǓǿȠǹΡॹ ȠǦǓ ȒǦƺǿȠȅǾEe'ș ǏȖȅȒ Ƞȅ ΦǓȖȅ șȅǾǓΛǦǓȖǓ ƺȖȅȣǿǏ

ܽࣤ = ࣥ/͡ ƺǿǏ ȖǓǾƺǩǿ ȠǦȣș ǟȅȖ ǦǩǠǦǓȖ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓșঀ �ǹǹ ȒǦƺǿȠȅǾ Ee'ș ǏȖȅȒ ȖƺȒǩǏǹΡ ƺȠ ȠǦǓ ǈǓǠǩǿǿǩǿǠ

ȅǟ ȠǦǓ ǉȣȖΚǓॹ ȣǿȠǩǹ ƺǈȅȣȠ ࣥ−ǾǾࢲঀࢱ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡঀ � ǹȅΛ ǟȖǓȕȣǓǿǉΡ ǏȖȅȒ ǹǩǷǓ ȠǦǩș șȠǓǾș ǟȖȅǾ ǹȅǿǠেȖƺǿǠǓ

ǏǓΚǩƺȠǩȅǿș শǓঀǠঀ șǉƺȠȠǓȖࢱࢱࢲ ȅȖ ΚǓǩǹǩǿǠ ǠǹƺȖǓࢲࢱࢲষঀ /ǓȖǓ ǩȠ Λǩǹǹ ǈǓ ȠǦǓ ȖǓșȣǹȠ ȅǟ ȠǦǓ ȅΚǓȖƺǹǹ ȠȖǓǿǏ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ
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�D� 7KH FHQWUDO UHJLRQ RI WKH WUDQVLWLRQ VFDOHV DSSUR[LPDWHO\ OLQHDU ZLWK Ǯ/��
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�E� 7KH 07) DWWULEXWDEOH WR JHRPHWULF XQVKDUSQHVV GRHV QRW H[KLELW D VLQF SDWWHUQ�

)LJXUH ����� *HRPHWULF XQVKDUSQHVV LQWURGXFHG E\ 9DULDQ 7UXH%HDP �09 UDGLDWLRQ� 6LPXODWLRQ RI DQ LGHDO HGJH SKDQWRP ZLWK QHJOLJLEOH WKLFNQHVV DQG FRPSOHWH DEVRUSWLRQ LQ DLU JDS JHRPHWU\�
6,' À[HG WR ��� FP� SKDQWRP�WR�LPDJHU GLVWDQFH Ǯ ZDV YDULHG�
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�D� $ WKLFN� LGHDOL]HG SKDQWRP FUHDWHV D RQH�VLGHG XQVKDUSQHVV� 7KH GLVWULEXWLRQ LQ WKH
RSHQ ÀHOG HTXDOV WKDW RI D WKLQ SKDQWRP DW GLVWDQFH LQ DLU JDS JHRPHWU\ �)LJ� ����D��
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�E� 7KH ULJKW DQJOH SUHVHQW LQ WKH GHWHFWRU LQSXW VLJQDO RIIHUV KLJK�IUHTXHQF\ FRPSR�
QHQWV ZKLFK LQFUHDVH WKH 07) YDOXHV�

)LJXUH ����� 6LPXODWLRQ RI D WKLFN� FRPSOHWHO\ DEVRUELQJ SKDQWRP LQ FRQWDFW JHRPHWU\ �9DULDQ 7UXH%HDP �09 SKRWRQ EHDP� 6,' ��� FP�� 7KH SKDQWRP WKLFNQHVV ȿ HTXDOHG WKH SKDQWRP�WR�
LPDJHU GLVWDQFH Ǯ LQ WKH SUHYLRXV VLPXODWLRQ �)LJ� ������
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șǩǠǿƺǹঀ eȅ șȣǾǾƺȖǩșǓॹ ǩȠ ǉƺǿ ǈǓ ǿȅȠǓǏ ȠǦƺȠ ȠǦǓ ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓ ȅǟ ƺ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ ǩș ǹǓșș șǦƺȖȒǹΡ ǏǓЙǿǓǏ ȠǦƺǿ

ȠǦǓ ǟȅǉƺǹ șȒȅȠ ȅǟ ƺǿ ΠেȖƺΡ ȠȣǈǓॹ șȅ ȠǦƺȠ ȠǦǓ ǠǓȅǾǓȠȖǩǉ ǏǓЙǿǩȠǩȅǿ ǠǩΚǓǿ ǈΡ �ȕঀশࢳঀࢱࢵষ ǉƺǿ ȅǿǹΡ șǓȖΚǓ ƺș ƺ ȖȅȣǠǦ

ƺȒȒȖȅΠǩǾƺȠǩȅǿঀ

2ǿ ƺ șǓǉȅǿǏ șȠȣǏΡॹ ȠǦǓ ƺǈȅΚǓ șǩǾȣǹƺȠǩȅǿș ΛǓȖǓ ȖǓȒǓƺȠǓǏ ΛǩȠǦ ȠǦǓ ȒǦƺǿȠȅǾ ǓΠȠǓǿǏǩǿǠ ƺǹǹ ȠǦǓ ΛƺΡ Ƞȅ ȠǦǓ ǩǾƺǠǓ

ȒǹƺǿǓॹ ǩঀǓঀ ǾǩǾǩǉǷǩǿǠ ȠǦǓEe'ǾǓƺșȣȖǓǾǓǿȠ ΛǩȠǦ ƺ ȠǦǩǉǷ ǓǏǠǓ ȒǦƺǿȠȅǾ শǮȿࢱࢳ ǉǾॹ ࢷࢴ ǉǾॹ ࢱࢷ ǉǾষ ǩǿ ǉȅǿȠƺǉȠ

ǠǓȅǾǓȠȖΡঀ

eǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǩǿ ȠǦǓ ƺȖǓƺ ǈǓǹȅΛ ȠǦǓ ȒǦƺǿȠȅǾ ǩș ǩǏǓƺǹ ǏȣǓ Ƞȅ ǉȅǾȒǹǓȠǓ ƺǈșȅȖȒȠǩȅǿ

শ'ǩǠঀ ƺষঀࢵࢲঀࢵ 2ǿ ȠǦǓ ȅȒǓǿ ЙǓǹǏॹ ȠǦǓ șǩǠǿƺǹ ǓΠƺǉȠǹΡ ǾƺȠǉǦǓș ȠǦǓ ǏǩșȠȖǩǈȣȠǩȅǿ ǉȖǓƺȠǓǏ ǈΡ ƺ ȠǦǩǿ ȒǦƺǿȠȅǾ ƺȠ ȠǦǓ

șƺǾǓ ǏǩșȠƺǿǉǓ Ǯ ǟȖȅǾ ȠǦǓ ǩǾƺǠǓȖঀ 2ǿ ǉȅǿșǓȕȣǓǿǉǓॹ ȠǦǓ ȒǓǿȣǾǈȖƺș ƺȖǓ Ǧƺǹǟ ƺș ǹƺȖǠǓ ƺș ǏǓȠǓȖǾǩǿǓǏ ƺǈȅΚǓ ƺǿǏ

șǦǩǟȠǓǏ ȅАেǉǓǿȠǓȖঀ eǦǓ ȅΚǓȖƺǹǹ ǓАǓǉȠ ǉȅȣǹǏ ǈǓ ǏǓșǉȖǩǈǓǏ ƺș ƺ ȅǿǓেșǩǏǓǏ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșঀ eǦǓ șǓǾǩেǩǏǓƺǹ

ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǉȖǓƺȠǓș ƺǿ ǩǿȠǓȖǓșȠǩǿǠ ȅȣȠǉȅǾǓ ǩǿ ȠǦǓ ȒǦƺǿȠȅǾEe' শ'ǩǠঀ ǈষॸࢵࢲঀࢵ 'ȅȖ ȅǿǓ ȠǦǩǿǠॹ ȠǦǓEe'

ΚƺǹȣǓș ƺȖǓ ǹƺȖǠǓȖ ƺȠ ƺǹǹ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓșঀ 'ȣȖȠǦǓȖǾȅȖǓॹ ȠǦǓ ȒǦƺǿȠȅǾEe'ș Ǐȅ ǿȅȠ ǏȖȅȒ Ƞȅ ΦǓȖȅ ƺș ǈǓǟȅȖǓॹ ǈȣȠ

șȠƺǈǩǹǩΦǓ ƺȠ ƺ ΚƺǹȣǓ ȅǟ ঀࢶঀࢱ eǦǩș ǉƺǿ ǈǓ ƺȠȠȖǩǈȣȠǓǏ Ƞȅ ȠǦǓ șǦƺȖȒ ǓǏǠǓ ǩǿ ȠǦǓ șǩǠǿƺǹ ǏǩșȠȖǩǈȣȠǩȅǿ ǈǓǹȅΛ ȠǦǓ ȒǦƺǿȠȅǾॹ

ΛǦǩǉǦ ȒȖȅΚǩǏǓș ȒȖǓΚǩȅȣșǹΡǾǩșșǩǿǠ ǦǩǠǦ ǟȖǓȕȣǓǿǉΡ ǉȅǾȒȅǿǓǿȠșঀ eǦǓ ȖǓșȣǹȠș ȅǟ ȠǦǩș șȠȣǏΡΛǩǹǹ ȖǓǠƺǩǿ ǩǾȒȅȖȠƺǿǉǓ

ΛǦǓǿ ǏǩșǉȣșșǩǿǠ șȠȖƺȠǓǠǩǓș ǟȅȖ ȅȒȠǩǾǩΦǩǿǠ ȠǦǓ Ee'ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡঀ

ॎ৺्৺ौ �ӼҺӵԱԖӥԖ ԃӜ ԖӒӈԃӼӎҺԒԱ ԒҺӎӥҺԝӥԃӼ

eǦǓ ƺǈȅΚǓ ǓΠǓȖǉǩșǓ Λƺș ȖǓȒǓƺȠǓǏ ΛǩȠǦ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿॹ ȅǿǹΡ șǉȅȖǩǿǠ ȠǦȅșǓ ȒƺȖȠǩǉǹǓș ΛǦǩǉǦ ȅȖǩǠǩǿƺȠǓǏ ǟȖȅǾ

ΛǩȠǦǩǿ ȠǦǓ ȒǦƺǿȠȅǾঀ eȅ ǏǓȠǓȖǾǩǿǓ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǿ ȠǦǓ ƺǉǉȣȖƺǉΡ ǟȖȅǾ șǉƺȠȠǓȖ ƺǹȅǿǓॹ ȠǦǓ șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿ ȅǟ

ǓƺǉǦ ȒǦƺǿȠȅǾ Λƺș ƺǏǏǓǏ Ƞȅ ƺǿ ǩǏǓƺǹǩΦǓǏ ȒȖǩǾƺȖΡ ǏǩșȠȖǩǈȣȠǩȅǿॹ ΛǦǩǉǦ șǦȅΛǓǏ ȠǦǓ șƺǾǓ ƺǈșȅȖȒȠǩȅǿ ǹǓΚǓǹ ƺș ȠǦǓ

ȅȖǩǠǩǿƺǹ ȒȖǩǾƺȖΡ ǏǩșȠȖǩǈȣȠǩȅǿॹ ǈȣȠ ǟǓƺȠȣȖǓǏ ƺ ȒǓȖǟǓǉȠ șȠǓȒেǟȣǿǉȠǩȅǿ ȒȖȅЙǹǓঀ eǦǓ ȒǦƺǿȠȅǾEe' ȠǦȣș șǦȅΛș ȠǦǓ

șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ȠǦƺȠ ȅǉǉȣȖș ǟȖȅǾ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ ƺǹȅǿǓॹ ΛǩȠǦȅȣȠ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșঀ

eǦǓ ǏǩșȠȖǩǈȣȠǩȅǿ ȅǟ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ ǩș ǟȅȣǿǏ Ƞȅ ǏǓȒǓǿǏ șȠȖȅǿǠǹΡ ȅǿ ȠǦǓ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș শ'ǩǠঀ ষঀࢶࢲঀࢵ

'ȅȖ ȠǦǓ ࢴঀࢲ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾॹ ȠǦǓ ǏǩșȠȖǩǈȣȠǩȅǿ ȖǓșǓǾǈǹǓș ƺ șȠǓȒ ǟȣǿǉȠǩȅǿॹ ΛǩȠǦ ȠǦǓ ǏǩȖǓǉȠǩȅǿ ȅǟ ȠǦǓ șȠǓȒ ǩǿΚǓȖȠǓǏ

ǉȅǾȒƺȖǓǏ Ƞȅ ȠǦǓ ȒȖǩǾƺȖΡ șǩǠǿƺǹঀ XǦȅȠȅǿș ƺȖǓ ǾƺǩǿǹΡ ǟȅȖΛƺȖǏ șǉƺȠȠǓȖǓǏ Ƞȅ ȠǦǓ ǏǓȠǓǉȠȅȖॹ ǈȣȠ ȠǦǓ ȒȖȅЙǹǓ ǓΠȠǓǿǏș

șǓΚǓȖƺǹ ǉǓǿȠǩǾǓȠǓȖș ǩǿȠȅ ȠǦǓ ƺȖǓƺ ȅǟ ȠǦǓ ȅȒǓǿ ЙǓǹǏঀ eǦǩș ǏǩșȠȖǩǈȣȠǩȅǿ ǩș ǉǹȅșǓșȠ Ƞȅ ȠǦǓ ȖǓȒȅȖȠș ǈΡ FǓǩȠΦǓǹ ǓȠ ƺǹঀ ࢸࢵ

ǟȅȖ ȒƺȖȠǩƺǹǹΡ ƺǈșȅȖǈǩǿǠ ǓǏǠǓ ȒǦƺǿȠȅǾș ƺȠ Ƿt ȖƺǏǩƺȠǩȅǿ ȕȣƺǹǩȠǩǓș শǉȅǾȒƺȖǓ ^ǓǉȠǩȅǿ ষঀࢵঀࢶঀࢳ vǩȠǦ ǹƺȖǠǓȖ ȒǦƺǿȠȅǾ

ȠǦǩǉǷǿǓșșॹ ȠǦǓ ǓǿȠǩȖǓ șǦƺȒǓ ȅǟ ȠǦǓ ǏǩșȠȖǩǈȣȠǩȅǿ ǉǦƺǿǠǓșॸ eǦǓ ǹǓΚǓǹ ȅǟ ǟȅȖΛƺȖǏ șǉƺȠȠǓȖǓǏ ȒǦƺǿȠȅǾș ǩș ȖǓǏȣǉǓǏॹ

ǩǿǏǩǉƺȠǩǿǠ ȠǦƺȠ ȒƺȖȠ ȅǟ ȠǦǓ ȖƺǏǩƺȠǩȅǿ ǉȖǓƺȠǓǏΛǩȠǦǩǿ ȠǦǓ ȒǦƺǿȠȅǾ ǩș ƺǈșȅȖǈǓǏ ǈǓǟȅȖǓ ǩȠ ȖǓƺǉǦǓș ȠǦǓ ǏǓȠǓǉȠȅȖ ȒǹƺǿǓঀ

Kǿ ȠǦǓ ȅȠǦǓȖ ǦƺǿǏॹ ȠǦǓ ƺǾȅȣǿȠ ȅǟ ȒǦȅȠȅǿș șǉƺȠȠǓȖǓǏ ǩǿȠȅ ȠǦǓ ȅȒǓǿ ЙǓǹǏ ǩș ƺǉȠȣƺǹǹΡ ǦǩǠǦǓȖ ǩǿ ȠǦǩǉǷǓȖ ȒǦƺǿȠȅǾșঀ

2ǿ ƺǏǏǩȠǩȅǿॹ ΛǓ ǉƺǿ ȅǈșǓȖΚǓ ȠǦƺȠ ȠǦǓ șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿ ǓΠȒƺǿǏș ǟȣȖȠǦǓȖ ǩǿȠȅ ȠǦǓ ȅȒǓǿ ЙǓǹǏঀ

eǦǓȖǓ ƺȖǓ ȠΛȅ ȒȅșșǩǈǹǓ ȅȖǩǠǩǿș ǟȅȖ ȠǦǓ ȒǦȅȠȅǿș ǏǓȠǓǉȠǓǏ ǩǿ ȠǦǓ ȅȒǓǿ ЙǓǹǏঀ eǦǓΡ ǉƺǿ șȠǓǾ ǟȖȅǾ șǉƺȠȠǓȖ ǓΚǓǿȠș

ȠƺǷǩǿǠ ȒǹƺǉǓ ǿǓƺȖ Ƞȅ ȠǦǓ ǓǏǠǓॹ ȅȖ ȠǦǓΡǾǩǠǦȠ ƺȖǩșǓ ǟȖȅǾǈƺǉǷșǉƺȠȠǓȖΛǦǩǉǦ ǩș ǉȖǓƺȠǓǏ ƺș ǓΠȠȖƺǟȅǉƺǹ ȖƺǏǩƺȠǩȅǿ ǦǩȠș ȠǦǓ

ࢹࢷ



)LJXUH ����� 'LVWULEXWLRQ
RI VHFRQGDU\ UDGLDWLRQ
EHORZ OHDG HGJH SKDQWRPV
RI ��� FP� ��� FP� ��� FP
DQG ���� FP WKLFNQHVV�
/HIW VLGH� EHORZ SKDQWRP�
5LJKW VLGH� RSHQ ÀHOG�

1.3 cm lead

3.3 cm lead

5.0 cm lead

10.0 cm lead
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)LJXUH ����� 'HWHFWRU
LQSXW VLJQDO RI OHDG HGJH
SKDQWRPV� EDVHG RQ
DERYH VFDWWHU GLVWULEXWLRQ
DQG LGHDOL]HG SULPDU\
GLVWULEXWLRQ �HOLPLQDWLQJ
LQÁXHQFH RI JHRPHWULF
XQVKDUSQHVV��

1.3 cm lead

3.3 cm lead

5.0 cm lead

10.0 cm lead
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șǩǏǓΛƺǹǹ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾঀ �ǿƺǏǏǩȠǩȅǿƺǹ șǩǾȣǹƺȠǩȅǿΛǩȠǦ ƺȒȅǩǿȠ șȅȣȖǉǓ শǿȅ ǓΠȠȖƺেǟȅǉƺǹ ȖƺǏǩƺȠǩȅǿॹ ǿȅǈƺǉǷșǉƺȠȠǓȖষ

șǦȅΛǓǏǿȅǏǩАǓȖǓǿǉǓ Ƞȅ ȠǦǓ ȒȖǓΚǩȅȣș ȖǓșȣǹȠॹ șȅ ȠǦƺȠ ǈƺǉǷșǉƺȠȠǓȖ ǉƺǿǈǓ ǉȅǿșǩǏǓȖǓǏǿǓǠǹǩǠǩǈǹǓঀ vǦǓǿ ȠǦǓ ȒǦƺǿȠȅǾ

ȠǦǩǉǷǿǓșș ǩǿǉȖǓƺșǓșॹ ȠǦǓ ȣȒȒǓȖ ȒƺȖȠ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾ ǩș ƺȠ ƺ ǹƺȖǠǓȖ ǏǩșȠƺǿǉǓ ǟȖȅǾ ȠǦǓ ǏǓȠǓǉȠȅȖঀ XǦȅȠȅǿș ǟȖȅǾ șǉƺȠȠǓȖ

ǓΚǓǿȠș ǿǓƺȖ ȠǦǓ ǓǏǠǓ ȒȖȅȒƺǠƺȠǓΛǩȠǦ ƺǿ ƺǿǠȣǹƺȖ ǏǩșȠȖǩǈȣȠǩȅǿॹ ƺǉǉȅȖǏǩǿǠ Ƞȅ ȠǦǓ ȒǦȅȠȅǿ ǓǿǓȖǠΡॹ șȅ ȠǦƺȠ ȠǦǓ ǏǩșȠƺǿǉǓ

ȅǟ ȠǦǓ șǉƺȠȠǓȖ ȅȖǩǠǩǿ ǟȖȅǾ ȠǦǓ ǏǓȠǓǉȠȅȖ ǏǓȠǓȖǾǩǿǓș ȠǦǓ ΛǩǏȠǦ ȅǟ ȠǦǓ șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿঀ eǦǓ ǩǿǉȖǓƺșǩǿǠ ƺǾȅȣǿȠ

ȅǟ șǉƺȠȠǓȖ ǩǿ ȠǦǓ ȅȣȠǓȖ ȖǓǠǩȅǿ ȅǟ ȠǦǓ ȅȒǓǿ ЙǓǹǏ ǩș ȠǦǓȖǓǟȅȖǓ ȣǿǏǓȖșȠƺǿǏƺǈǹǓঀ

KǿǉǓ ȠǦǓ șǩǠǿƺǹ ǟȖȅǾ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ ǩș ƺǏǏǓǏ Ƞȅ ƺǿ ǩǏǓƺǹǩΦǓǏ ȒȖǩǾƺȖΡ șǩǠǿƺǹॹ ǩȠ ǈǓǉȅǾǓș ǓΚǩǏǓǿȠ ǦȅΛ ȠǦǓ

șǉƺȠȠǓȖ ǉȅǿȠȅȖȠș ȠǦǓ ȒȖǩǾƺȖΡ șǩǠǿƺǹ ǟȅȖ ȠǦǩǿ ȒǦƺǿȠȅǾș শ'ǩǠঀ ষঀࢷࢲঀࢵ ^ǩǿǉǓ ȠǦǓ ǏǩșȠȖǩǈȣȠǩȅǿ ȅǟ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ

ǟȅȖ ȠǦǓ ࢴঀࢲ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾ ǩș ǾȅȖǓ ȅȖ ǹǓșș ǩǿΚǓȖșǓ Ƞȅ ȠǦǓ ƺǈșȅȖȒȠǩȅǿ ȒȖȅЙǹǓ ǠǩΚǓǿ ǈΡ ȒȖǩǾƺȖΡ ȖƺǏǩƺȠǩȅǿॹ ȠǦǓ

șȣǾ ȅǟ ǈȅȠǦ ǉȅǾȒȅǿǓǿȠș ǟȅȖǾș ȠǦǓ ȅǈșǓȖΚǓǏ ǓǏǠǓ ǓǿǦƺǿǉǓǾǓǿȠঀ �ǹȠǦȅȣǠǦ ǹǓșș ȒȖȅǿȅȣǿǉǓǏॹ ȠǦǓ ǓАǓǉȠ ǩș șȠǩǹǹ

ǉǹǓƺȖǹΡ ΚǩșǩǈǹǓ ǟȅȖ ࢴঀࢴ ǉǾ ƺǿǏ ࢱঀࢶ ǉǾ ǹǓƺǏঀ eǦǓ șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿ ȅǟ ȠǦǓ ࢱঀࢱࢲ ǉǾ ȒǦƺǿȠȅǾ șǦȅΛǓǏ ȠǦƺȠ ǾȅșȠ

ǟȅȖΛƺȖǏেșǉƺȠȠǓȖǓǏ ȒƺȖȠǩǉǹǓș ƺȖǓ ƺǈșȅȖǈǓǏ ΛǩȠǦǩǿ ȠǦǓ ȒǦƺǿȠȅǾॹ ǈȣȠ ȒǦȅȠȅǿș șǉƺȠȠǓȖǓǏ șǩǏǓΛƺΡș Λǩǹǹ ȖǓƺǉǦ ǟȣȖȠǦǓȖ

ࢺࢷ



1.3 cm lead 3.3 cm lead 5.0 cm lead 10.0 cm lead

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

���

���

�	
��
 ��������� [��-�]

��
��
��
�
�
	


)LJXUH ����� 3KDQWRP
07) GHULYHG IURP VHF�
RQGDU\ UDGLDWLRQ �LQ DGGL�
WLRQ WR LGHDOL]HG SULPDU\
UDGLDWLRQ�� H[FOXGLQJ JHR�
PHWULF XQVKDUSQHVV� 7KH
PHDVXUHG 07) RYHUHV�
WLPDWHV WKH WUXH 07) LQ
WKH SUHVHQFH RI VFDWWHU RU
EUHPVVWUDKOXQJ�

ȅȣȠঀ /ǓȖǓॹ ȠǦǩș ǩș șǓǓǿ ǩǿ ƺ șǾƺǹǹ ȣȒΛƺȖǏș ȠȖǓǿǏ ȅǟ ȠǦǓ șǩǠǿƺǹ ȅΚǓȖ ȠǦǓ ΛǩǏȠǦ ȅǟ ȠǦǓ ȅȒǓǿ ЙǓǹǏঀ

�ǹȠǦȅȣǠǦ ȠǦǓ șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿș ƺȖǓ ȕȣǩȠǓ ǦǓȠǓȖȅǠǓǿǓȅȣș ǩǿ șǦƺȒǓॹ ȠǦǓǩȖ ǓАǓǉȠ ȅǿ ȠǦǓEe' ǩș șǩǾǩǹƺȖॸ vǦǓǿ

ȠǦǓ ǏǩșȠȖǩǈȣȠǩȅǿ ǈǓǦƺΚǓș ƺș ƺǿ ǩǿΚǓȖșǓ șȠǓȒ ǟȣǿǉȠǩȅǿ ƺǿǏ ǉȖǓƺȠǓș ǏǩșȠȅȖȠǩȅǿș ƺȖȅȣǿǏ ȠǦǓ ǓǏǠǓ ȠȖƺǿșǩȠǩȅǿॹ ȠǦǓ ǾǓƺে

șȣȖǓǏ Ee' ȅΚǓȖǓșȠǩǾƺȠǓș ȠǦǓ ȠȖȣǓ Ee'ঀ eǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ șǦȅΛș ƺ ǈȣǩǹǏেȣȒ Ƞȅ ΚƺǹȣǓș ƺǈȅΚǓ ࢱঀࢲ ƺǿǏ ƺǟȠǓȖে

ΛƺȖǏș ȖǓǾƺǩǿș ǉȅǿșȠƺǿȠ ΛǩȠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡঀ eǦǩș ǩș ǩǿ ƺǉǉȅȖǏƺǿǉǓ ΛǩȠǦ ȠǦǓ ȖǓșȣǹȠș ȖǓȒȅȖȠǓǏ ǈΡ FǓǩȠΦǓǹ ǓȠ

ƺǹঀ শ^ǓǉȠǩȅǿ ষঀࢵঀࢶঀࢳ eǦǓ ǓАǓǉȠ ǉƺǿ ǈǓ ȅǈșǓȖΚǓǏ ǟȅȖ ȠǦǓ ࢴঀࢲ ǉǾॹ ࢴঀࢴ ǉǾ ƺǿǏ ࢱঀࢶ ǉǾ ȒǦƺǿȠȅǾॹ ΛǦǓȖǓ ȠǦǓ ǓȖȖȅȖ

ƺǾȅȣǿȠș Ƞȅ ઔॹࢹࢴ ࢳࢲ ઔ ƺǿǏ ઔॹࢵ ȖǓșȒǓǉȠǩΚǓǹΡঀ eǦǓ ǓΠǉǓȒȠǩȅǿ ǩș ȠǦǓ ȠǦǩǉǷ ࢱঀࢱࢲ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾॹ ΛǦǓȖǓ ȠǦǓ șǉƺȠে

ȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿ Λƺș ǿȅȠ ǩǿΚǓȖșǓ Ƞȅ ȠǦǓ ȒȖȅЙǹǓ ȅǟ ȠǦǓ ǉȅȖȖǓșȒȅǿǏǩǿǠ ȒȖǩǾƺȖΡ ȖƺǏǩƺȠǩȅǿঀ 2ǿ ȠǦǩș ǉƺșǓॹ ȠǦǓȖǓ ǩș ǿȅ

ǓǏǠǓ ǓǿǦƺǿǉǓǾǓǿȠ ǓАǓǉȠ ƺǿǏ ȠǦǓ ǾǓƺșȣȖǓǏEe' ǩș șǹǩǠǦȠǹΡ șǾƺǹǹǓȖ ȠǦƺǿ ȠǦǓ ȠȖȣǓ Ee' শেࢱঀࢸ ઔষঀ

eǦǓ Ee' ǩș ΚǓȖΡ șǓǿșǩȠǩΚǓ Ƞȅ ǉǦƺǿǠǓș ǩǿ ȠǦǓ ǏǩșȠȖǩǈȣȠǩȅǿ ȅǟ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿঀ eǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖș ƺȖǓ

ȅΚǓȖƺǹǹ ǹƺȖǠǓȖ ƺǿǏǾȅȖǓ ǏǩΚǓȖǠǓǿȠ ǉȅǾȒƺȖǓǏ Ƞȅ ȠǦǓ ǓȖȖȅȖș ǩǿȠȖȅǏȣǉǓǏ ǈΡ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșঀ eǦǓ ȠǦǓȅȖǓȠǩǉƺǹ

ǾȅǏǓǹ ȒȖǓșǓǿȠǓǏ ǈΡ FǓǩȠΦǓǹ ǓȠ ƺǹঀ ǉƺǿǿȅȠ ǈǓ ȣșǓǏ ΛǩȠǦ Etࢷ ȖƺǏǩƺȠǩȅǿॹ ƺș ȠǦǓ șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿ ǩș ΚǓȖΡ ǏǩАǓȖে

ǓǿȠ ǟȖȅǾ ȠǦǓ ȅǿǓ ȅǈșǓȖΚǓǏ ƺȠ Ƿt ȖƺǏǩƺȠǩȅǿ ȕȣƺǹǩȠǩǓșঀ /ȅΛǓΚǓȖॹ ǩȠ Λƺș ǉȅǿЙȖǾǓǏ ȠǦƺȠॹ ǩǟ ȒȖǓșǓǿȠ ǩǿ șǩǠǿǩЙǉƺǿȠ

ȕȣƺǿȠǩȠǩǓșॹ șǉƺȠȠǓȖ Λǩǹǹ ǹǓƺǏ Ƞȅ ƺ ȒȖȅǿȅȣǿǉǓǏ Ee' ȅΚǓȖǓșȠǩǾƺȠǩȅǿঀ eǦǓȖǓǟȅȖǓॹ ΛǦǓǿǓΚǓȖ ȠǦǓ ΚƺǹȣǓș ȅǟ ƺ ǾǓƺে

șȣȖǓǏ ǏǓȠǓǉȠȅȖ Ee' ǓΠǉǓǓǏ ȠǦǓ ΦǓȖȅ ǟȖǓȕȣǓǿǉΡ ΚƺǹȣǓ ȅǟ ॹࢱঀࢲ ȠǦǩș ǩș ƺ șȠȖȅǿǠ ǩǿǏǩǉƺȠǩȅǿ ȠǦƺȠ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ

șǩǠǿƺǹ ǩș ǩǾȒƺǩȖǓǏ ǈΡ șǉƺȠȠǓȖঀ

ॎ৺्৺् ^ԱԖԝӒӻҺԝӥӈ ӒԒԒԃԒ ӥӼԝԒԃӎԡӈӒӎ ӅԱ ӵӒҺӎ ԏӢҺӼԝԃӻԖ

eǦǓ ǩǿǏǩΚǩǏȣƺǹ ƺǿƺǹΡșǩș ȅǟ ȒȖǩǾƺȖΡ ƺǿǏ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ șǦȅΛǓǏ ȠǦƺȠ ΛǦǩǹǓ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșș ǉƺǿ ǈǓ

ǿǓǠǹǓǉȠǓǏॹEe'ǾǓƺșȣȖǓǾǓǿȠșΛǩǹǹ ǈǓ șȣǈǴǓǉȠ Ƞȅ ǩǿМȣǓǿǉǓș ǟȖȅǾ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ƺǿǏ șǉƺȠȠǓȖॹ ȒȅșșǩǈǹΡ ƺȠ

ƺ ǹƺȖǠǓ șǉƺǹǓঀ hǿǟȅȖȠȣǿƺȠǓǹΡॹ ȠǦǓ ǓАǓǉȠș ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ƺǿǏ șǉƺȠȠǓȖ ƺȖǓ ǏǩƺǾǓȠȖǩǉƺǹǹΡ ȅȒȒȅșǩǿǠঀ vǦǩǹǓ

ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩș ȖǓǏȣǉǓǏ ΛǦǓǿ ƺ ȠǦǩǿǿǓȖ ȒǦƺǿȠȅǾ ǩș ȣșǓǏॹ ƺ ȠǦǩǉǷǓȖ ȒǦƺǿȠȅǾ ΛȅȣǹǏ ǈǓ ǾȅȖǓ șȣǩȠƺǈǹǓ

ࢱࢸ



Ƞȅ ȒȖǓΚǓǿȠ șǉƺȠȠǓȖঀ eǦǩș ǩǾȒǹǩǓș ȠǦƺȠ ƺ ǉȅǾȒȖȅǾǩșǓ ǾȣșȠ ǈǓ ǟȅȣǿǏ Ƞȅ ƺǉǦǩǓΚǓ ȠǦǓ ǦǩǠǦǓșȠ ȅΚǓȖƺǹǹ ǾǓƺșȣȖǓǾǓǿȠ

ƺǉǉȣȖƺǉΡঀ

eǦǓ ȠȖƺǏǓেȅА ǈǓȠΛǓǓǿ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ƺǿǏ șǉƺȠȠǓȖ ǈǓǉȅǾǓș ǓΚǩǏǓǿȠ ΛǦǓǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ

ƺǿǏ ȠǦǓ ȒǦƺǿȠȅǾEe' ƺȖǓ șǦȅΛǿ ƺǹȅǿǠ ΛǩȠǦ ȠǦǓ ȖǓșȒǓǉȠǩΚǓ ǉȅǿȠȖǩǈȣȠǩȅǿș শ'ǩǠঀ ࢹࢲঀࢵ ƺǿǏ 'ǩǠঀ ষঀࢺࢲঀࢵ eǦǓ ȒǦƺǿে

ȠȅǾEe' ǟȅȖ ࢴঀࢲ ǉǾ ǹǓƺǏ ǩș ǏȅǾǩǿƺȠǓǏ ǈΡ ǏǓΚǩƺȠǩȅǿș ǟȖȅǾ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿॹ ΛǦǩǹǓ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩș

ǿǓǠǹǩǠǩǈǹǓ শ'ǩǠঀ ƺষঀࢺࢲঀࢵ eǦǓ ȅȒȒȅșǩȠǓ ƺȒȒǹǩǓș ǟȅȖ ȠǦǓ ࢱঀࢱࢲ ǉǾ ȠǦǩǉǷ ȒǦƺǿȠȅǾॹΛǦǓȖǓ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ șǓǉȅǿǏƺȖΡ Ȗƺে

ǏǩƺȠǩȅǿ ǩș ǿǓǠǹǩǠǩǈǹǓ ƺǿǏ ȠǦǓ ȠȅȠƺǹEe'ǉȅǩǿǉǩǏǓșΛǩȠǦ ȠǦǓEe'ǉȅǾȒȅǿǓǿȠ ǟȖȅǾȒȖǩǾƺȖΡ ȖƺǏǩƺȠǩȅǿ শ'ǩǠঀ Ǐষঀࢺࢲঀࢵ

�ǓȠΛǓǓǿ ȠǦǓșǓ ǓΠȠȖǓǾǓșॹ ƺ ǈƺǹƺǿǉǓ ǉƺǿ ǈǓ ǓșȠƺǈǹǩșǦǓǏॹ ƺș ȠǦǓ ȅΚǓȖǓșȠǩǾƺȠǩȅǿ ǟȖȅǾ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ ǩș ǉȅǾȒǓǿে

șƺȠǓǏ ǈΡ ȠǦǓ ǓАǓǉȠș ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșঀ /ȅΛǓΚǓȖॹ ƺș ȠǦǓ ǩǾȒƺǉȠ ǟȖȅǾ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ ǩș ǉȅǿșȠƺǿȠΛǩȠǦ

șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡॹ ΛǦǩǹǓ ȠǦǓ ǩǾȒƺǉȠ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩǿǉȖǓƺșǓș ΛǩȠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡॹ ȠǦǓ ǉȅǾȒǓǿșƺে

Ƞǩȅǿ ǉƺǿ ȅǿǹΡ ǈǓ ǓАǓǉȠǩΚǓ ΛǩȠǦǩǿ ƺ ǉǓȖȠƺǩǿ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓঀ

eǦǓ ƺǈșȅǹȣȠǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǩǿȠȖȅǏȣǉǓǏ Ƞȅ ȠǦǓEe'ǾǓƺșȣȖǓǾǓǿȠ ǈΡ ȠǦǓ ࢴঀࢲ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾ ƺǾȅȣǿȠș Ƞȅ

ƺ ǉȅǿșȠƺǿȠ ΚƺǹȣǓ ȅǟ ࢶࢴઔ ƺǟȠǓȖ ȠǦǓ ǩǿǩȠǩƺǹ ǈȣǩǹǏেȣȒঀ 'ȅȖ ࢱঀࢱࢲ ǉǾ ǹǓƺǏॹ ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǩǿǉȖǓƺșǓș șȠǓƺǏǩǹΡ ΛǩȠǦ

șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ Ƞȅ ƺ ΚƺǹȣǓ ȅǟ েࢺ ઔ ƺȠ ǾǾ−ࣥঀࢲ eǦǓ ȒǦƺǿȠȅǾș ΛǩȠǦ ƺǿ ǩǿȠǓȖǾǓǏǩƺȠǓ ȠǦǩǉǷǿǓșș ȅǟ ࢴঀࢴ ǉǾ ƺǿǏ

ࢱঀࢶ ǉǾ ǹǓƺǏ șǦȅΛ ǈȅȠǦ ȠǦǓ ǩǿǩȠǩƺǹ ǈȣǩǹǏেȣȒॹ ƺș ΛǓǹǹ ƺș ȠǦǓ ǏǓǉȖǓƺșǓ ΛǩȠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ শeƺǈǹǓ ষঀࢲঀࢵ �ƺǉǦ ȒǦƺǿে

ȠȅǾ ǩǿȠȖȅǏȣǉǓș ƺ ǏǓΚǩƺȠǩȅǿ ȅǟ șǓΚǓȖƺǹ ȒǓȖǉǓǿȠ ƺȠ șȅǾǓ ȒȅǩǿȠ ΛǩȠǦǩǿ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓ ȣȒ Ƞȅ ǾǾ−ࣥঀࢲ

2ǿ ǉȅǿȠȖƺșȠॹ ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǏȣǓ Ƞȅ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ƺȠ Ƿt ǓǿǓȖǠǩǓș ǉƺǿ ǈǓ ǹǩǾǩȠǓǏ Ƞȅ ࢲঀࢱ ઔঀࢸࢵ =ȣǏǠǩǿǠ ǈΡ ȠǦǓ

șǩǠǿǩЙǉƺǿȠ ǏǩАǓȖǓǿǉǓș ǩǿ ȠǦǓ ȅȣȠǉȅǾǓ ǈǓȠΛǓǓǿ ȠǦǓșǓ ȒǦƺǿȠȅǾșॹ ǩȠ șǦȅȣǹǏ ǈǓ ǹǓǠǩȠǩǾƺȠǓ Ƞȅ ȕȣǓșȠǩȅǿ ȠǦǓ ǉȅǾȒƺে

ȖƺǈǩǹǩȠΡ ȅǟ ǏǓȠǓǉȠȅȖ Ee'ș ȖǓȒȅȖȠǓǏ ǩǿ ȠǦǓ ǹǩȠǓȖƺȠȣȖǓঀ

XǦƺǿȠȅǾEe' XǦƺǿȠȅǾEe' XǦƺǿȠȅǾEe'
ࣥ−ǾǾࢲঀࢱ ࣥ−ǾǾࢶঀࢱ ࣥ−ǾǾࢱঀࢲ

@ǓƺǏॹ ࢴঀࢲ ǉǾ ࢺࢳঀࢲ ࢶࢴঀࢲ ࢶࢴঀࢲ
@ǓƺǏॹ ࢴঀࢴ ǉǾ ࢲࢲঀࢲ ࢺࢱঀࢲ ࢷࢱঀࢲ
@ǓƺǏॹ ࢱঀࢶ ǉǾ ࢵࢱঀࢲ ࢲࢱঀࢲ ࢸࢺঀࢱ
@ǓƺǏॹ ࢱঀࢱࢲ ǉǾ ࢹࢺঀࢱ ࢵࢺঀࢱ ࢲࢺঀࢱ

7DEOH ���� 3KDQWRP 07) DW VHOHFWHG VSDWLDO IUHTXHQFLHV GHULYHG IURP 0RQWH &DUOR VLPXODWLRQV IRU IRXU H[SHULPHQWDOO\ LQYHVWLJDWHG
HGJH SKDQWRPV DW �09 EHDP TXDOLW\ DQG 6,' ��� FP� 7KH 07) YDOXHV LQGLFDWH WKH V\VWHPDWLF PHDVXUHPHQW HUURU LQWURGXFHG E\ WKH
SKDQWRP GHVLJQ E\ WKHLU GHYLDWLRQ IURP XQLW\�

eǦǓ ȖǓșȣǹȠș ǉȅǿЙȖǾ ȠǦǓ ǦΡȒȅȠǦǓșǩș ȠǦƺȠ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ǉƺǿ ǦƺΚǓ șȣǈșȠƺǿȠǩƺǹ ǩǿМȣǓǿǉǓ ȅǿ ȠǦǓ ǾǓƺșȣȖǓǏ

ǏǓȠǓǉȠȅȖ Ee'ঀ @ȅȅǷǩǿǠ ǈƺǉǷ ƺȠ ȠǦǓ Ee' ǾǓƺșȣȖǓǾǓǿȠ ȅǿ ȠǦǓ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲ শșǓǓ ^ǓǉȠǩȅǿ ষॹࢴঀࢲঀࢵ ȠǦǓ

ȒǦƺǿȠȅǾ Ee'ș ǾǩǾǩǉ ȠǦǓ ǉǦƺȖƺǉȠǓȖǩșȠǩǉș ȅǈșǓȖΚǓǏ ǩǿ ȠǦǓ ǾǓƺșȣȖǓǏ ǏǓȠǓǉȠȅȖ Ee'șॹ ǾȅșȠ ǿȅȠƺǈǹΡ ȠǦǓ Ee'

ȒǓƺǷ ΚƺǹȣǓș ǠȖǓƺȠǓȖ ȠǦƺǿ ॹࢱঀࢲ ȠǦǓ ȅΚǓȖƺǹǹ ǏǓǉȖǓƺșǓ ȅǟ Ee' ΚƺǹȣǓ ΛǩȠǦ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș ƺǿǏ ȠǦǓ ǩǿǉȖǓƺșǓ ȅǟ ȠǦǓ

ǾǓƺșȣȖǓǾǓǿȠ ǏǩАǓȖǓǿǉǓș ΛǩȠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡঀ

ࢲࢸ



eǦǓ ƺǈșȅǹȣȠǓ ΚƺǹȣǓș ȅǟ ȠǦǓ ȒǦƺǿȠȅǾEe' ƺȠ șǓǹǓǉȠ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓș ǉȅǿЙȖǾ ȠǦƺȠ ȠǦǓ ǾȅșȠ ƺǉǉȣȖƺȠǓ ǾǓƺে

șȣȖǓǾǓǿȠ ȖǓșȣǹȠ Λƺș ȅǈȠƺǩǿǓǏ ΛǩȠǦ ȠǦǓ ࢱঀࢶ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾঀ 2ǿ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓ ȣȒ Ƞȅ ǾǾ−ࣥॹࢲ ȠǦǩș

ȒǦƺǿȠȅǾ ǩǿȠȖȅǏȣǉǓș ƺ ǾƺΠǩǾȣǾ ǓȖȖȅȖ ȅǟ ǹǓșș ȠǦƺǿ ઔঀࢶ

ࢳࢸ
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)LJXUH ����� 'HWHFWRU LQSXW VLJQDO SURGXFHG E\ HGJH SKDQWRPV PDGH RI OHDG ZLWK D WKLFNQHVV RI �D� ��� FP� �E� ��� FP� �F� ��� FP DQG �G� ���� FP DW �09 EHDP TXDOLW\ LQ 6,' ��� FP� 7RWDO
SKRWRQ ÁXHQFH �EODFN�� ÁXHQFH IURP SULPDU\ UDGLDWLRQ �EOXH�� DQG ÁXHQFH IURP VHFRQGDU\ UDGLDWLRQ �UHG� ZHUH REWDLQHG E\ 0RQWH &DUOR VLPXODWLRQ�

ࢴࢸ



total radiation

primary radiation

secondary radiation
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�G� /HDG SKDQWRP� ���� FP WKLFN�

)LJXUH ����� 3KDQWRP 07)V RI �D� ��� FP� �E� ��� FP� �F� ��� FP DQG �G� ���� FP WKLFN OHDG HGJH SKDQWRPV DW �09 EHDP TXDOLW\ LQ 6,' ��� FP� 7KH WRWDO SKDQWRP 07) LV FRPSRVHG RI WKH
FRPSRQHQWV IURP SULPDU\ DQG VHFRQGDU\ UDGLDWLRQ� VKRZLQJ WKH LQÁXHQFH RI JHRPHWULF XQVKDUSQHVV DQG VFDWWHU� UHVSHFWLYHO\� &RPSHQVDWLRQ HIIHFWV FDQ IDYRXUDEO\ DIIHFW WKH V\VWHPDWLF HUURU
RYHU D OLPLWHG VSDWLDO IUHTXHQF\ UDQJH�

ࢵࢸ



ॎ৺ॎ 2ӻԏԒԃԭӥӼӝ ӻӒҺԖԡԒӒӻӒӼԝ ҺӈӈԡԒҺӈԱ

eǦǓ ǷǿȅΛǹǓǏǠǓ ǠƺǩǿǓǏ ƺǈȅȣȠ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ƺǿǏ șǉƺȠȠǓȖ ƺȠ Et ǓǿǓȖǠǩǓș ǉƺǿ ǈǓ ȣșǓǏ Ƞȅ ǏǓΚǓǹȅȒ ǩǏǓƺș

ǟȅȖ ǟȣȖȠǦǓȖ ǩǾȒȖȅΚǓǾǓǿȠ ȅǟ ȠǦǓEe'ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡঀ eǦȖǓǓ ƺȒȒȖȅƺǉǦǓș ƺȖǓ ǏǩșǉȣșșǓǏ ƺǿǏ ȕȣƺǿȠǩЙǓǏ ǩǿ

ȠǦǩș șǓǉȠǩȅǿॸ ǉǦƺǿǠǓș Ƞȅ ȠǦǓ ǏǓșǩǠǿ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾॹ ǉǦƺǿǠǓș Ƞȅ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ǠǓȅǾǓȠȖΡ ƺǿǏ ȒȅșȠেȒȖȅǉǓșșǩǿǠ

ȅǟ ǾǓƺșȣȖǓǏ ǏƺȠƺঀ

ॎ৺ॎ৺ो �ӢҺӼӝӥӼӝ ԝӢӒ ԏӢҺӼԝԃӻ ӎӒԖӥӝӼ

2ǿǾƺǷǩǿǠ ǉǦƺǿǠǓș Ƞȅ ȠǦǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿॹ ȠǦǓ Ǡȅƺǹ ǩș Ƞȅ ЙǿǏ ȠǦȅșǓ ȒƺȖȠǩǉȣǹƺȖ ǉȅǿǏǩȠǩȅǿș ǟȅȖ ΛǦǩǉǦ ȠǦǓ ǏǓȠǓǉȠȅȖ

ǩǿȒȣȠ șǩǠǿƺǹ ǩș ǉǹȅșǓșȠ Ƞȅ ƺǿ ǩǏǓƺǹ șȠǓȒ ǟȣǿǉȠǩȅǿঀ ^ȅ ǟƺȖॹ ȠǦǓ ȒȖǓșǓǿȠǓǏ șǩǾȣǹƺȠǩȅǿș ΛǓȖǓ ǹǩǾǩȠǓǏ Ƞȅ ȠǦǓ ǟȅȣȖ ǓΠȒǓȖে

ǩǾǓǿȠƺǹǹΡ ǩǿΚǓșȠǩǠƺȠǓǏ ǹǓƺǏ ȒǦƺǿȠȅǾșঀ �ǏǏǩȠǩȅǿƺǹ șǩǾȣǹƺȠǩȅǿș ȅǟ ǏǩАǓȖǓǿȠ ȒǦƺǿȠȅǾ ǏǓșǩǠǿș ΛǓȖǓ ǉƺȖȖǩǓǏ ȅȣȠॹ

ǈƺșǓǏ ȅǿ ȠǦǓ ǿǓΛǹΡ ǟȅȣǿǏ ǩǿȠǓȖǏǓȒǓǿǏǓǿǉǩǓș ǈǓȠΛǓǓǿ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ ƺǿǏ ȒǦƺǿȠȅǾEe'ঀ

@ӒҺӎ ԏӢҺӼԝԃӻԖ

eǦǓ ȒǦƺǿȠȅǾ ΛǦǩǉǦ ȒȖȅΚǩǏǓǏ ȠǦǓ ǦǩǠǦǓșȠ ƺǉǉȣȖƺǉΡ șȅ ǟƺȖ Λƺș ࢱঀࢶ ǉǾ ȠǦǩǉǷ ǹǓƺǏঀ ^ǩǾȣǹƺȠǩȅǿș ȅǟ șǹǩǠǦȠǹΡ ȠǦǩǉǷǓȖ

ƺǿǏ ȠǦǩǿǿǓȖ ȒǦƺǿȠȅǾș ΛǓȖǓ ƺǿƺǹΡΦǓǏ Ƞȅ ǠƺȣǠǓ ǦȅΛ șǓǿșǩȠǩΚǓ ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǩș ΛǩȠǦ ȖǓǠƺȖǏ Ƞȅ ȒǦƺǿȠȅǾ

ȠǦǩǉǷǿǓșșঀ

XǦƺǿȠȅǾEe' XǦƺǿȠȅǾEe' XǦƺǿȠȅǾEe'
ࣥ−ǾǾࢲঀࢱ ࣥ−ǾǾࢶঀࢱ ࣥ−ǾǾࢱঀࢲ

@ǓƺǏॹ ࢱঀࢵ ǉǾ ࢸࢱঀࢲ ࢶࢱঀࢲ ࢲࢱঀࢲ
@ǓƺǏॹ ࢶঀࢵ ǉǾ ࢶࢱঀࢲ ࢳࢱঀࢲ ࢹࢺঀࢱ
@ǓƺǏॹ ࢱঀࢶ ǉǾ ࢵࢱঀࢲ ࢲࢱঀࢲ ࢸࢺঀࢱ
@ǓƺǏॹ ࢶঀࢶ ǉǾ ࢳࢱঀࢲ ࢺࢺঀࢱ ࢷࢺঀࢱ
@ǓƺǏॹ ࢱঀࢷ ǉǾ ࢳࢱঀࢲ ࢹࢺঀࢱ ࢶࢺঀࢱ

7DEOH ���� 3KDQWRP 07) DW VHOHFWHG VSDWLDO IUHTXHQFLHV GHULYHG IURP 0RQWH &DUOR VLPXODWLRQV RI OHDG HGJH SKDQWRPV� DVVXPLQJ �09
EHDP TXDOLW\ DQG 6,'��� FP� 7KH 07) YDOXHV LQGLFDWH WKH V\VWHPDWLF PHDVXUHPHQW HUURU LQWURGXFHG E\ WKH SKDQWRP GHVLJQ�

eǦǓ ȒǦƺǿȠȅǾEe'ș ǦǩǠǦǹǩǠǦȠ ȠǦƺȠ ࢱঀࢶ ǉǾ Λƺș ƺǹȖǓƺǏΡ ȠǦǓ ȅȒȠǩǾȣǾ ȠǦǩǉǷǿǓșș ǟȅȖ ƺ ǹǓƺǏ ǓǏǠǓ ȒǦƺǿȠȅǾ শeƺে

ǈǹǓ ষঀࢳঀࢵ [ǓǏȣǉǩǿǠ ȠǦǓ ȠǦǩǉǷǿǓșș Ƞȅ ࢶঀࢵ ǉǾ ǩǿМƺȠǓș ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ Ƞȅ ࢶ ઔ ƺȠ ǹȅΛ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓș ȅǟ

ࣥ−ǾǾࢲঀࢱ ǏȣǓ Ƞȅ ȠǦǓ ǦǩǠǦǓȖ ƺǾȅȣǿȠ ȅǟ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿঀ 'ȅȖ ࢱঀࢵ ǉǾॹ ȠǦǩș ΚƺǹȣǓ ǩǿǉȖǓƺșǓș Ƞȅ ࢸ ઔঀ EǓƺǿΛǦǩǹǓॹ

ƺ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș ȅǟ ࢱঀࢷ ǉǾ ȖƺǩșǓș ȠǦǓ ǓȖȖȅȖ Ƞȅ ƺ ΚƺǹȣǓ ȅǟ ࢶ ઔ ƺȠ ࣥ−ǾǾࢲ ǏȣǓ Ƞȅ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșঀ eȅ

ǷǓǓȒ ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǈǓǹȅΛ ઔॹࢶ ȠǦǓ ȠǦǩǉǷǿǓșș ȅǟ ȠǦǓ ǹǓƺǏ ȒǦƺǿȠȅǾ șǦȅȣǹǏ ǈǓ ǈǓȠΛǓǓǿ ࢱঀࢶ ǉǾ ƺǿǏ ࢶঀࢶ ǉǾঀ

ࢶࢸ



eԡӼӝԖԝӒӼ ԏӢҺӼԝԃӻԖ

'ȣȖȠǦǓȖ ǩǾȒȖȅΚǓǾǓǿȠ ȅǟ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ΛȅȣǹǏ ǈǓ ȒȅșșǩǈǹǓ ΛǩȠǦ ƺ ȒǦƺǿȠȅǾ ǾƺȠǓȖǩƺǹ ȠǦƺȠ ȅАǓȖș

ǦǩǠǦǓȖ ƺǈșȅȖȒȠǩȅǿ ǉȅǾȒƺȖǓǏ Ƞȅ ǹǓƺǏঀ �Ƞ ǉȅǿșȠƺǿȠ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșșॹ ƺ ȒǦƺǿȠȅǾ ΛǩȠǦ ǦǩǠǦǓȖ ƺǈșȅȖȒȠǩȅǿ ȒȖȅে

ǏȣǉǓș ƺ șǩǾǩǹƺȖ ƺǾȅȣǿȠ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșॹ ǈȣȠ ǹǓșș șǉƺȠȠǓȖঀ vǦǓǿ ȠǦǓ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș ǩș ȖǓǏȣǉǓǏॹ ȠǦǓ

șƺǾǓ ǹǓΚǓǹ ȅǟ șǉƺȠȠǓȖ ǉƺǿ ǈǓ ǓșȠƺǈǹǩșǦǓǏॹ ǈȣȠ ȠǦǓ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩș ȖǓǏȣǉǓǏঀ �ƺǹƺǿǉǩǿǠ ȠǦǓșǓ ȠΛȅ ȅȒȠǩȅǿș

ǾƺΡ ȖǓΚǓƺǹ ƺ șǉǓǿƺȖǩȅ ΛǩȠǦ ƺǿ ȅΚǓȖƺǹǹ ǩǾȒȖȅΚǓǏ ȒǓȖǟȅȖǾƺǿǉǓঀ

� ǾƺȠǓȖǩƺǹ ǉȅǾǾȅǿǹΡ ȣșǓǏ ǟȅȖ șǩȠȣƺȠǩȅǿș ȠǦƺȠ ȖǓȕȣǩȖǓ ǦǩǠǦ ƺǈșȅȖȒȠǩȅǿ ȅǟ Et ȖƺǏǩƺȠǩȅǿ ǩș ȠȣǿǠșȠǓǿঀ 'ȅȖ

ǓΠƺǾȒǹǓॹ ȠǦǓ ǉȅǹǹǩǾƺȠǩǿǠ ǴƺΛș ƺș ΛǓǹǹ ƺș ȠǦǓ ǹǓƺΚǓș ǉȅǿșȠǩȠȣȠǩǿǠ ȠǦǓ ǾȣǹȠǩেǹǓƺǟ ǉȅǹǹǩǾƺȠȅȖ ǩǿ ȠǦǓ ȠȖǓƺȠǾǓǿȠ ǦǓƺǏ

ȅǟ ƺ ǾǓǏǩǉƺǹ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ ƺȖǓ ǾƺǏǓ ǟȖȅǾ ȠȣǿǠșȠǓǿঀ � ǉȅǾȒƺȖǩșȅǿ ȅǟ ǹǓƺǏ ƺǿǏ ȠȣǿǠșȠǓǿ ƺȠ ƺ șǓǹǓǉȠǩȅǿ ȅǟ

ȒǦȅȠȅǿ ǓǿǓȖǠǩǓș ΛǩȠǦǩǿ ȠǦǓ Etࢷ șȒǓǉȠȖȣǾ șǦȅΛș șǩǾǩǹƺȖ ΚƺǹȣǓș ǟȅȖ ȠǦǓ ΠেȖƺΡ Ǿƺșș ƺȠȠǓǿȣƺȠǩȅǿ ǉȅǓГǉǩǓǿȠ শeƺে

ǈǹǓ ষঀࢴঀࢵ /ȅΛǓΚǓȖॹ ȠǦǓȖǓ ǩș ƺ șǩǠǿǩЙǉƺǿȠ ǉǦƺǿǠǓ ǩǿ ȠǦǓ ǏǓǿșǩȠΡ ΛǦǩǉǦ ǉƺȣșǓș ȠǦǓ ȠȅȠƺǹ ƺȠȠǓǿȣƺȠǩȅǿ Ƞȅ ǈǓ ǦǩǠǦǓȖ

ǟȅȖ ƺ ȠȣǿǠșȠǓǿ ȒǦƺǿȠȅǾ ǉȅǾȒƺȖǓǏ Ƞȅ ƺ ǹǓƺǏ ȒǦƺǿȠȅǾ ȅǟ ȠǦǓ șƺǾǓ ȠǦǩǉǷǿǓșșঀ

KǿǉǓ ǾȅȖǓॹ ȠǦǓ ǠȖǓƺȠǓșȠ ǏǓΚǩƺȠǩȅǿș ȅǉǉȣȖ ǟȅȖ ȠǦǩǿ ȒǦƺǿȠȅǾșॹ ǩǿ ΛǦǩǉǦ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ șǓǉȅǿǏƺȖΡ ȖƺǏǩƺȠǩȅǿ

ǩș ΚǓȖΡ șȠȖȅǿǠঀ 'ȅȖ ȠǦǩǉǷǓȖ ȒǦƺǿȠȅǾșॹ ȠǦǓ ǉǦƺǿǠǓ ǩș ǾȅȖǓ ǠȖƺǏȣƺǹ ΛǩȠǦ ƺ șǾƺǹǹǓȖ ǏǩАǓȖǓǿǉǓ ǈǓȠΛǓǓǿ ࢱࢲ ǉǾ ƺǿǏ

ࢱࢳ ǉǾ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș ȠǦƺǿ ǈǓȠΛǓǓǿ ࢶ ǉǾ ƺǿǏ ࢱࢲ ǉǾ ȠǦǩǉǷǿǓșșঀ eǦǓ șǩǾȣǹƺȠǩȅǿ ȖǓșȣǹȠș șǦȅΛ ȠǦƺȠ ǩȠ ǩș Ȓȅșșǩে

ǈǹǓ Ƞȅ ǹǩǾǩȠ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ǓȖȖȅȖ ǟȣȖȠǦǓȖ ǈΡ șΛǩȠǉǦǩǿǠ ȠǦǓ ȒǦƺǿȠȅǾǾƺȠǓȖǩƺǹ Ƞȅ ȠȣǿǠșȠǓǿঀ eǦǓ ǦǩǠǦǓȖ ǏǓǿșǩȠΡ

ƺǹǹȅΛș ǟȅȖ ƺ șǹǩǠǦȠǹΡ ȠǦǩǿǿǓȖ ȒǦƺǿȠȅǾ ΛǦǩǉǦ șȠǩǹǹ ǩǿǏȣǉǓș ǹǓșș șǉƺȠȠǓȖǓǏ ȖƺǏǩƺȠǩȅǿঀ eǦǓ șΛǓǓȠ șȒȅȠ ǩș ȖǓƺǉǦǓǏ ƺȠ ƺ

ȠǦǩǉǷǿǓșș ȅǟ ࢱঀࢵ ǉǾॹ ΛǦǓȖǓ ȠǦǓ ǓȖȖȅȖ ǩș ࢴ ઔ ƺȠ ǾƺΠǩǾȣǾ শ'ǩǠঀ ষঀࢱࢳঀࢵ ^ǹǩǠǦȠ ΚƺȖǩƺȠǩȅǿș ȅǟ ࢶঀࢱ ǉǾ ȠǦǩǉǷǿǓșș ǾȅȖǓ

ȅȖ ǹǓșș ȠǦƺǿ ȠǦǓ ȅȒȠǩǾȣǾ ǩǿǉȖǓƺșǓ ȠǦǓ ǓȖȖȅȖ Ƞȅ ࢶ ઔ ȅȖ ࢵ ઔॹ ȖǓșȒǓǉȠǩΚǓǹΡঀ ^ǩǠǿǩЙǉƺǿȠ ǟȣȖȠǦǓȖ ǩǾȒȖȅΚǓǾǓǿȠ ȅǟ ȠǦǓ

ƺǉǉȣȖƺǉΡ ΛǩȠǦ ƺ ǏǩАǓȖǓǿȠ ǓǏǠǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿ șǓǓǾș ȣǿǹǩǷǓǹΡॹ ƺș ǩȠ ΛȅȣǹǏ ȖǓȕȣǩȖǓ ƺ ǦǩǠǦǓȖ ǈǓƺǾ ƺȠȠǓǿȣƺȠǩȅǿ

ΛǩȠǦȅȣȠ ƺǿ ǩǿǉȖǓƺșǓ ǩǿ ȠǦǓ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșșঀ XǹƺȠǩǿȣǾॹ ȅșǾǩȣǾ ƺǿǏ ǩȖǩǏǩȣǾ ȅАǓȖ ƺ șǹǩǠǦȠǹΡ ǦǩǠǦǓȖ ΠেȖƺΡ ƺǈে

Xǈ v XȠ

Eƺșș ƺȠȠǓǿȣƺȠǩȅǿ
ǉȅǓГǉǩǓǿȠ শǉǾࣦইǠষ

EǓtࢵঀࢱ ࣦ.ࣦࣧ · ࣥࣤ−ࣥ ࣥ.࣭ࣧ · ࣥࣤ−ࣥ ࣦ.ࣦࣥ · ࣥࣤ−ࣥ

EǓtࢱঀࢲ ࣫.ࣥࣤ · ࣥࣤ−ࣦ ࣪.ࣦ࣪ · ࣥࣤ−ࣦ ࣪.࣬࣪ · ࣥࣤ−ࣦ

EǓtࢱঀࢳ ࣨ.࣪ࣥ · ࣥࣤ−ࣦ ࣨ.ࣨࣧ · ࣥࣤ−ࣦ ࣨ.ࣩࣦ · ࣥࣤ−ࣦ

EǓtࢱঀࢷ ࣨ.࣭ࣧ · ࣥࣤ−ࣦ ࣨ.ࣦࣥ · ࣥࣤ−ࣦ ࣨ.ࣧࣥ · ࣥࣤ−ࣦ

�ǓǿșǩȠΡ শǠইǉǾࣧষ ࢵঀࢲࢲ ࢴঀࢺࢲ ࢶঀࢲࢳ

7DEOH ���� 7KH WRWDO DWWHQXDWLRQ SURYLGHG E\ D SKDQWRP LV GHÀQHG E\ WKH PDVV DWWHQXDWLRQ FRHIÀFLHQW DQG WKH GHQVLW\� $ WXQJVWHQ
SKDQWRP ZLOO SURYLGH KLJKHU DWWHQXDWLRQ WKDQ D OHDG SKDQWRP RI VLPLODU WKLFNQHVV� 7KLV KROGV WUXH IRU DOO SKRWRQ HQHUJLHV ZLWKLQ WKH �09
EHDP VSHFWUXP� 'DWD DFFRUGLQJ WR 1,67 GDWDEDVH� ������

ࢷࢸ



XǦƺǿȠȅǾEe' XǦƺǿȠȅǾEe' XǦƺǿȠȅǾEe'
ࣥ−ǾǾࢲঀࢱ ࣥ−ǾǾࢶঀࢱ ࣥ−ǾǾࢱঀࢲ

eȣǿǠșȠǓǿॹ ࢱঀࢲ ǉǾ ࢹࢳঀࢲ ࢷࢴঀࢲ ࢵࢴঀࢲ
eȣǿǠșȠǓǿॹ ࢱঀࢳ ǉǾ ࢵࢲঀࢲ ࢴࢲঀࢲ ࢳࢲঀࢲ
eȣǿǠșȠǓǿॹ ࢱঀࢴ ǉǾ ࢷࢱঀࢲ ࢶࢱঀࢲ ࢳࢱঀࢲ
eȣǿǠșȠǓǿॹ ࢶঀࢴ ǉǾ ࢵࢱঀࢲ ࢳࢱঀࢲ ࢹࢺঀࢱ
eȣǿǠșȠǓǿॹ ࢱঀࢵ ǉǾ ࢳࢱঀࢲ ࢱࢱঀࢲ ࢸࢺঀࢱ
eȣǿǠșȠǓǿॹ ࢶঀࢵ ǉǾ ࢱࢱঀࢲ ࢹࢺঀࢱ ࢶࢺঀࢱ
eȣǿǠșȠǓǿॹ ࢱঀࢶ ǉǾ ࢱࢱঀࢲ ࢸࢺঀࢱ ࢴࢺঀࢱ
eȣǿǠșȠǓǿॹ ࢱঀࢱࢲ ǉǾ ࢹࢺঀࢱ ࢵࢺঀࢱ ࢱࢺঀࢱ
eȣǿǠșȠǓǿॹ ࢱঀࢱࢳ ǉǾ ࢸࢺঀࢱ ࢳࢺঀࢱ ࢹࢹঀࢱ

7DEOH ���� 3KDQWRP 07) DW VHOHFWHG VSDWLDO IUHTXHQFLHV GHULYHG IURP 0RQWH &DUOR VLPXODWLRQV IRU VHYHUDO WXQJVWHQ HGJH SKDQWRPV DW
�09 EHDP TXDOLW\ DQG 6,' ��� FP� 7KH 07) YDOXHV LQGLFDWH WKH V\VWHPDWLF PHDVXUHPHQW HUURU LQWURGXFHG E\ WKH SKDQWRP GHVLJQ�

șȅȖȒȠǩȅǿ ȠǦƺǿ ȠȣǿǠșȠǓǿঀ /ȅΛǓΚǓȖॹ ȠǦǓ ǉǦƺǿǠǓș ǩǿ Ǿƺșș ƺȠȠǓǿȣƺȠǩȅǿ ǉȅǓГǉǩǓǿȠș ƺǿǏ ǏǓǿșǩȠΡ ΛǓȖǓ ǟȅȣǿǏ Ƞȅ ǈǓ

Ƞȅȅ șǾƺǹǹ Ƞȅ ǈǓ ȖǓǹǓΚƺǿȠ ǟȅȖ Ee' ƺǉǉȣȖƺǉΡঀ FƺȠȣȖƺǹǹΡॹ ȠǦǓ ƺǈȅΚǓ ȖǓșȣǹȠș ƺȖǓ ǹǩǾǩȠǓǏ Ƞȅ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ

ȖƺǿǠǓ ȅǟ ȣȒ Ƞȅ ǾǾ−ࣥঀࢲ vǩȠǦǩǿ ȠǦǩș ȖƺǿǠǓॹ ȠǦǓ ࢱঀࢵ ǉǾ ȠȣǿǠșȠǓǿ ȒǦƺǿȠȅǾ ȅАǓȖș ȠǦǓ ǈǓșȠ ǉȅǾȒȖȅǾǩșǓ ǈǓȠΛǓǓǿ

Ee' ȅΚǓȖǓșȠǩǾƺȠǩȅǿ ǟȖȅǾ șǉƺȠȠǓȖ ƺǿǏ Ee' ȣǿǏǓȖǓșȠǩǾƺȠǩȅǿ ǟȖȅǾ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș শ'ǩǠঀ ষঀࢱࢳঀࢵ 2ǟ ȠǦǓ

ȒǓȖǟȅȖǾƺǿǉǓ ȅǟEt ǏǓȠǓǉȠȅȖș ΛǓȖǓ Ƞȅ ǩǾȒȖȅΚǓ Ƞȅ șȣǉǦ ƺǿ ǓΠȠǓǿȠ ȠǦƺȠ Ee' ǟȖǓȕȣǓǿǉǩǓș ƺǈȅΚǓ ࣥ−ǾǾࢲ ǈǓǉƺǾǓ

ȖǓǹǓΚƺǿȠॹ ǩȠ ΛȅȣǹǏ ǈǓ ǿǓǉǓșșƺȖΡ Ƞȅ ǓΠȠǓǿǏ ȠǦǩș ƺǿƺǹΡșǩșঀ vǩȠǦǩǿ ȠǦǓ șǉȅȒǓ ȅǟ ȠǦǩș ΛȅȖǷॹ ȠǦǓ ࢱঀࢵ ǉǾ ȠȣǿǠșȠǓǿ ȒǦƺǿে

ȠȅǾ Λƺș ǟȅȣǿǏ Ƞȅ ȒȖȅΚǩǏǓ ȠǦǓ ǦǩǠǦǓșȠ ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ȅǟ ƺǹǹ ȒǦƺǿȠȅǾ ǏǓșǩǠǿșঀ

)LJXUH ����� 3KDQWRP
07) RI ��� FP WXQJVWHQ
HGJH SKDQWRP ZLWK FRP�
SRQHQWV IURP SULPDU\ DQG
VHFRQGDU\ UDGLDWLRQ� ,Q
WKH IUHTXHQF\ UDQJH XS WR
�PP−ࣥ� WKH V\VWHPDWLF
HUURU IURP WKLV SKDQWRP
GHVLJQ LV EHORZ ���

total radiation

primary radiation

secondary radiation
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ॎ৺ॎ৺ौ �ӢҺӼӝӥӼӝ ԝӢӒ ӻӒҺԖԡԒӒӻӒӼԝ ӝӒԃӻӒԝԒԱ

�ȒƺȖȠ ǟȖȅǾ ȠǦǓ ǏǓșǩǠǿ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾॹ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ǠǓȅǾǓȠȖΡ ǉƺǿ ƺǹșȅ ǦƺΚǓ ƺǿ ǓАǓǉȠ ȅǿ ȠǦǓ ǾǓƺșȣȖǓǏ

Ee'ঀ �ș ȒȖǓΚǩȅȣșǹΡ ǾǓǿȠǩȅǿǓǏॹ ǾǓƺșȣȖǓǾǓǿȠș ƺȖǓ ȣșȣƺǹǹΡ ǉȅǿǏȣǉȠǓǏ ΛǩȠǦ ȠǦǓ ȒǦƺǿȠȅǾ ǩǿ ǏǩȖǓǉȠ ǉȅǿȠƺǉȠ ΛǩȠǦ

ȠǦǓ ǏǓȠǓǉȠȅȖ ƺǿǏ ȠǦǓ ǹƺȖǠǓșȠ ȒȅșșǩǈǹǓ ǏǩșȠƺǿǉǓ ǈǓȠΛǓǓǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ƺǿǏ ȠǦǓ ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓঀ eǦǓ ǟȅǹǹȅΛǩǿǠ

șǓǉȠǩȅǿ ǏǩșǉȣșșǓș Ƞȅ ΛǦǩǉǦ ǏǓǠȖǓǓ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ǠǓȅǾǓȠȖΡ ǉƺǿ ǈǓ ƺǏǴȣșȠǓǏ Ƞȅ ǩǾȒȖȅΚǓ ȠǦǓ ƺǉǉȣȖƺǉΡ ȅǟ ƺǿ

Ee' ǾǓƺșȣȖǓǾǓǿȠ ƺǿǏ ΛǦǓȠǦǓȖ ȠǦǓ ȖǓșȣǹȠș ȅǈȠƺǩǿǓǏ șȅ ǟƺȖ ǉƺǿ ǈǓ ȠȖƺǿșǹƺȠǓǏ Ƞȅ ƺ ǾǓǏǩǉƺǹ ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖ

ΛǩȠǦ ǏǩАǓȖǓǿȠ ǏǩǾǓǿșǩȅǿșঀ

hԖӥӼӝ ҺӼ ҺӥԒ ӝҺԏ ԝԃ ԒӒӎԡӈӒ ԖӈҺԝԝӒԒ

EȅșȠ ȖǓȒȅȖȠș ȅǟEe'ǾǓƺșȣȖǓǾǓǿȠș ƺȠEt ǓǿǓȖǠǩǓș ǟǓƺȠȣȖǓǏ ȠǦǩǉǷ ȒǦƺǿȠȅǾșॹ ǩǿ ΛǦǩǉǦ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ șǉƺȠȠǓȖ

Λƺș ǹǩǾǩȠǓǏ ǈΡ ȖǓেƺǈșȅȖȒȠǩȅǿ ȅǟ ȠǦǓ șǓǉȅǿǏƺȖΡ ȒƺȖȠǩǉǹǓșঀ 2ǿ ǉȅǿȠȖƺșȠॹ ^ȠƺȖে@ƺǉǷ ǓȠ ƺǹঀ ȖǓȒȅȖȠǓǏ ȒȅșǩȠǩΚǓ ȖǓșȣǹȠș

ǟȅȖ ƺ ȠƺǿȠƺǹȣǾ ǓǏǠǓ ȒǦƺǿȠȅǾ ȅǟ ǾǓȖǓǹΡ ǾǾࢶঀࢱ ȠǦǩǉǷǿǓșșঀ eǦǓ ȒǦƺǿȠȅǾ Λƺș ȒȅșǩȠǩȅǿǓǏ ࢱࢲ ǉǾ ǩǿ ǟȖȅǿȠ ȅǟ

ȠǦǓ ǏǓȠǓǉȠȅȖॹ ǏǓǹǩǈǓȖƺȠǓǹΡ ǉȖǓƺȠǩǿǠ ƺǿ ƺǩȖ ǠƺȒ ǈǓȠΛǓǓǿ ǓǏǠǓ ȒǦƺǿȠȅǾ ƺǿǏ ǏǓȠǓǉȠȅȖ Ƞȅ ȖǓǏȣǉǓ șǉƺȠȠǓȖঀ ࢵࢷ 2ǟ ȠǦǓ

ȠǓǉǦǿǩȕȣǓ ǩș ǓАǓǉȠǩΚǓॹ ǩȠ ΛȅȣǹǏ ƺǹǹȅΛ ȠǦǓ ȣșǓ ȅǟ ǾȣǉǦ ȠǦǩǿǿǓȖ ȒǦƺǿȠȅǾș ƺȠ Et ǓǿǓȖǠǩǓșॹ ǟȅȖ ǓΠƺǾȒǹǓ ȠǦǓ șƺǾǓ

ǾǾࢲ ȠȣǿǠșȠǓǿ ǓǏǠǓ ΛǦǩǉǦ ǩș ȣșǓǏ ƺȠ Ƿt ǓǿǓȖǠǩǓșঀ

eǦǓ ȣșǓ ȅǟ ƺǿ ƺǩȖ ǠƺȒ ǩș ƺ ǷǿȅΛǿ ȖƺǏǩȅǠȖƺȒǦǩǉ ȠǓǉǦǿǩȕȣǓ ΛǦǩǉǦ ǉƺǿ ǈǓ ǦǓǹȒǟȣǹ ǩǿ șȒǓǉǩЙǉ ǉƺșǓșॹ ǓঀǠঀ ȒǓǏǩে

ƺȠȖǩǉșঀ ࢴࢱࢲ 2Ƞș ǓАǓǉȠ ǩș șǩǾǩǹƺȖ Ƞȅ ȠǦƺȠ ȅǟ ƺǿ ƺǿȠǩেșǉƺȠȠǓȖ ǠȖǩǏॹ ǈȣȠ ǩȠ ǏȅǓș ǿȅȠ ǹǓƺǏ Ƞȅ ƺǿ ǩǿǉȖǓƺșǓǏ ȒƺȠǩǓǿȠ ǏȅșǓঀ ࢵࢱࢲ

2ǿ ȠǦǓȅȖΡॹ șǉƺȠȠǓȖǓǏ ȖƺǏǩƺȠǩȅǿ ǉƺǿ ǈǓ ǏǓșǉȖǩǈǓǏ ƺș șǉƺȠȠǓȖ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿșΛǦǩǉǦ ǓǾƺǿƺȠǓ ǟȖȅǾ ǓΚǓȖΡ ȒȅǩǿȠ

ȅǿ ȠǦǓ ȒǦƺǿȠȅǾঢ়ș ǓΠǩȠ șȣȖǟƺǉǓ শǉȅǾȒƺȖǓ ^ǓǉȠǩȅǿ ষঀࢵঀࢶঀࢳ eǦǓ ǩǏǓƺ ǈǓǦǩǿǏ ȠǦǓ ƺǩȖ ǠƺȒ ȠǓǉǦǿǩȕȣǓ ǩș Ƞȅ ǉǦƺǿǠǓ ȠǦǓ

șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿ ȠǦƺȠ ȖǓƺǉǦǓș ȠǦǓ ǏǓȠǓǉȠȅȖ ǈΡ ǩǿǉȖǓƺșǩǿǠ ȠǦǓ ǏǩșȠƺǿǉǓ ǈǓȠΛǓǓǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ƺǿǏ ȠǦǓ șǉƺȠȠǓȖ

ȒȅǩǿȠ șȅȣȖǉǓșঀ eǦǩș ǹǓƺǏș Ƞȅ ƺ ȖƺǏǩƺǹ ǓΠȒƺǿșǩȅǿ ȅǟ ȠǦǓ șǉƺȠȠǓȖ ȒȅǩǿȠ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿș ƺș ȠǦǓ ȒǦȅȠȅǿș ƺȖǓ Ǐǩșে

ȠȖǩǈȣȠǓǏ ǾȅȖǓ ǈȖȅƺǏǹΡ ǟȅǹǹȅΛǩǿǠ ȠǦǓǩȖ ƺǿǠȣǹƺȖ ǏǩșȠȖǩǈȣȠǩȅǿॹ șȅ ȠǦƺȠ șȠȖȅǿǠǹΡ șǉƺȠȠǓȖǓǏ ȒǦȅȠȅǿș Λǩǹǹ ȒȅȠǓǿȠǩƺǹǹΡ

ǹǓƺΚǓ ȠǦǓ ǠǓȅǾǓȠȖΡ ΛǩȠǦȅȣȠ ǓΚǓȖ ȖǓƺǉǦǩǿǠ ȠǦǓ ǏǓȠǓǉȠȅȖঀ ࢸࢵ

eǦǓ ƺǩȖ ǠƺȒ ȠǓǉǦǿǩȕȣǓ ǩș ǠǓǿǓȖƺǹǹΡ ȠǦȅȣǠǦȠ Ƞȅ ǈǓ ǾȅȖǓ ǓАǓǉȠǩΚǓ ƺȠ ǹȅΛ ǓǿǓȖǠǩǓșॹ ΛǦǓȖǓ ǾȅșȠ ȒǦȅȠȅǿș ƺȖǓ

șǉƺȠȠǓȖǓǏ Ƞȅ ȠǦǓ șǩǏǓ ȖƺȠǦǓȖ ȠǦƺǿ ǩǿ ǟȅȖΛƺȖǏ ǏǩȖǓǉȠǩȅǿঀࢶࢱࢲ 'ȣȖȠǦǓȖǾȅȖǓॹ ǓǹǓΚƺȠǩǿǠ ȠǦǓ ȒǦƺǿȠȅǾΛǩǹǹ ȣǿǏȅȣǈȠǓǏǹΡ

ǩǿȠȖȅǏȣǉǓ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșঀ eǦǓ ǓАǓǉȠ ȅǟ ƺǿ ƺǩȖ ǠƺȒ Λƺș ȠǦǓȖǓǟȅȖǓ ǩǿΚǓșȠǩǠƺȠǓǏ ǈΡ șǩǾȣǹƺȠǩǿǠ ƺ ࢱঀࢲ ǉǾ

ȠȣǿǠșȠǓǿ ȒǦƺǿȠȅǾ ƺȠ ΚƺȖǩȅȣș ǏǩșȠƺǿǉǓș ǟȖȅǾ ȠǦǓ ǏǓȠǓǉȠȅȖঀ eǦǓ ƺǩȖ ǠƺȒ ǩș ǏǓЙǿǓǏ ƺș Ǯ + ȿॹ ǩঀǓঀ ȠǦǓ ǏǩșȠƺǿǉǓ

ǈǓȠΛǓǓǿ ǏǓȠǓǉȠȅȖ ƺǿǏ ȒǦƺǿȠȅǾ ǓǿȠȖƺǿǉǓ ȒǹƺǿǓঀ

2ǿ ǏǩȖǓǉȠ ǉȅǿȠƺǉȠॹ ȠǦǓ ࢱঀࢲ ǉǾ ȠȣǿǠșȠǓǿ ȒǦƺǿȠȅǾ Ǧƺș ǏǓǾȅǿșȠȖƺȠǓǏ ƺǿ Ee' ȅΚǓȖǓșȠǩǾƺȠǩȅǿ ȅǟ ƺǈȅȣȠ ࢶࢴ ઔ

ǏȣǓ Ƞȅ ǓΠǉǓșșǩΚǓ șǉƺȠȠǓȖ শǉȅǾȒƺȖǓ eƺǈǹǓ ষঀࢵঀࢵ vǦǓǿ ȠǦǓ ȒǦƺǿȠȅǾ ǩș ǓǹǓΚƺȠǓǏॹ ȠǦǓ ǟȅȖǾǓȖǹΡ șȠǓȒেǹǩǷǓ ȒȖȅЙǹǓ ȅǟ

ȠǦǓ șǉƺȠȠǓȖǓǏ ȖƺǏǩƺȠǩȅǿ ǩș șȠȖǓȠǉǦǓǏ ȅȣȠ শ'ǩǠঀ ষঀࢲࢳঀࢵ eǦǓ șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿ ǩǿ ȠǦǓ ǉǓǿȠȖƺǹ ƺȖǓƺ ƺȖȅȣǿǏ ȠǦǓ ǓǏǠǓ

ȠȖƺǿșǩȠǩȅǿ ǩș ȠǦǓȖǓǈΡ șȅǾǓΛǦƺȠ ǦȅǾȅǠǓǿǩΦǓǏঀ eǦǩș ǾǓƺǿș ȠǦƺȠ ȠǦǓ ǉȅǿȠȖǩǈȣȠǩȅǿ ȅǟ șǉƺȠȠǓȖ Ƞȅ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ

ࢹࢸ



)LJXUH ����� 0RQWH &DUOR
VLPXODWHG GLVWULEXWLRQ RI
VFDWWHUHG UDGLDWLRQ SUR�
GXFHG E\ D ��� FP WKLFN
WXQJVWHQ HGJH SKDQWRP�
SRVLWLRQHG LQ GLUHFW FRQWDFW
ZLWK WKH GHWHFWRU RU HOH�
YDWHG WR FUHDWH D GLVWDQFH
RI � FP� �� FP RU �� FP
EHWZHHQ WKH SKDQWRP
HQWUDQFH SODQH DQG WKH
GHWHFWRU�
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)LJXUH ����� 3KDQWRP
PRGXODWLRQ WUDQVIHU IXQF�
WLRQ LQGLFDWLQJ WKH V\VWHP�
DWLF HUURU LQWURGXFHG E\ DQ
HGJH SKDQWRP RI ��� FP
WXQJVWHQ� LQ GLUHFW FRQWDFW
ZLWK WKH GHWHFWRU RU VHSD�
UDWHG E\ DQ DLU JDS RI ���
FP� ���� FP RU ���� FP
IURP WKH GHWHFWRU�
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șǩǠǿƺǹ ǩș ǾȅȖǓ șǩǾǩǹƺȖ Ƞȅ ƺ ǹǩǿǓƺȖ ȠȖƺǿșǩȠǩȅǿ ȅȖ ǓΚǓǿ ƺ ǉȅǿșȠƺǿȠ ȅАșǓȠ ȖƺȠǦǓȖ ȠǦƺǿ ƺ șȠǓȒেȒȖȅЙǹǓঀ eǦǓ ȖǓșȣǹȠǩǿǠ ǩǾে

ȒȖȅΚǓǾǓǿȠ ǩǿEe'ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ǩș ΚǩșǩǈǹǓ ǩǿ ȠǦǓ ȖǓǏȣǉǓǏ ȅΚǓȖșǦȅȅȠ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾEe' শ'ǩǠঀ ষঀࢳࢳঀࢵ

Kǿ ȠǦǓ ȅȠǦǓȖ ǦƺǿǏॹ ȠǦǓ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩǿȠȖȅǏȣǉǓǏ ǈΡ ȠǦǓ ƺǩȖ ǠƺȒ ǉƺȣșǓș ȠǦǓ ǾǓƺșȣȖǓǏEe' Ƞȅ ǏǓǉȖǓƺșǓ

ΛǩȠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡঀ

�ȅǾȒƺȖǩǿǠ ȠǦǓ ǟȅȣȖ ǠǓȅǾǓȠȖǩǓș ȖǓΚǓƺǹș ȠǦƺȠ ǩȠ ǩș ǿȅȠ ȒȅșșǩǈǹǓ Ƞȅ ƺǉǦǩǓΚǓ ƺǿ ƺǉǉǓȒȠƺǈǹǓ ǉȅǾȒȖȅǾǩșǓ ǈǓȠΛǓǓǿ

șǉƺȠȠǓȖ ƺǿǏ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǈΡ ƺǏǴȣșȠǩǿǠ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ǠǓȅǾǓȠȖΡঀ eǦǓ ȅȖǩǠǩǿƺǹ ȒȣǈǹǩǉƺȠǩȅǿ ǈΡ ^ȠƺȖে

@ƺǉǷ ǓȠ ƺǹঀ ǉȅǿȠƺǩǿǓǏ ȖǓșȣǹȠș ǟȖȅǾ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ΛǦǩǉǦ ƺȠ ЙȖșȠ ǠǹƺǿǉǓ ǉȅǿȠȖƺǏǩǉȠ ȠǦǓșǓ ЙǿǏǩǿǠșঀ

/ȅΛǓΚǓȖॹ ƺ ǉǹȅșǓȖ ǹȅȅǷ ƺȠ ȠǦǓ ƺǿƺǹΡșǩș șǦȅΛș ȠǦƺȠ ȠǦǓ ȖǓȒȅȖȠǓǏ șǩǾȣǹƺȠǩȅǿ șȣАǓȖǓǏ ǟȖȅǾ șǩǾǩǹƺȖ șǦȅȖȠǉȅǾǩǿǠș

ƺș ƺǹȖǓƺǏΡ ǏǩșǉȣșșǓǏ ƺǈȅΚǓॹ ǿƺǾǓǹΡ ǩǿǉȅǾȒǹǓȠǓ ǾȅǏǓǹǩǿǠ ȅǟ ȠǦǓ ƺǉǉǓǹǓȖƺȠȅȖ ȅȣȠȒȣȠঀ 2ǿ ȠǦǩș ǉƺșǓॹ ȠǦǓ ȖƺǏǩƺȠǩȅǿ

Λƺș ƺȒȒȖȅΠǩǾƺȠǓǏ ƺș ƺ ȒƺȖƺǹǹǓǹ ǈǓƺǾॹ ΛǦǩǉǦॹ ǴȣșȠ ǹǩǷǓ ƺ ȒȅǩǿȠ șȅȣȖǉǓॹ ǉƺǿǿȅȠ șǩǾȣǹƺȠǓ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșșঀ

eǦǓȖǓǟȅȖǓॹ ȠǦǓ ǩǿȠȖȅǏȣǉȠǩȅǿ ȅǟ ƺǿ ƺǩȖ ǠƺȒ ƺȒȒǓƺȖǓǏ Ƞȅ ǈǓ ƺǿ ǓАǓǉȠǩΚǓ ȠǓǉǦǿǩȕȣǓঀ

eǦǓ ƺǈȅΚǓ ȖǓșȣǹȠș ƺȖǓ ǩǿ ƺǠȖǓǓǾǓǿȠ ΛǩȠǦ ȠǦǓ ȒȖǓΚǩȅȣș ǩǿΚǓșȠǩǠƺȠǩȅǿ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș শ^ǓǉȠǩȅǿ ষঀࢲঀࢴঀࢵ

ࢺࢸ



2Ƞ ǦƺǏ ǈǓǓǿ șǦȅΛǿ ȠǦƺȠ ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǏȣǓ Ƞȅ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩș șǾƺǹǹǓȖ ǟȅȖ ƺ ȒǦƺǿȠȅǾ ΛǩȠǦ ȠǦǩǉǷে

ǿǓșș Ǯ ǩǿ ǉȅǿȠƺǉȠ ǠǓȅǾǓȠȖΡॹ ȖƺȠǦǓȖ ȠǦƺǿ ƺ ǾȣǉǦ ȠǦǩǿǿǓȖ ȒǦƺǿȠȅǾ ƺȠ ƺ ǏǩșȠƺǿǉǓ Ǯ ǟȖȅǾ ȠǦǓ ǏǓȠǓǉȠȅȖঀ eǦǩș ǩș

ǾǩȖȖȅȖǓǏ ǦǓȖǓ ǩǿ ȠǦǓ șȣǈেȒƺȖ ȠȖǓǿǏ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾ Ee'ș ȅΚǓȖ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓ ȅǟ ǩǿȠǓȖǓșȠঀ vǦǓǿ

ǠǩΚǓǿ ȠǦǓ ǉǦȅǩǉǓॹ ȠǦǓ ȣșǓ ȅǟ ƺ ȠǦǩǉǷ ȒǦƺǿȠȅǾ ǩǿ ǉȅǿȠƺǉȠ ǠǓȅǾǓȠȖΡ ǩș ƺǹΛƺΡș ȠǦǓ ǾȅȖǓ ǟƺΚȅȖƺǈǹǓ ȅȒȠǩȅǿ ǩǿ ȠǓȖǾș

ȅǟ Ee'ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡঀ

�ԏԏӵӥӈҺӅӥӵӥԝԱ ԝԃ �ӵӒӲԝҺ ӻҺӈӢӥӼӒԖ ԮӥԝӢ ^2� ोॐॊ ӈӻ

�ȒƺȖȠ ǟȖȅǾ ȠǦǓ ǏǩșȠƺǿǉǓ ǈǓȠΛǓǓǿ ȒǦƺǿȠȅǾ ƺǿǏ ǏǓȠǓǉȠȅȖॹ ǩȠ ǩș ȠǦǓ șȅȣȖǉǓেȠȅেǩǾƺǠǓȖ ǏǩșȠƺǿǉǓ শ^2�ষ ΛǦǩǉǦ ǏǓȠǓȖে

ǾǩǿǓș ȠǦǓ ǠǓȅǾǓȠȖΡ ȅǟ ƺǿEe'ǾǓƺșȣȖǓǾǓǿȠঀ � ǉǦƺǿǠǓ ȅǟ ȠǦǓ ^2� ǏȅǓș ǿȅȠ ƺАǓǉȠ ȠǦǓ șǉƺȠȠǓȖ ǏǩșȠȖǩǈȣȠǩȅǿॹ ǈȣȠ

ǩȠ Λǩǹǹ ǩǿМȣǓǿǉǓ ȠǦǓ ƺǾȅȣǿȠ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ΛǦǩǉǦ ǩș ȒȖǓșǓǿȠ ǩǿ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹঀ 2ǿǉȖǓƺșǩǿǠ

ȠǦǓ ^2� ȖǓǏȣǉǓș ȠǦǓ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩǿ ȠǦǓ ǩǾƺǠǓॹ ΛǦǩǉǦ ǩș ΛǦΡ ǩȠ ǩș ƺǏΚǩșƺǈǹǓ Ƞȅ ȒǓȖǟȅȖǾEe'ǾǓƺșȣȖǓে

ǾǓǿȠș ƺȠ ȠǦǓ ǠȖǓƺȠǓșȠ ȒȅșșǩǈǹǓ ^2�ঀ 2ǿ ƺ ǉǹǩǿǩǉƺǹ ǓǿΚǩȖȅǿǾǓǿȠॹ ǦȅΛǓΚǓȖॹ ȠǦǓ ^2� ǩș ǹǩǾǩȠǓǏ ǈΡ ȠǦǓ ȠȖƺΚǓǹ ȖƺǿǠǓ ȅǟ

ȠǦǓ Et ǏǓȠǓǉȠȅȖ ƺȖǾঀ eǦǓ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ȒȖǓșǓǿȠǓǏ ǩǿ ȠǦǩș ȠǦǓșǩș ƺȖǓ ǈƺșǓǏ ȅǿ ƺǿ ^2� ȅǟ ࢱࢹࢲ ǉǾॹ

ΛǦǩǉǦ ǩș ȠǦǓ ǠȖǓƺȠǓșȠ ȖǓƺǹǩΦƺǈǹǓ ^2� ǟȅȖ eȖȣǓ�ǓƺǾ ǾƺǉǦǩǿǓșঀ eǦǓ �ǹǓǷȠƺ ǩtǩǓΛ(e șΡșȠǓǾॹ ƺǿȅȠǦǓȖ ȒȅȒȣǹƺȖ

Et ȒȅȖȠƺǹ ǩǾƺǠǓȖॹ Ǧƺș ƺ ЙΠǓǏ ^2� ȅǟ ࢱࢷࢲ ǉǾঀ �ΠǓǾȒǹƺȖΡ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ƺǿǏ ǾǓƺșȣȖǓǾǓǿȠș ΛǓȖǓ

ȒǓȖǟȅȖǾǓǏ Ƞȅ ƺșșǓșș ȠǦǓ ƺȒȒǹǩǉƺǈǩǹǩȠΡ ȅǟ ȠǦǓ ȒȖǓΚǩȅȣșǹΡ ȅǈȠƺǩǿǓǏ ȖǓșȣǹȠș Ƞȅ �ǹǓǷȠƺ ǾƺǉǦǩǿǓșঀ

�ǉǉȅȖǏǩǿǠ Ƞȅ ȠǦǓ șǩǾȣǹƺȠǩȅǿॹ ȠǦǓ ࢱঀࢶ ǉǾ ǹǓƺǏȒǦƺǿȠȅǾ ǩș ǓȕȣƺǹǹΡ șȣǩȠƺǈǹǓ ǟȅȖEe'ǾǓƺșȣȖǓǾǓǿȠș ƺȠ ࢱࢷࢲ�2^ ǉǾ

শ'ǩǠঀ ƺষঀࢴࢳঀࢵ eǦǓ șƺǾǓΛƺș ǟȅȣǿǏ ǟȅȖ ȠǦǓ ࢱঀࢵ ǉǾ ȠȣǿǠșȠǓǿȒǦƺǿȠȅǾঀ eǦǓǏǓΚǩƺȠǩȅǿș ǟȖȅǾ ȠǦǓ ȠȖȣǓEe' ǟȅȖ ȠǦǓșǓ

ȒǦƺǿȠȅǾș ƺȖǓ ǈǓǹȅΛ ઔࢶ ƺǿǏ ǈǓǹȅΛ ઔॹࢴ ȖǓșȒǓǉȠǩΚǓǹΡॹ ǴȣșȠ ƺș ǩǿ ^2� ࢱࢹࢲ ǉǾ ǠǓȅǾǓȠȖΡঀ 'ȅȖ ƺǏǏǩȠǩȅǿƺǹ ΚǓȖǩЙǉƺে

Ƞǩȅǿॹ ȠǦǓ Ee' ǾǓƺșȣȖǓǾǓǿȠ ȅǿ ȠǦǓ XȅȖȠƺǹtǩșǩȅǿ ƺ^ࢱࢱࢳࢲ ǏǓȠǓǉȠȅȖ Λƺș ȖǓȒǓƺȠǓǏ ƺȠ ^2� ࢱࢷࢲ ǉǾॹ ȣșǩǿǠ ȠǦǓ ࢶ ǉǾ

ǹǓƺǏ ȒǦƺǿȠȅǾঀ �ș ȒȖǓǏǩǉȠǓǏ ǈΡ ȠǦǓ ȒǦƺǿȠȅǾEe'ॹ ȠǦǓǾǓƺșȣȖǓǾǓǿȠ ȖǓșȣǹȠș ƺȖǓ ǩǿ ƺǠȖǓǓǾǓǿȠ শ'ǩǠঀ ǈষঀࢴࢳঀࢵ eǦǓ

[E^ ǏǩАǓȖǓǿǉǓ ǩǿǉȖǓƺșǓș ǟȖȅǾ ࢴঀࢱ ઔ ƺȠ ࣥ−ǾǾࢲঀࢱ Ƞȅ ǾǓȖǓǹΡ ࢷঀࢲ ઔ ƺȠ ǾǾ−ࣥঀࢱঀࢲ

eǦǓșǓ ЙǿǏǩǿǠș Ǐȅ ǿȅȠ ǩǾȒǹΡ ȠǦƺȠ ƺǹǹ ǏƺȠƺ ȒȖǓșǓǿȠǓǏ ƺǈȅΚǓ ǩș ȠǦǓ șƺǾǓ ǟȅȖ ^2� ࢱࢷࢲ ǉǾ ǠǓȅǾǓȠȖΡঀ 2ǿ ȒƺȖȠǩǉȣǹƺȖॹ

ΛǓ ǉƺǿ ǓΠȒǓǉȠ ǏǩАǓȖǓǿǉǓș ǟȅȖ ΚǓȖΡ ȠǦǩǉǷ ȒǦƺǿȠȅǾșॹ ǩǿ ΛǦǩǉǦ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩș ǠȖǓƺȠǓșȠঀ

/ȅΛǓΚǓȖॹ ȠǦǓ ȒǦƺǿȠȅǾș ȠǦƺȠ ΛǓȖǓ ǩǏǓǿȠǩЙǓǏ Ƞȅ ǠǩΚǓ ȠǦǓ ǦǩǠǦǓșȠ ƺǉǉȣȖƺǉΡ ƺȠ ^2� ࢱࢹࢲ ǉǾॹ ǿƺǾǓǹΡ ࢱঀࢶ ǉǾ ǹǓƺǏ ƺǿǏ

ࢱঀࢵ ǉǾ ȠȣǿǠșȠǓǿॹ Λǩǹǹ ȖǓȠȣȖǿ ǓȕȣƺǹǹΡ ƺǉǉȣȖƺȠǓ Ee'ǾǓƺșȣȖǓǾǓǿȠ ȖǓșȣǹȠș ƺȠ ^2� ࢱࢷࢲ ǉǾঀ

ॎ৺ॎ৺् XԃԖԝԏԒԃӈӒԖԖӥӼӝ ӅԱ ӎӒӈԃӼԭԃӵԡԝӥԃӼ

eǦǩș ΛȅȖǷ Ǧƺș șȅȣǠǦȠ ƺǿǏ ȒȖǓșǓǿȠǓǏ ǓǏǠǓ ȒǦƺǿȠȅǾ ǏǓșǩǠǿș ȠǦƺȠ ǩǿȠȖȅǏȣǉǓ ȠǦǓ șǾƺǹǹǓșȠ ȒȅșșǩǈǹǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ

ȅǿ ȠǦǓEe'ǾǓƺșȣȖǓǾǓǿȠঀ 2ǿ ȠǦǓ ƺǈșǓǿǉǓ ȅǟ ƺ șȣǩȠƺǈǹǓ ȒǦƺǿȠȅǾॹ ǩȠ ΛȅȣǹǏ ǈǓ ȒȅșșǩǈǹǓ Ƞȅ ȣșǓ ƺǿΡ ȅȠǦǓȖ ȒǦƺǿȠȅǾ

ǏǓșǩǠǿ Ƞȅ ǉȅǾȒƺȖǓ șǓΚǓȖƺǹ ǩǾƺǠǩǿǠ șΡșȠǓǾș Ƞȅ ǓƺǉǦ ȅȠǦǓȖঀ vǦǩǹǓ ȠǦǓ ƺǈșȅǹȣȠǓEe' ΚƺǹȣǓș ƺȖǓ ǉȅȖȖȣȒȠǓǏ ƺǿǏ Ǐȅ

ǿȅȠ ȖǓȒȖǓșǓǿȠ ȠǦǓ ȠȖȣǓEe'ॹ ȠǦǓ ȵǲȘǙȿȈ͠ǲ ȖǓǹƺȠǩȅǿșǦǩȒ ǈǓȠΛǓǓǿEe'șǾǓƺșȣȖǓǏ͡Ȉȿȅ ȿȅǲ ȸǙȝǲ ȱȅǙȞȿȤȝ ǩș ǩǿȠƺǉȠঀ

ࢱࢹ
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�D� 3KDQWRP 07)V RI ��� FP OHDG HGJH SKDQWRP� REWDLQHG IURP
0RQWH &DUOR VLPXODWLRQV�
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�E� 0HDVXUHPHQW RI ��� FP OHDG HGJH SKDQWRP� SHUIRUPHG ZLWK
9DULDQ 3RUWDO9LVLRQ D6���� GHWHFWRU�

)LJXUH ����� &RPSDULVRQ RI 07) PHDVXUHPHQW DFFXUDF\ LQ 6,' ��� FP YHUVXV 6,' ��� FP JHRPHWU\ DW �09 EHDP TXDOLW\� H[HPSODU\
IRU ��� FP OHDG HGJH SKDQWRP�

^ȅǾǓȠǩǾǓș ǩȠ ǩș șȠǩǹǹ ǿǓǉǓșșƺȖΡ Ƞȅ ȖǓǹƺȠǓǾǓƺșȣȖǓǾǓǿȠș ΛǦǩǉǦΛǓȖǓ ƺǉȕȣǩȖǓǏΛǩȠǦ ǏǩАǓȖǓǿȠ ǏǓȠǓǉȠȅȖș ƺǿǏ ǏǩАǓȖǓǿȠ

ȒǦƺǿȠȅǾșঀ 'ȅȖ ǓΠƺǾȒǹǓॹ ȅǿǓǾǩǠǦȠ ΛƺǿȠ Ƞȅ ǉȅǾȒƺȖǓ ǾǓƺșȣȖǓǏ ǏƺȠƺ Ƞȅ ȒȖǓΚǩȅȣșǹΡ ȒȣǈǹǩșǦǓǏ ȖǓșȣǹȠș ΛǦǩǉǦ ΛǓȖǓ

ƺǉȕȣǩȖǓǏ ΛǩȠǦ ƺ ǏǩАǓȖǓǿȠ ȒǦƺǿȠȅǾ ǏǓșǩǠǿঀ

�ȅǿȠǩǿȣǩǿǠ ȠǦǓ ǉȅǿǉǓȒȠ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǓșȠƺǈǹǩșǦǓǏ ǩǿ ^ǓǉȠǩȅǿ ࢳঀࢵ শșǓǓ �ȕঀ শࢵঀࢵষষॹ ȠǦǓ ȒǦƺǿȠȅǾ

Ee' ȖǓǹƺȠǓș ȠǦǓǾǓƺșȣȖǓǏ Ƞȅ ȠǦǓ ȠȖȣǓ ǏǓȠǓǉȠȅȖEe'ǈΡ ƺǾȣǹȠǩȒǹǩǉƺȠǩȅǿ ǩǿ ȠǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ǏȅǾƺǩǿঀ vǦǓǿ

ȠǦǓ ȒǦƺǿȠȅǾEe' ǩș ǷǿȅΛǿॹ ȠǦǓ ȅȒǓȖƺȠǩȅǿ ǉȅȣǹǏ ǈǓ ȖǓΚǓȖșǓǏॸ

�^'ȝǲǙȸ(ͦ) = �2^(ͦ) ! X^'Ǯǲȿ(ͦ) শࢵঀࢸষ

Ee'ȝǲǙȸ(ܽ) = Ee'ȱȅǙȞȿȤȝ(ܽ) ·Ee'Ǯǲȿ(ܽ) শࢵঀࢹষ

Ee'Ǯǲȿ(ܽ) =
Ee'ȝǲǙȸ(ܽ)

Ee'ȱȅǙȞȿȤȝ(ܽ)
শࢵঀࢺষ

^ǉƺȠȠǓȖ ƺș ƺǿ ƺǏǏǩȠǩΚǓ ǉȅǾȒȅǿǓǿȠ ǩǿ ȠǦǓ ǩǾƺǠǩǿǠ ȒȖȅǉǓșș ǠǓǿǓȖƺǹǹΡ ȒȖǓΚǓǿȠș ƺ ǏǓǉȅǿΚȅǹȣȠǩȅǿ শ�ȕঀ শࢵঀࢴষষঀ 2ǿ ȠǦǩș

ƺȒȒȖȅƺǉǦ ǦȅΛǓΚǓȖॹ șǉƺȠȠǓȖ ǩș ȒƺȖȠ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹॹ ΛǦǩǉǦ ে ƺș ƺ ΛǦȅǹǓ ে ǩș ǉȅǿΚȅǹΚǓǏ ΛǩȠǦ ȠǦǓ ȒȅǩǿȠ

șȒȖǓƺǏ ǟȣǿǉȠǩȅǿ ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖঀ 2Ƞ șǦȅȣǹǏ ȠǦǓȖǓǟȅȖǓ ǈǓ ȒȅșșǩǈǹǓ Ƞȅ ȣǿǩǟΡ ȠǦǓǾǓƺșȣȖǓǏEe'ș ǈΡ ǓǹǩǾǩǿƺȠǩǿǠ ȠǦǓ

ȖǓșȒǓǉȠǩΚǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖșঀ

�ƺǉǦ ȅǟ ȠǦǓ ǓΠȒǓȖǩǾǓǿȠƺǹǹΡ ȅǈȠƺǩǿǓǏ Ee'ș Λƺș ǏǩΚǩǏǓǏ ǈΡ ǩȠș ȖǓșȒǓǉȠǩΚǓ ȒǦƺǿȠȅǾEe'ঀ �ȅǾȒƺȖǓǏ Ƞȅ ȠǦǓ

ǩǿǩȠǩƺǹ ǾǓƺșȣȖǓǾǓǿȠ শ'ǩǠঀ ষॹࢷঀࢵ ǏǓǉȅǿΚȅǹȣȠǩȅǿ ΛǩȠǦ ȠǦǓ ȒǦƺǿȠȅǾ Ee' Ǧƺș ȖǓǏȣǉǓǏ ȠǦǓ ǏǩАǓȖǓǿǉǓș ǈǓȠΛǓǓǿ

ȠǦǓ ǾǓƺșȣȖǓǏ Ee'ș ƺǿǏ ȠǦǓȖǓǈΡ ȒȅȠǓǿȠǩƺǹǹΡ ȖǓǏȣǉǓǏ ȠǦǓ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ǩǿ ȠǦǓ ǏǓȠǓǉȠȅȖ Ee'ঀ /ȅΛǓΚǓȖॹ ȠǦǓ

ǉȅȖȖǓǉȠǩȅǿ Ǧƺș ǿȅȠ ǈǓǓǿ ǓǿȠǩȖǓǹΡ ǓАǓǉȠǩΚǓঀ eǦǓEe' ǟȖȅǾ ࢱঀࢱࢲ ǉǾ ǹǓƺǏ ƺȒȒǓƺȖș Ƞȅ ȣǿǏǓȖǓșȠǩǾƺȠǓ ȠǦǓ ȠȖȣǓEe'

ƺȠ ǦǩǠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉǩǓșঀ � șǓǉȅǿǏ ǏǓΚǩƺȠǩȅǿ ǩș ΚǩșǩǈǹǓ ǩǿ ȠǦǓ Ee' ǟȖȅǾ ࢴঀࢲ ǉǾ ǹǓƺǏ ƺȠ ǟȖǓȕȣǓǿǉǩǓș ƺȖȅȣǿǏ

ǾǾ−ࣥঀࢳঀࢱ eǦǓEe'ș ǟȖȅǾࢴঀࢴ ǉǾ ƺǿǏ ࢱঀࢶ ǉǾ ǹǓƺǏॹ ǦȅΛǓΚǓȖॹ ƺǠȖǓǓ ȅΚǓȖ ȠǦǓ ǓǿȠǩȖǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓঀ eǦǓ

ࢲࢹ



1.3 cm lead 3.3 cm lead 5.0 cm lead 10.0 cm lead
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)LJXUH ����� 'HWHFWRU
07) RI WKH 9DULDQ 3RU�
WDO9LVLRQ D6���� GHWHFWRU�
FRUUHFWHG IRU WKH V\VWHP�
DWLF HUURU LQWURGXFHG E\
WKH LQGLYLGXDO SKDQWRP
GHVLJQV�

ǏǩșǉȖǓȒƺǿǉǩǓș ǾƺΡ șȠǓǾ ǟȖȅǾ ǈȅȠǦ ǾǓƺșȣȖǓǾǓǿȠ ƺǿǏ șǩǾȣǹƺȠǩȅǿঀ 2Ƞ Λƺș ƺșșȣǾǓǏ ȠǦƺȠ ȠǦǓ ǏǓȠǓǉȠȅȖ Ǧƺș Ǔȕȣƺǹ

șǓǿșǩȠǩΚǩȠΡ ǟȅȖ șǉƺȠȠǓȖǓǏ ƺǿǏ ȒȖǩǾƺȖΡ ǩǿǉǩǏǓǿȠ ȖƺǏǩƺȠǩȅǿঀ eǦǩș ǾƺΡ ǿȅȠ ǈǓ ȠȖȣǓॹ ƺș ȠǦǓ ǏǓȠǓǉȠȅȖ ǩș ǹǩǷǓǹΡ Ƞȅ ǓΠǦǩǈǩȠ

șȅǾǓ ǟȅȖǾ ȅǟ ƺǿǠȣǹƺȖ ǏǓȒǓǿǏǓǿǉǓঀ 2ǿ ȠǦǩș ǉƺșǓॹ ȠǦǓ ǓАǓǉȠ ΛȅȣǹǏ ǈǓ ǾȅșȠ ȒȖȅǿȅȣǿǉǓǏ ǟȅȖ ȠǦǓ ࢴঀࢲ ǉǾ ȒǦƺǿȠȅǾॹ

ǟȅȖ ΛǦǩǉǦ ȠǦǓ șǉƺȠȠǓȖ ǟȖƺǉȠǩȅǿ ǩș ǦǩǠǦǓșȠঀ Kǿ ȠǦǓ ȅȠǦǓȖ ǦƺǿǏॹ ȠǦǓ ƺǉǉȣȖƺǉΡ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾEe' ǏǓȒǓǿǏș ȅǿ ȠǦǓ

ǟƺǩȠǦǟȣǹ ȖǓȒȖȅǏȣǉȠǩȅǿ ȅǟ ȠǦǓ ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓ ǩǿ ȠǦǓ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿঀ �ș ǏǓǾȅǿșȠȖƺȠǓǏ ǈǓǟȅȖǓॹ ȠǦǓ ȣșǓ

ȅǟ ƺ ȒȅǩǿȠ șȅȣȖǉǓ ǹǓƺǏș Ƞȅ ƺǿ ǓǿȠǩȖǓǹΡ ǏǩАǓȖǓǿȠ ȖǓșȣǹȠ ǉȅǾȒƺȖǓǏ Ƞȅ ȠǦǓ ǩǾȒǹǓǾǓǿȠƺȠǩȅǿȅǟ ȠǦǓ ǉȅǾȒǹǓȠǓ ƺǉǉǓǹǓȖƺȠȅȖ

ǦǓƺǏ ȒǦƺșǓ șȒƺǉǓঀ eǦǓ eȖȣǓ�ǓƺǾ ȒǦƺșǓ șȒƺǉǓ ȣșǓǏ ǟȅȖ ȠǦǓ șǩǾȣǹƺȠǩȅǿș ǩǿ ȠǦǩș ȠǦǓșǩș Λƺș ȅȒȠǩǾǩΦǓǏ Ƞȅ ƺǉǦǩǓΚǓ

ǏȅșǩǾǓȠȖǩǉ ǓȕȣǩΚƺǹǓǿǉǓ ǩǿ ΛƺȠǓȖॹ ǟȅȖ ΛǦǩǉǦ ȠǦǓ șȅȣȖǉǓ șǩΦǓ ǩș ȅǿǹΡ ȅǿǓ ȅǟ ǾƺǿΡ ЙȠȠǩǿǠ ȒƺȖƺǾǓȠǓȖșঀ 2Ƞ ǩș ȒȅșșǩǈǹǓ

ȠǦƺȠ ȠǦǓEȅǿȠǓ�ƺȖǹȅ șǩǾȣǹƺȠǩȅǿșǾȅǏǓǹ ȠǦǓ șȅȣȖǉǓ șǩΦǓ ǩǿƺǏǓȕȣƺȠǓǹΡঀ �ș ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩș ΚǓȖΡ șǓǿșǩȠǩΚǓ

Ƞȅ ȠǦǓ șǩΦǓ ȅǟ ȠǦǓ ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓॹ ǩȠ ǩș ȒȅșșǩǈǹǓ ȠǦƺȠ ȠǦǩș ǉƺȣșǓș ȠǦǓ ǏǓΚǩƺȠǩȅǿ ǟȅȖ ȠǦǓ ࢱঀࢱࢲ ǉǾ ǹǓƺǏ ȒǦƺǿȠȅǾঀ ^ȅ

ǟƺȖॹ ǿǓǩȠǦǓȖ ȠǦǓ ǏǓȠǓǉȠȅȖ șǓǿșǩȠǩΚǩȠΡ ǟȅȖ șǉƺȠȠǓȖǓǏ ȖƺǏǩƺȠǩȅǿॹ ǿȅȖ ȠǦǓ șȅȣȖǉǓ ȖǓȒȖǓșǓǿȠƺȠǩȅǿ ǩǿ ȒǦƺșǓ șȒƺǉǓ ǏƺȠƺ Ǧƺș

ǈǓǓǿ ǩǿΚǓșȠǩǠƺȠǓǏঀ eǦǓ ȖǓșȣǹȠș șǓǓǿ ǦǓȖǓ ƺȖǓ ȠǦǓȖǓǟȅȖǓ ȅǿǹΡ ȒȖȅȅǟ ȅǟ ȒȖǩǿǉǩȒǹǓ ȠǦƺȠ ȠǦǓ ȒǦƺǿȠȅǾ Ee' ǉȅȣǹǏ

ǈǓ ȣșǓǟȣǹ ǩǿ ǉȅȖȖǓǉȠǩǿǠ Ee' ǾǓƺșȣȖǓǾǓǿȠș Κǩƺ ǏǓǉȅǿΚȅǹȣȠǩȅǿঀ �ș ǹȅǿǠ ƺș ȠǦǓ ȖǓșȣǹȠș ǉƺǿǿȅȠ ǈǓ ǈȖȅȣǠǦȠ Ƞȅ

șȣГǉǩǓǿȠ ƺǠȖǓǓǾǓǿȠॹ ǩȠ ǩș șǓǿșǩǈǹǓ Ƞȅ ǾǓƺșȣȖǓ ȠǦǓ Ee' ΛǩȠǦ ȒǦƺǿȠȅǾș ΛǦǩǉǦ ƺȖǓ ǉǹȅșǓ Ƞȅ ȠǦǓ ȅȒȠǩǾȣǾ ǏǓșǩǠǿॹ

ǓঀǠঀ ࢱঀࢶ ǉǾ ǹǓƺǏ ȅȖ ࢱঀࢵ ǉǾ ȠȣǿǠșȠǓǿঀ

ࢳࢹ



5
�ȅǿǉǹȣșǩȅǿ

eǦǩș ȠǦǓșǩș ǩǿΚǓșȠǩǠƺȠǓǏ ȠǦǓ ƺǉǉȣȖƺǉΡ ȅǟ Ee' ǾǓƺșȣȖǓǾǓǿȠș ƺȠ Et ǓǿǓȖǠǩǓș ǉȅǿǏȣǉȠǓǏ ΛǩȠǦ ǓǏǠǓ ȒǦƺǿȠȅǾșঀ

eǦǓ ǓΠȒǓȖǩǾǓǿȠƺǹ șȠȣǏΡ șǦȅΛǓǏ ȠǦƺȠ ȠǦǓ ǾǓƺșȣȖǓǏ Ee' șȠȖȅǿǠǹΡ ǏǓȒǓǿǏș ȅǿ ȠǦǓ ǏǓșǩǠǿ ȅǟ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾঀ

2ǿșȣГǉǩǓǿȠ ƺǈșȅȖȒȠǩȅǿ ȅǟ ȠǦǓ ǩǿǉǩǏǓǿȠEt ȖƺǏǩƺȠǩȅǿ ǉƺȣșǓș ȠǦǓ ȒǦȅȠȅǿ МȣǓǿǉǓ ǈǓǦǩǿǏ ȠǦǓ ȒǦƺǿȠȅǾ Ƞȅ ǏǓΚǩƺȠǓ

ǟȖȅǾ ȠǦǓ ǩǏǓƺǹ șȠǓȒেǟȣǿǉȠǩȅǿ șǦƺȒǓঀ �ȅǿșǓȕȣǓǿȠǹΡॹ ȠǦǓ ǾǓƺșȣȖǓǏEe' ǩș ǿȅȠ ȠǦǓ ȠȖȣǓ Ee'ঀ

� ǿȅΚǓǹ ǾǓȠǦȅǏ Λƺș ǏǓΚǓǹȅȒǓǏ ΛǦǩǉǦ ǏǓȠǓȖǾǩǿǓș ȠǦǓ Ee' ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡ ǈƺșǓǏ ȅǿ EȅǿȠǓ �ƺȖǹȅ

șǩǾȣǹƺȠǩȅǿș ȅǟ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹঀ eǦǓ ǉȅȖȖǓșȒȅǿǏǩǿǠ Ee'ॹ ǉƺǹǹǓǏ ȠǦǓ ȒǦƺǿȠȅǾ Ee'ॹ ȖǓΚǓƺǹș ȠǦǓ șΡșে

ȠǓǾƺȠǩǉ ǓȖȖȅȖ ǈΡ ǩȠș ǏǓΚǩƺȠǩȅǿ ǟȖȅǾ ȣǿǩȠΡঀ eǦǓ ȖǓșȣǹȠș ƺȖǓ ƺȒȒǹǩǉƺǈǹǓ Ƞȅ ƺǹǹ Et ǩǾƺǠǩǿǠ ǏǓΚǩǉǓș ȣșǓǏ ΛǩȠǦ ƺ

ǉȅǾȒƺȖƺǈǹǓ ǈǓƺǾ ȕȣƺǹǩȠΡॹ ǩǿǉǹȣǏǩǿǠ �X2�ș ƺș ΛǓǹǹ ƺș �ࢳ ǩȅǿ ǉǦƺǾǈǓȖ ƺȖȖƺΡșঀ

2Ƞ Λƺș ǟȅȣǿǏ ȠǦƺȠ ȠǦǓ ǏǓȠǓǉȠȅȖ ǩǿȒȣȠ șǩǠǿƺǹ ǩș ǩǾȒƺǩȖǓǏ ǈΡ ǠǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ƺǿǏ șǉƺȠȠǓȖॹ ΛǦǩǹǓ ȠǦǓ ǩǿে

МȣǓǿǉǓ ȅǟ ƺǈșȅȖȒȠǩȅǿ ȣǿșǦƺȖȒǿǓșș ǩș ǿǓǠǹǩǠǩǈǹǓঀ (ǓȅǾǓȠȖǩǉ ȣǿșǦƺȖȒǿǓșș ǩș ǩǿȠȖȅǏȣǉǓǏ Ƞȅ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ƺș

ȠǦǓ ǓǿȠȖƺǿǉǓ ȒǹƺǿǓ ȅǟ ȠǦǓ ȒǦƺǿȠȅǾ ǩș ǓǹǓΚƺȠǓǏ ǟȖȅǾ ȠǦǓ ǏǓȠǓǉȠȅȖ ǏȣǓ Ƞȅ ȠǦǓ ȒǦƺǿȠȅǾঢ়ș ȠǦǩǉǷǿǓșșঀ 2Ƞ ǹǓƺǏș Ƞȅ ƺǿ

ȣǿǏǓȖǓșȠǩǾƺȠǩȅǿ ȅǟ ȠǦǓ Ee'ॹ ΛǦǩǉǦ ǩǿǉȖǓƺșǓș ΛǩȠǦ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ ƺǿǏ ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșșঀ eǦǓ ǩǿȠǓȖƺǉȠǩȅǿ

ȅǟ ȠǦǓ ȒǦȅȠȅǿ ǈǓƺǾ ΛǩȠǦ ȠǦǓ ǓǏǠǓ ȒǦƺǿȠȅǾ ȒȖȅǏȣǉǓș șǉƺȠȠǓȖॹ ȒƺȖȠ ȅǟ ΛǦǩǉǦ ǩș ȖǓেƺǈșȅȖǈǓǏ ǈǓǟȅȖǓ ǩȠ ȖǓƺǉǦǓș ȠǦǓ

ǏǓȠǓǉȠȅȖঀ eǦǓ ȒȖǓșǓǿǉǓ ȅǟ șǉƺȠȠǓȖ ǹǓƺǏș Ƞȅ ƺǿ ȅΚǓȖǓșȠǩǾƺȠǩȅǿ ȅǟ ȠǦǓ Ee'ॹ ΛǦǩǉǦ ȖǓǾƺǩǿș ǉȅǿșȠƺǿȠ ΛǩȠǦ șȒƺȠǩƺǹ

ǟȖǓȕȣǓǿǉΡঀ

eǦǓșǓ ȠΛȅ ǟƺǉȠȅȖș ǾȣșȠ ǈǓ ǈƺǹƺǿǉǓǏ Ƞȅ ƺǉǦǩǓΚǓ ȠǦǓ ǦǩǠǦǓșȠ ȅΚǓȖƺǹǹ ǾǓƺșȣȖǓǾǓǿȠ ƺǉǉȣȖƺǉΡॸ 2ǿǉȖǓƺșǩǿǠ ȠǦǓ

ȒǦƺǿȠȅǾ ȠǦǩǉǷǿǓșș Λǩǹǹ ȒȖǓΚǓǿȠ ǓΠǉǓșșǩΚǓ șǉƺȠȠǓȖǩǿǠॹ ΛǦǩǹǓ ǏǓǉȖǓƺșǩǿǠ ȠǦǓ ȠǦǩǉǷǿǓșș Λǩǹǹ ȖǓǏȣǉǓ ȠǦǓ ǠǓȅǾǓȠȖǩǉ

ࢴࢹ



ȣǿșǦƺȖȒǿǓșșঀ 'ȅȖ EtǈǓƺǾࢷ ȕȣƺǹǩȠΡॹ ƺǿ ^2� ȅǟ ࢱࢹࢲ ǉǾ ƺǿǏ ȠǦǓ ȣșƺǈǹǓ ǟȖǓȕȣǓǿǉΡ ȖƺǿǠǓ ȣȒ Ƞȅ ǾǾ−ࣥॹࢲ ƺǿ ǓǏǠǓ

ȒǦƺǿȠȅǾ ǾƺǏǓ ǟȖȅǾ ࢱঀࢶ ǉǾ ȠǦǩǉǷ ǹǓƺǏ Λǩǹǹ ȖǓȠȣȖǿ ȠǦǓ Ee' ΛǩȠǦ ƺǿ ƺǉǉȣȖƺǉΡ ȅǟ ࢶ ઔঀ �ǹȠǓȖǿƺȠǩΚǓǹΡॹ ȠǦǓ ǓȖȖȅȖ

ǉƺǿ ǈǓ ǷǓȒȠ ΛǩȠǦǩǿ ઔࢴ ΛǦǓǿ ȣșǩǿǠ ƺ ࢱঀࢵ ǉǾ ȠǦǩǉǷ ȠȣǿǠșȠǓǿ ǓǏǠǓঀ

KȠǦǓȖ ȒǦƺǿȠȅǾș ǉƺǿ ǈǓ ȣșǓǏ ǟȅȖ ƺ ȖǓǹƺȠǩΚǓ ǉȅǾȒƺȖǩșȅǿ ȅǟ ǏǩАǓȖǓǿȠ Et ǩǾƺǠǩǿǠ șΡșȠǓǾșঀ /ȅΛǓΚǓȖॹ ǩȠ ǾȣșȠ

ǈǓ ǿȅȠǓǏ ȠǦƺȠ ȠǦǓ ǾǓƺșȣȖǓǏ ΚƺǹȣǓș Ǐȅ ǿȅȠ ȖǓМǓǉȠ ȠǦǓ ȠȖȣǓ Ee' ƺǿǏ ǉƺǿǿȅȠ ǈǓ ǉȅǾȒƺȖǓǏ Ƞȅ ȒȣǈǹǩșǦǓǏ ȖǓșȣǹȠș

ΛǦǩǉǦ ΛǓȖǓ ȅǈȠƺǩǿǓǏ ΛǩȠǦ ƺ ǏǩАǓȖǓǿȠ ȒǦƺǿȠȅǾঀ eȅ șȅǾǓ ǓΠȠǓǿȠॹ ȠǦǓ ǩǿМȣǓǿǉǓ ȅǟ ƺ ǿȅǿেǩǏǓƺǹ ȒǦƺǿȠȅǾ ǉƺǿ

ǈǓ ǉȅǾȒǓǿșƺȠǓǏ ǈΡ ǏǓǉȅǿΚȅǹȣȠǩȅǿ ȅǟ ȠǦǓ ǾǓƺșȣȖǓǏ Ee' ΛǩȠǦ ȠǦǓ ȒǦƺǿȠȅǾ Ee'ঀ /ȅΛǓΚǓȖॹ ȠǦǩș ȒȖȅǉǓǏȣȖǓ

ȖǓȕȣǩȖǓș ƺ ΚǓȖΡ ǠȅȅǏ ȖǓǉȅǿșȠȖȣǉȠǩȅǿ ȅǟ ȠǦǓ ȖƺǏǩƺȠǩȅǿ șȅȣȖǉǓ ΛǩȠǦǩǿ ȠǦǓ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿॹ ΛǦǩǉǦ ǾǩǠǦȠ

ǿȅȠ ǈǓ ȒȅșșǩǈǹǓ ƺǿǏ ǩș ǏǩГǉȣǹȠ Ƞȅ ΚǓȖǩǟΡঀ 2ǟ ǩǿ ǏȅȣǈȠॹ ǩȠ ǩș ƺǹΛƺΡș ȒȖǓǟǓȖƺǈǹǓ Ƞȅ ǾǓƺșȣȖǓ ȠǦǓ Ee' ΛǩȠǦ ƺǿ ǓǏǠǓ

ȒǦƺǿȠȅǾ ȠǦƺȠ ǩǿǏȣǉǓș ƺ șǾƺǹǹ șΡșȠǓǾƺȠǩǉ ǓȖȖȅȖ ȅǿ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠঀ

�ǹȠǦȅȣǠǦ ȠǦǩș șȠȣǏΡ Λƺș ǹǩǾǩȠǓǏ Ƞȅ Etࢷ ǈǓƺǾ ȕȣƺǹǩȠΡॹ ȠǦǓ ǿǓΛǹΡ ǏǓΚǓǹȅȒǓǏ ȠǓǉǦǿǩȕȣǓ Ƞȅ ȕȣƺǿȠǩǟΡ ȠǦǓ șΡșে

ȠǓǾƺȠǩǉ ǓȖȖȅȖ ȣșǩǿǠ ȠǦǓ ȒǦƺǿȠȅǾEe' ǩș ƺȒȒǹǩǉƺǈǹǓ Ƞȅ ƺǹǹ șΡșȠǓǾș ǟȅȖ ΛǦǩǉǦ ȠǦǓ ȒǦȅȠȅǿ ǈǓƺǾ ǉƺǿ ǈǓ ƺǉǉȣȖƺȠǓǹΡ

ǾȅǏǓǹǓǏঀ /ǩǠǦǓȖ ǓǿǓȖǠǩǓș Λǩǹǹ ȒȖǓșȣǾƺǈǹΡ ȒȖǓșǓǿȠ ƺǿ ǓΚǓǿ ǠȖǓƺȠǓȖ ǉǦƺǹǹǓǿǠǓ ǟȅȖEe'ǾǓƺșȣȖǓǾǓǿȠșॹ ǈȣȠ ƺȖǓ ȅǟ

șǓǉȅǿǏƺȖΡ ǩǿȠǓȖǓșȠ ǟȅȖ ǩǾƺǠǩǿǠ ƺȒȒǹǩǉƺȠǩȅǿș ǏȣǓ Ƞȅ ȠǦǓ ǹȅΛ ȠǩșșȣǓ ǉȅǿȠȖƺșȠঀ 2ǿșȠǓƺǏॹ șȅǾǓ tƺȖǩƺǿ ǾƺǉǦǩǿǓș ȅАǓȖ

ƺ Etࢶঀࢳ ǈǓƺǾ ǟȅȖ ǩǾȒȖȅΚǓǏ ǩǾƺǠǓ ȕȣƺǹǩȠΡ ƺǿǏ ǹȅΛǓȖ ǩǾƺǠǩǿǠ ǏȅșǓঀ ࢷࢱࢲ �ș ȅǟ ΡǓȠॹ ǿȅ ǏƺȠƺ ǩș ƺΚƺǩǹƺǈǹǓ Ƞȅ ǾȅǏǓǹ

ȠǦǓ Etࢶঀࢳ ǈǓƺǾ ǩǿ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿșॹ ǈȣȠ ǩȠ ΛȅȣǹǏ ǈǓ ǩǿȠǓȖǓșȠǩǿǠ Ƞȅ ǉȅǿǏȣǉȠ ƺ șǩǾǩǹƺȖ ƺǿƺǹΡșǩș ƺȠ ȠǦǩș

ǈǓƺǾ ȕȣƺǹǩȠΡঀ

eǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ șȠƺǿǏș ƺǹȅǿǠșǩǏǓ ȅȠǦǓȖ ǾǓȠȖǩǉș ΛǦǩǉǦ ȕȣƺǿȠǩǟΡ ȠǦǓ ȒǓȖǟȅȖǾƺǿǉǓ ȅǟ ƺǿ

ǩǾƺǠǩǿǠ șΡșȠǓǾॹ șȣǉǦ ƺș ȠǦǓ ǿȅǩșǓ ȒȅΛǓȖ șȒǓǉȠȖȣǾ ƺǿǏ ȠǦǓ ǏǓȠǓǉȠǩΚǓ ȕȣƺǿȠȣǾ ǓГǉǩǓǿǉΡঀ vǦǩǹǓ ȠǦǩș ΛȅȖǷ Ǧƺș

ǉȅǿȠȖǩǈȣȠǓǏ Ƞȅ ȠǦǓ ȠǓǉǦǿǩǉƺǹ șǩǏǓ ȅǟEe'ǾǓƺșȣȖǓǾǓǿȠॹ ǩȠ ǩș ǓǾǈǓǏǏǓǏ ǩǿ ƺ ǠȖǓƺȠǓȖ ȕȣǓșȠǩȅǿॸ �ș șȠƺȠǓǏ ǩǿ ƺ ǷǓΡ

ȒȣǈǹǩǉƺȠǩȅǿ ǈΡ ?ȣȖȠ [ȅșșǾƺǿǿॹ ΛǦȅ ǹǓǟȠ ȠǦǓ ?ȅǏƺǷ @ƺǈȅȖƺȠȅȖǩǓș ǩǿ ࢸࢷࢺࢲ Ƞȅ Ǵȅǩǿ ȠǦǓ �ǓȒƺȖȠǾǓǿȠ ȅǟ [ƺǏǩȅǹȅǠΡ

ƺȠ ȠǦǓ hǿǩΚǓȖșǩȠΡ ȅǟ �ǦǩǉƺǠȅॹ ȠǦǓ ǉǓǿȠȖƺǹ ȒȖȅǈǹǓǾ ȅǟ ȖƺǏǩȅǠȖƺȒǦǩǉ ǩǾƺǠǓ ȕȣƺǹǩȠΡ ǩș ȠǦǓ ȖǓǹƺȠǩȅǿșǦǩȒ ǈǓȠΛǓǓǿ ȠǦǓ

ȒǦΡșǩǉƺǹ ƺǿǏ ȠǦǓ ǏǩƺǠǿȅșȠǩǉ ǩǾƺǠǓ ȕȣƺǹǩȠΡঀ ࢸࢱࢲ �ǩƺǠǿȅșȠǩǉ ƺǉǉȣȖƺǉΡॹ ȠǦǓ ȣǹȠǩǾƺȠǓ Ǡȅƺǹ ȅǟ ƺ ȖƺǏǩȅǹȅǠǩǉ ǓΠƺǾǩǿƺȠǩȅǿॹ

ȖǓȕȣǩȖǓș ǿȅȠ ǿǓǉǓșșƺȖǩǹΡ ȠǦǓǾȅșȠ ǟƺǩȠǦǟȣǹ ȖǓȒȖȅǏȣǉȠǩȅǿȅǟ ȠǦǓ ȅǈǴǓǉȠॹ ǈȣȠ ȠǦǓ ȠȖƺǿșǟǓȖ ȅǟ ǏǩƺǠǿȅșȠǩǉƺǹǹΡ ǩǾȒȅȖȠƺǿȠ

ǩǿǟȅȖǾƺȠǩȅǿॹ ΛǦǩǉǦ ǉƺǿ ǈǓ ǏǩАǓȖǓǿȠ ǏǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ȅǈǴǓǉȠș ȅȖ ǹǓșǩȅǿș ȅǟ ǉǹǩǿǩǉƺǹ ǩǿȠǓȖǓșȠঀ eǦǓ ȖƺǏǩȅǹȅǠǩǉƺǹ

ȒȖȅǉǓșș ǏȅǓș ǿȅȠ ǓǿǏΛǩȠǦ ȠǦǓ ǏǩșȒǹƺΡǩǿǠ ȅǟ ƺǿ ǩǾƺǠǓঀ 2Ƞ ǩǿǉǹȣǏǓș ȠǦǓ ǓΡǓॹ ƺșΛǓǹǹ ƺș ȠǦǓ ǈȖƺǩǿ ȅǟ ȠǦǓ ȖƺǏǩȅǹȅǠǩșȠঀ ࢹࢱࢲ

eǦǓ ȅǈșǓȖΚǓȖ ȒǓȖǟȅȖǾƺǿǉǓ ƺǿǏ șȣȖȖȅȣǿǏǩǿǠ ƺǿƺȠȅǾǩǉ șȠȖȣǉȠȣȖǓș ǩǿМȣǓǿǉǓ ȠǦǓ ǏǩƺǠǿȅșȠǩǉ ȠƺșǷ ƺǹȅǿǠ ΛǩȠǦ ȠǦǓ

ȒǦΡșǩǉƺǹ ǩǾƺǠǓ ȕȣƺǹǩȠΡঀ eǦǓ 2�[h ȖǓȒȅȖȠ ॹࢺࢱࢲࢲࢵ ȒȣǈǹǩșǦǓǏ ǩǿ ॹࢷࢹࢺࢲ ǩș șȠǩǹǹ ȖǓǹǓΚƺǿȠ ȠȅǏƺΡ ΛǦǓǿ ǩȠ șȠƺȠǓș ȠǦƺȠ ȠǦǓ

ȖǓǹƺȠǩȅǿșǦǩȒș ǈǓȠΛǓǓǿ ǏǩƺǠǿȅșȠǩǉ ƺǉǉȣȖƺǉΡ ƺǿǏ ȠǦǓșǓ ǟƺǉȠȅȖș ƺȖǓ ǉȅǾȒǹǓΠ ƺǿǏ ǿȅȠ ΛǓǹǹ ȣǿǏǓȖșȠȅȅǏ ƺȠ ȒȖǓșǓǿȠঀ

ࢵࢹ



[ǓǟǓȖǓǿǉǓș

মࢲয ^ঀ EȣǷǦǓȖǴǓǓॹ eȅǲ �ȝȱǲȵȤȵ ȤǾ �ȘȘEǙȘǙǮȈǲȸঀ � �ǩȅǠȖƺȒǦΡ ȅǟ �ƺǿǉǓȖॹ ^ǩǾȅǿ ƺǿǏ ^ǉǦȣșȠǓȖॹ 2ǿǉঀॹ ঀࢲࢲࢱࢳ

মࢳয vঀ /ঀ Eǉ�ȖǩǏǓॹ /ঀ [ঀ vǩȠǦǓȖșॹ ƺǿǏ �ঀ ^ǉǦƺȣǓॹ �ǩȅǹȅǠǩǉ �ƺșǩș ȅǟ [ƺǏǩƺȠǩȅǿ eǦǓȖƺȒΡॹ ǩǿ Xǲȵǲͬ ǙȞǮ

�ȵǙǮͧहȸ XȵȈȞǨȈȱȘǲȸ ǙȞǮ XȵǙǨȿȈǨǲ ȤǾ [ǙǮȈǙȿȈȤȞ KȞǨȤȘȤǿͧ শ�ঀ �ঀ /ƺǹȒǓȖǩǿॹ �ঀ �ঀ vƺΦǓȖॹ �ঀ �ঀ XǓȖǓΦॹ ƺǿǏ

@ঀ vঀ �ȖƺǏΡॹ ǓǏșঀষॹ ȒȒঀ ॹࢲࢲࢲࢸࢹ vȅǹȠǓȖș ?ǹȣΛǓȖॹ ^ǓȒȠঀ ঀࢹࢲࢱࢳ

মࢴয Eঀ (ȅǩȠǓǩǿॹ [ƺǏǩƺȠǩȅǿ ǩǿ ȠǦǓ eȖǓƺȠǾǓǿȠ ȅǟ �ƺǿǉǓȖ ॹ ǩǿ [ǙǮȈǙȿȈȤȞ KȞǨȤȘȤǿ࣒ͧ � XȅͧȸȈǨȈȸȿहȸण�ͧǲ tȈǲ͡ॹ

ȒȒঀ ॹࢲࢲࢲ ^ȒȖǩǿǠǓȖ FǓΛ |ȅȖǷॹ ঀࢸࢱࢱࢳ

মࢵয Eঀ @ǓǏǓȖǾƺǿॹ eǦǓ ǓƺȖǹΡ ǦǩșȠȅȖΡ ȅǟ ȖƺǏǩȅȠǦǓȖƺȒΡॸ ॹࢺࢴࢺࢲࢶࢺࢹࢲ 2ȞȿǲȵȞǙȿȈȤȞǙȘ =ȤɂȵȞǙȘ ȤǾ [ǙǮȈǙȿȈȤȞ KȞण

ǨȤȘȤǿͧ࣎�ȈȤȘȤǿͧ࣎XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢸ ǿȅঀ ॹࢶ ȒȒঀ ॹࢹࢵࢷࢺࢴࢷ ঀࢲࢹࢺࢲ

মࢶয vঀ ^ǉǦǹǓǠǓǹॹ FǓΛ eǓǉǦǿȅǹȅǠǩǓș ǩǿ �ࢴ �ȅǿǟȅȖǾƺǹ [ƺǏǩƺȠǩȅǿ eǦǓȖƺȒΡॸ 2ǿȠȖȅǏȣǉȠǩȅǿ ƺǿǏ KΚǓȖΚǩǓΛॹ

ǩǿ Fǲ͡ eǲǨȅȞȤȘȤǿȈǲȸ ȈȞ [ǙǮȈǙȿȈȤȞ KȞǨȤȘȤǿͧ শvঀ ^ǉǦǹǓǠǓǹॹ eঀ �ȅȖȠǟǓǹǏॹ ƺǿǏ �ঀে@ঀ (Ȗȅșȣॹ ǓǏșঀষॹ ȒȒঀ ॹࢷࢲ

^ȒȖǩǿǠǓȖ �ǓȖǹǩǿ /ǓǩǏǓǹǈǓȖǠॹ ঀࢷࢱࢱࢳ

মࢷয |ঀ �ǦƺǿǠ ƺǿǏ =ঀ vƺǿǠॹ ?ǩǹȅΚȅǹȠƺǠǓ ƺǿǏ EǓǠƺΚȅǹȠƺǠǓ 2ǾƺǠǩǿǠ ǩǿ [ƺǏǩȅȠǦǓȖƺȒΡॹ ǩǿ/ǙȞǮǧȤȤȖ ȤǾ {णȵǙͧ

2ȝǙǿȈȞǿ শXঀ [ȣșșȅॹ ǓǏঀষॹ ȒȒঀ ॹࢷࢲࢺࢸࢺࢹ �[� XȖǓșșॹ ঀࢹࢲࢱࢳ

মࢸয |ঀ �ǹেEȅǦȖǩॹ =ঀ |ȅȖǷșȠȅǿॹ ?ঀvঀ =ǓǓॹEঀEƺȅǹǩǿǈƺΡॹ ?ঀ @ঀ @ƺǾॹ ƺǿǏ =ঀ /ঀ ^ǩǓΛǓȖǏșǓǿॹ [ǓǹƺȠǩΚǓ ǏȅșǩǾǓȠȖΡ

ȣșǩǿǠ ƺǉȠǩΚǓ ǾƺȠȖǩΠ МƺȠেȒƺǿǓǹ ǩǾƺǠǓȖ শ�E'X2ষ ȠǓǉǦǿȅǹȅǠΡॹ EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢷࢳ ȒȒঀ ॹࢲࢵࢶࢲࢱࢴࢶࢲ

�ȣǠঀ ঀࢺࢺࢺࢲ

মࢹয �ঀ XǓǹǩॹ �ȅǿȠȖƺșȠ ǩǿ ǉȅǾȒǹǓΠ ǩǾƺǠǓșॹ =ȤɂȵȞǙȘ ȤǾ ȿȅǲ KȱȿȈǨǙȘ ^ȤǨȈǲȿͧ ȤǾ �ȝǲȵȈǨǙॹ Κȅǹঀ ॹࢸ ȒȒঀ ॹࢱࢵࢱࢳࢳࢴࢱࢳ

KǉȠঀ ঀࢱࢺࢺࢲ

মࢺয =ঀ �ঀ �ƺǩǿȠΡ ƺǿǏ [ঀ ^ǦƺΛॹ 'ȅȣȖǩǓȖ eȖƺǿșǟȅȖǾșॹ ƺǿǏ ȠǦǓ �ǿƺǹΡșǩș ȅǟ 2ǾƺǠǓ [ǓșȅǹȣȠǩȅǿ ƺǿǏ FȅǩșǓॹ ǩǿ

2ȝǙǿǲ ȸǨȈǲȞǨǲ࣒ ȱȵȈȞǨȈȱȘǲȸ࣓ ǙȞǙȘͧȸȈȸ ǙȞǮ ǲ͠ǙȘɂǙȿȈȤȞ ȤǾ ȱȅȤȿȤǿȵǙȱȅȈǨ ȿͧȱǲ ȈȝǙǿȈȞǿ ȱȵȤǨǲȸȸǲȸॹ ȒȒঀ ॹࢲࢴࢳࢱࢺࢲ

�ǉƺǏǓǾǩǉ XȖǓșșॹ ঀࢵࢸࢺࢲ

মࢱࢲয vঀ/ঀ XȖǓșșॹ 'ƺșȠ 'ȅȣȖǩǓȖ eȖƺǿșǟȅȖǾॹ ǩǿFɂȝǲȵȈǨǙȘ [ǲǨȈȱǲȸॹ ȒȒঀ ॹࢺࢴࢷࢱࢱࢷ �ƺǾǈȖǩǏǠǓhǿǩΚǓȖșǩȠΡ XȖǓșșॹ

^ǓȒȠঀ ঀࢸࢱࢱࢳ

মࢲࢲয ?ঀ [ȅșșǾƺǿǿॹ XȅǩǿȠ șȒȖǓƺǏেǟȣǿǉȠǩȅǿॹ ǹǩǿǓ șȒȖǓƺǏেǟȣǿǉȠǩȅǿॹ ƺǿǏ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿॸ Ƞȅȅǹș

ǟȅȖ ȠǦǓ șȠȣǏΡ ȅǟ ǩǾƺǠǩǿǠ șΡșȠǓǾșॹ[ǙǮȈȤȘȤǿͧॹ Κȅǹঀ ॹࢴࢺ ȒȒঀ ॹࢳࢸࢳࢸࢶࢳ �ȣǠঀ ঀࢺࢷࢺࢲ

ࢶࢹ



মࢳࢲয 2ঀ �ঀ �ȣǿǿǩǿǠǦƺǾॹ �ȒȒǹǩǓǏ @ǩǿǓƺȖে^ΡșȠǓǾș eǦǓȅȖΡॹ ǩǿ /ǙȞǮǧȤȤȖ ȤǾ EǲǮȈǨǙȘ 2ȝǙǿȈȞǿ࣒ XȅͧȸȈǨȸ ǙȞǮ

ȱȸͧǨȅȤȱȅͧȸȈǨȸ শ=ঀ �ǓȣȠǓǹॹ /ঀ @ঀ ?ȣǿǏǓǹॹ ƺǿǏ [ঀ @ঀ tƺǿEǓȠȠǓȖॹ ǓǏșঀষॹ ȒȒঀ ॹࢱࢷࢲࢺࢸ ^X2� XȖǓșșॹ =ƺǿঀ ঀࢱࢱࢱࢳ

মࢴࢲয Eঀ @ঀ (ǩǠǓȖ ƺǿǏ ?ঀ �ȅǩॹ 2ǿΚǓșȠǩǠƺȠǩȅǿ ȅǟ ǈƺșǩǉ ǩǾƺǠǩǿǠ ȒȖȅȒǓȖȠǩǓș ǩǿ ǏǩǠǩȠƺǹ ȖƺǏǩȅǠȖƺȒǦΡঀ 2ঀ EȅǏȣǹƺȠǩȅǿ

ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢲࢲ ȒȒঀ ॹࢶࢺࢳࢸࢹࢳ EƺΡ ঀࢵࢹࢺࢲ

মࢵࢲয (ঀ �ঀ �ȅȖǓǾƺǿॹ Ee' ǩǿ KȒȠǩǉƺǹ ^ΡșȠǓǾșॹ ǩǿ EȤǮɂȘǙȿȈȤȞ eȵǙȞȸǾǲȵ 'ɂȞǨȿȈȤȞ ȈȞ KȱȿȈǨǙȘ ǙȞǮ �ȘǲǨȿȵȤण

ȤȱȿȈǨǙȘ ^ͧȸȿǲȝȸॹ ȒȒঀ ॹࢱࢴࢲ ^X2� XȖǓșșॹ ঀࢲࢱࢱࢳ

মࢶࢲয �ঀ �ঀ |ǓƺǏȅǿॹ [ঀ �ঀ =ȅǿǓșॹ ƺǿǏ =ঀ eঀ ?ǓǹǹΡॹ �ȅǿЙǏǓǿǉǓ @ǩǾǩȠș ǟȅȖ 2ǿǏǩΚǩǏȣƺǹEȅǏȣǹƺȠǩȅǿeȖƺǿșǟǓȖ 'ȣǿǉে

Ƞǩȅǿ EǓƺșȣȖǓǾǓǿȠș �ƺșǓǏ ȣȒȅǿ ȠǦǓ XǦƺșǓ eȖƺǿșǟǓȖ 'ȣǿǉȠǩȅǿॹ XȅȤȿȤǿȵǙȱȅȈǨ ^ǨȈǲȞǨǲ ǙȞǮ �ȞǿȈȞǲǲȵȈȞǿॹ

Κȅǹঀ ॹࢵࢲ ǿȅঀ ॹࢳ ȒȒঀ ॹࢷࢶࢲࢴࢶࢲ ঀࢱࢸࢺࢲ

মࢷࢲয 2�ॹࢴࢱࢱࢳॸࢲেࢱࢳࢳࢳࢷ� EǓǏǩǉƺǹ ǓǹǓǉȠȖǩǉƺǹ ǓȕȣǩȒǾǓǿȠ ে�ǦƺȖƺǉȠǓȖǩșȠǩǉș ȅǟ ǏǩǠǩȠƺǹ{েȖƺΡ ǩǾƺǠǩǿǠ ǏǓΚǩǉǓș ে XƺȖȠ

ॸࢲ �ǓȠǓȖǾǩǿƺȠǩȅǿ ȅǟ ȠǦǓ ǏǓȠǓǉȠǩΚǓ ȕȣƺǿȠȣǾ ǓГǉǩǓǿǉΡॹ ঀࢴࢱࢱࢳ

মࢸࢲয �ঀ vঀ /ঀ ^ǓǹΛΡǿॹ eǦǓ ȒǦȅȠȅǠȖƺȒǦǩǉ ƺǿǏ Κǩșȣƺǹ ȖǓșȅǹΚǩǿǠ ȒȅΛǓȖ ȅǟ ǹǓǿșǓșঀ XƺȖȠ 2ঀ tǩșȣƺǹ [ǓșȅǹΚǩǿǠ

XȅΛǓȖঀॹ eȅǲ XȅȤȿȤǿȵǙȱȅȈǨ =ȤɂȵȞǙȘॹ Κȅǹঀ �ॹࢹࢹ ȒȒঀ ॹࢳࢲࢷ ঀࢹࢵࢺࢲ

মࢹࢲয Kঀ /ঀ ^ǉǦƺǏǓॹ �ǹǓǉȠȖȅেȅȒȠǩǉƺǹ șȒǓǉǩЙǉƺȠǩȅǿș ǟȅȖ ȠǓǹǓΚǩșǩȅǿ șΡșȠǓǾșॹ [�� [ǲ͠Ȉǲ͡ॹ Κȅǹঀ ॹࢺ ȒȒঀ ॹࢷࢹࢳࢷࢵࢳ

=ȣǿǓ ঀࢹࢵࢺࢲ

মࢺࢲয =ঀ vঀ �ȅǹȠǾƺǿॹ eǦǓ ^ȒǓǉǩЙǉƺȠǩȅǿ ȅǟ 2ǾƺǠǩǿǠ XȖȅȒǓȖȠǩǓș ǈΡ [ǓșȒȅǿșǓ Ƞȅ ƺ ^ǩǿǓvƺΚǓ 2ǿȒȣȠॹ =ȤɂȵȞǙȘ ȤǾ

ȿȅǲ KȱȿȈǨǙȘ ^ȤǨȈǲȿͧ ȤǾ �ȝǲȵȈǨǙॹ Κȅǹঀ ॹࢵࢵ ǿȅঀ ॹࢷ ȒȒঀ ॹࢲࢸࢵࢹࢷࢵ ঀࢵࢶࢺࢲ

মࢱࢳয ?ঀ [ȅșșǾƺǿǿॹ EǓƺșȣȖǓǾǓǿȠ ȅǟ ȠǦǓ EȅǏȣǹƺȠǩȅǿ eȖƺǿșǟǓȖ 'ȣǿǉȠǩȅǿ ȅǟ [ƺǏǩȅǠȖƺȒǦǩǉ ^ΡșȠǓǾș �ȅǿȠƺǩǿে

ǩǿǠ 'ǹȣȅȖǓșǉǓǿȠ ^ǉȖǓǓǿșॹ XȅͧȸȈǨȸ ȈȞEǲǮȈǨȈȞǲ ǙȞǮ �ȈȤȘȤǿͧॹ Κȅǹঀ ॹࢺ ǿȅঀ ॹࢵ ȒȒঀ ॹࢸࢶࢶࢲࢶࢶ ঀࢵࢷࢺࢲ

মࢲࢳয [ঀ eঀ �ȖȅǓǠǓ ƺǿǏ [ঀ @ঀ EȅȖǩǿॹ � ȒȖƺǉȠǩǉƺǹ ǾǓȠǦȅǏ Ƞȅ ǾǓƺșȣȖǓ ȠǦǓ Ee' ȅǟ �e șǉƺǿǿǓȖșॹ EǲǮȈǨǙȘ

XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢺ ȒȒঀ ॹࢱࢷࢸࢹࢶࢸ ^ǓȒȠঀ ঀࢳࢹࢺࢲ

মࢳࢳয �ঀ (ȅȒƺǹ ƺǿǏ ^ঀ ^ঀ ^ƺǾƺǿȠॹ hșǓ ȅǟ ƺ ǹǩǿǓেȒƺǩȖ ȖǓșȅǹȣȠǩȅǿ ȒǦƺǿȠȅǾ ǟȅȖ ǉȅǾȒȖǓǦǓǿșǩΚǓ ȕȣƺǹǩȠΡ ƺșșȣȖƺǿǉǓ

ȅǟ ǓǹǓǉȠȖȅǿǩǉ ȒȅȖȠƺǹ ǩǾƺǠǩǿǠ ǏǓΚǩǉǓș ǈƺșǓǏ ȅǿ ǟȣǿǏƺǾǓǿȠƺǹ ǩǾƺǠǩǿǠ ǾǓȠȖǩǉșॹ EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢷࢴ

ȒȒঀ ॹࢶࢲࢱࢳࢷࢱࢱࢳ =ȣǿǓ ঀࢺࢱࢱࢳ

মࢴࢳয �ঀ (ȅȒƺǹ ƺǿǏ ^ঀ ^ঀ ^ƺǾƺǿȠॹ tƺǹǩǏǩȠΡ ȅǟ ȠǦǓ ǹǩǿǓেȒƺǩȖ ǈƺȖেȒƺȠȠǓȖǿ ǾǓȠǦȅǏ ǩǿ ȠǦǓ ǾǓƺșȣȖǓǾǓǿȠ ȅǟ ȠǦǓ

ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ শEe'ষ ǩǿ ǾǓǠƺΚȅǹȠƺǠǓ ǩǾƺǠǩǿǠॹ EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢶࢴ ȒȒঀ ॹࢺࢸࢳࢱࢸࢳ

=ƺǿঀ ঀࢹࢱࢱࢳ

মࢵࢳয ?ঀ [ȅșșǾƺǿǿॹ EȅǏȣǹƺȠǩȅǿ eȖƺǿșǟǓȖ 'ȣǿǉȠǩȅǿ ȅǟ [ƺǏǩȅǠȖƺȒǦǩǉ ^ΡșȠǓǾș hșǩǿǠ 'ǹȣȅȖǓșǉǓǿȠ ^ǉȖǓǓǿșॹ

=ȤɂȵȞǙȘ ȤǾ ȿȅǲ KȱȿȈǨǙȘ ^ȤǨȈǲȿͧ ȤǾ �ȝǲȵȈǨǙॹ Κȅǹঀ ॹࢳࢶ ȒȒঀ ॹࢸࢸࢸࢵࢸࢸ =ȣǹΡ ঀࢳࢷࢺࢲ

ࢷࢹ



মࢶࢳয ?ঀ �ȅǩॹ ?ȣȖȠ [ȅșșǾƺǿǿॹ XǦঀ�ঀ শࢷࢳࢺࢲࢷࢸࢺࢲষॸ ȒǩȅǿǓǓȖ ǩǿ ǩǾƺǠǓ ȕȣƺǹǩȠΡ ǓΚƺǹȣƺȠǩȅǿ ƺǿǏ ȖƺǏǩȅǹȅǠǩǉ ǩǾƺǠে

ǩǿǠ ȖǓșǓƺȖǉǦॹ[ǙǮȈȤȘȤǿȈǨǙȘ XȅͧȸȈǨȸ ǙȞǮ eǲǨȅȞȤȘȤǿͧॹ Κȅǹঀ ॹࢷ ȒȒঀ ॹࢷࢲ FȅΚঀ ঀࢳࢲࢱࢳ

মࢷࢳয ?ঀ [ȅșșǾƺǿǿॹ 2ǾƺǠǓেǟȅȖǾǩǿǠ ȕȣƺǹǩȠΡ ȅǟ ȖƺǏǩȅǠȖƺȒǦǩǉ șǉȖǓǓǿেЙǹǾ șΡșȠǓǾșॸ ȠǦǓ ǹǩǿǓ șȒȖǓƺǏেǟȣǿǉȠǩȅǿঀॹ

eȅǲ�ȝǲȵȈǨǙȞ ȓȤɂȵȞǙȘ ȤǾ ȵȤǲȞȿǿǲȞȤȘȤǿ࣓ͧ ȵǙǮȈɂȝ ȿȅǲȵǙȱ࣓ͧ ǙȞǮ ȞɂǨȘǲǙȵȝǲǮȈǨȈȞǲॹ Κȅǹঀ ॹࢱࢺ ȒȒঀ ॹࢴࢹࢲࢹࢸࢲ =ȣǹΡ

ঀࢴࢷࢺࢲ

মࢸࢳয (ঀ �ঀ �ȅȖǓǾƺǿॹ Ee' EǓƺșȣȖǓǾǓǿȠ EǓȠǦȅǏșॹ ǩǿ EȤǮɂȘǙȿȈȤȞ eȵǙȞȸǾǲȵ 'ɂȞǨȿȈȤȞ ȈȞ KȱȿȈǨǙȘ ǙȞǮ

�ȘǲǨȿȵȤणȤȱȿȈǨǙȘ ^ͧȸȿǲȝȸॹ ȒȒঀ ॹࢵࢹࢺࢷ ^X2� XȖǓșșॹ ঀࢲࢱࢱࢳ

মࢹࢳয 2ঀ �ঀ �ȣǿǿǩǿǠǦƺǾ ƺǿǏ �ঀ 'ǓǿșȠǓȖॹ � ǾǓȠǦȅǏ ǟȅȖ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ǏǓȠǓȖǾǩǿƺȠǩȅǿ ǟȖȅǾ

ǓǏǠǓ ȒȖȅЙǹǓș ΛǩȠǦ ǉȅȖȖǓǉȠǩȅǿ ǟȅȖ ЙǿǩȠǓেǓǹǓǾǓǿȠ ǏǩАǓȖǓǿȠǩƺȠǩȅǿॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢵࢲ ȒȒঀ ॹࢸࢴࢶࢴࢴࢶ

=ȣǹΡ ঀࢸࢹࢺࢲ

মࢺࢳয �ঀ �ȣǦȖॹ ^ঀ (ȧǿȠǦǓȖে?ȅǦǟƺǦǹॹ ƺǿǏhঀFǓǩȠΦǓǹॹ �ǉǉȣȖƺǉΡ ȅǟ ƺ șǩǾȒǹǓǾǓȠǦȅǏ ǟȅȖ ǏǓȖǩΚǩǿǠ ȠǦǓ ȒȖǓșƺǾȒǹǓǏ

ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ȅǟ ƺ ǏǩǠǩȠƺǹ ȖƺǏǩȅǠȖƺȒǦǩǉ șΡșȠǓǾ ǟȖȅǾ ƺǿ ǓǏǠǓ ǩǾƺǠǓॹ EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ

Κȅǹঀ ॹࢱࢴ ȒȒঀ ॹࢲࢴࢴࢳࢴࢳࢴࢳ �ȣǠঀ ঀࢴࢱࢱࢳ

মࢱࢴয �ঀ ^ƺǾǓǩॹ Fঀ eঀ [ƺǿǠǓȖॹ =ঀ eঀ �ȅǈǈǩǿș 222ॹ ƺǿǏ |ঀ �ǦǓǿॹ 2ǿȠǓȖǉȅǾȒƺȖǩșȅǿ ȅǟ ǾǓȠǦȅǏș ǟȅȖ ǩǾƺǠǓ ȕȣƺǹǩȠΡ

ǉǦƺȖƺǉȠǓȖǩΦƺȠǩȅǿঀ 2ঀ EȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢴࢴ ȒȒঀ ॹࢴࢲࢷࢷࢵࢲ �ȒȖঀ ঀࢷࢱࢱࢳ

মࢲࢴয [ঀeঀ�ȖȅǓǠǓ ƺǿǏ�ঀ �ঀ �ǴƾȖǿǠƺȖǏॹ EǓȠƺǹ șǉȖǓǓǿেЙǹǾǏǓȠǓǉȠȅȖEe' ƺȠǾǓǠƺΚȅǹȠƺǠǓ ΠেȖƺΡ ǓǿǓȖǠǩǓșॹEǲǮण

ȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢷ ǿȅঀ ॹࢷ ȒȒঀ ॹࢹࢲࢶࢶࢲࢶ ঀࢺࢸࢺࢲ

মࢳࢴয [ঀ eঀ �ȖȅǓǠǓॹ � ǾǓǠƺΚȅǹȠƺǠǓ Ee' ǾǓƺșȣȖǓǾǓǿȠ ȠǓǉǦǿǩȕȣǓ ǟȅȖ ǾǓȠƺǹ șǉȖǓǓǿেЙǹǾ ǏǓȠǓǉȠȅȖșॹEǲǮȈǨǙȘ

XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢷ ǿȅঀ ॹࢵ ȒȒঀ ॹࢺࢸࢳࢳࢸࢳ ঀࢺࢸࢺࢲ

মࢴࢴয �ঀ ^ƺΛƺǿȠॹ |ঀ �ǹেEȅǦȖǩॹ ƺǿǏ @ঀ �ঀ �ǿȠȅǿȣǷॹ ^ǹǩȠ ǏǓșǩǠǿ ǟȅȖ ǓГǉǩǓǿȠ ƺǿǏ ƺǉǉȣȖƺȠǓEe'ǾǓƺșȣȖǓǾǓǿȠ ƺȠ

ǾǓǠƺΚȅǹȠƺǠǓ ΠেȖƺΡ ǓǿǓȖǠǩǓșॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢵࢴ ȒȒঀ ॹࢶࢵࢶࢲࢶࢴࢶࢲ EƺΡ ঀࢸࢱࢱࢳ

মࢵࢴয ?ঀ�ȅǩॹ ?ঀ ^ȠȖȣǈǹǓȖॹ ƺǿǏ?ঀ[ȅșșǾƺǿǿॹ eȖȣǿǉƺȠǩȅǿ ǓȖȖȅȖș ǩǿ ǉƺǹǉȣǹƺȠǩǿǠ ȠǦǓEe'ȅǟ ȖƺǏǩȅǠȖƺȒǦǩǉ șǉȖǓǓǿে

ЙǹǾ șΡșȠǓǾș ǟȖȅǾ ȠǦǓ ǹǩǿǓ șȒȖǓƺǏ ǟȣǿǉȠǩȅǿॹXȅͧȸȈǨȸ ȈȞEǲǮȈǨȈȞǲ ǙȞǮ�ȈȤȘȤǿͧॹ Κȅǹঀ ॹࢸࢲ ǿȅঀ ॹࢳ ȒȒঀ ॹࢱࢶࢳࢲࢵࢳ

ঀࢳࢸࢺࢲ

মࢶࢴয ^ঀFঀ 'ȖǩǓǏǾƺǿ ƺǿǏ 2ঀ �ঀ �ȣǿǿǩǿǠǦƺǾॹ FȅȖǾƺǹǩΦƺȠǩȅǿ ȅǟ ȠǦǓǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿॸ eǦǓ ȅȒǓǿে

ЙǓǹǏ ƺȒȒȖȅƺǉǦॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢶࢴ ȒȒঀ ॹࢺࢵࢵࢵࢴࢵࢵࢵ KǉȠঀ ঀࢹࢱࢱࢳ

মࢷࢴয 2ঀ �ঀ �ȣǿǿǩǿǠǦƺǾ ƺǿǏ �ঀ ?ঀ [ǓǩǏॹ ^ǩǠǿƺǹ ƺǿǏ ǿȅǩșǓ ǩǿ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ǏǓȠǓȖǾǩǿƺȠǩȅǿș

ȣșǩǿǠ ȠǦǓ șǹǩȠॹ ΛǩȖǓॹ ƺǿǏ ǓǏǠǓ ȠǓǉǦǿǩȕȣǓșॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢺࢲ ȒȒঀ ॹࢵࢵࢱࢲࢸࢴࢱࢲ =ȣǹΡ ঀࢳࢺࢺࢲ

ࢸࢹ



মࢸࢴয Eঀ (ঀ /ǓȖǾƺǿॹ =ঀ Eঀ �ƺǹȠǓȖॹ �ঀ �ঀ =ƺАȖƺΡॹ ?ঀ Xঀ Eǉ(ǓǓॹ Xঀ EȣǿȖȅॹ ^ঀ ^ǦƺǹǓΚॹ Eঀ tƺǿ /ǓȖǷॹ ƺǿǏ =ঀ vঀ

vȅǿǠॹ �ǹǩǿǩǉƺǹ ȣșǓ ȅǟ ǓǹǓǉȠȖȅǿǩǉ ȒȅȖȠƺǹ ǩǾƺǠǩǿǠॸ [ǓȒȅȖȠ ȅǟ��XE[ƺǏǩƺȠǩȅǿeǦǓȖƺȒΡ�ȅǾǾǩȠȠǓǓeƺșǷ

(ȖȅȣȒ ॹEǲǮȈǨǙȘࢹࢶ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢹࢳ ȒȒঀ ॹࢸࢴࢸࢳࢲࢸ EƺΡ ঀࢲࢱࢱࢳ

মࢹࢴয (ঀ �ঀ �ȅȖǓǾƺǿॹ Ee' ǩǿ �ǹǓǉȠȖȅেKȒȠǩǉƺǹ ^ΡșȠǓǾșॹ ǩǿ EȤǮɂȘǙȿȈȤȞ eȵǙȞȸǾǲȵ 'ɂȞǨȿȈȤȞ ȈȞ KȱȿȈǨǙȘ ǙȞǮ

�ȘǲǨȿȵȤणȤȱȿȈǨǙȘ ^ͧȸȿǲȝȸॹ ȒȒঀ ॹࢹࢶࢲࢴ ^X2� XȖǓșșॹ ঀࢲࢱࢱࢳ

মࢺࢴয (ঀ @ȣǈǈǓȖȠș ƺǿǏ ?ঀ [ȅșșǾƺǿǿॹ EȅǏȣǹƺȠǩȅǿ eȖƺǿșǟǓȖ 'ȣǿǉȠǩȅǿ �șșȅǉǩƺȠǓǏ ΛǩȠǦ (ǓȅǾǓȠȖǩǉƺǹ hǿșǦƺȖȒে

ǿǓșș ǩǿ EǓǏǩǉƺǹ [ƺǏǩȅǠȖƺȒǦΡॹ XȅͧȸȈǨȸ ȈȞEǲǮȈǨȈȞǲ ǙȞǮ �ȈȤȘȤǿͧॹ Κȅǹঀ ॹࢳࢲ ǿȅঀ ॹࢲ ȒȒঀ ॹࢸࢸࢶࢷ ঀࢸࢷࢺࢲ

মࢱࢵয eঀ ^ঀ �ȣȖȖΡॹ =ঀ �ঀ �ȅΛǏǓΡॹ ƺǿǏ [ঀ �ঀ EȣȖȖΡॹ (ǓȅǾǓȠȖΡ ȅǟ ȠǦǓ [ƺǏǩȅǠȖƺȒǦǩǉ 2ǾƺǠǓॹ ǩǿ �ȅȵȈȸȿǲȞȸǲȞहȸ

XȅͧȸȈǨȸ ȤǾ �ȈǙǿȞȤȸȿȈǨ [ǙǮȈȤȘȤǿͧॹ ȒȒঀ ॹࢲࢵࢳࢺࢲࢳ @ǩȒȒǩǿǉȅȠȠ vǩǹǹǩƺǾș ૭vǩǹǷǩǿșॹ ঀࢱࢺࢺࢲ

মࢲࢵয Eঀ ^ȣȖǓॹ vঀ vঀ �ƺȣșॹ �ঀ /ǓǹǹǓȖǈƺǉǦॹ Eঀ /ȅǓΚǓǹșॹ ƺǿǏ /ঀ eȖǓȣǓȖॹ �ǓȠǓȖǾǩǿƺȠǩȅǿ ȅǟ ǟȅǉƺǹ șȒȅȠ șǩΦǓ ǟȅȖ

ǹǩǿǓƺȖ ƺǉǉǓǹǓȖƺȠȅȖșॸ ǉȅǾȒƺȖǩșȅǿ ȅǟ ǓΠȒǓȖǩǾǓǿȠ ƺǿǏ șǩǾȣǹƺȠǩȅǿ ॹ ǩǿ �ȈȤȝǲǮȈǨǙȘ �ȞǿȈȞǲǲȵȈȞǿ ࣡ �ȈȤȝǲǮȈण

ͬȈȞȈȸǨȅǲ eǲǨȅȞȈȖॹ ȒȒঀ ॹࢶࢲ �ȣǠঀ ঀࢸࢲࢱࢳ

মࢳࢵয vঀ[ঀ/ǓǿǏǓǓ ƺǿǏ �ঀ[ঀ[ǩȠǓǿȅȣȖॹ 2ǿМȣǓǿǉǓș ȅǿ 2ǾƺǠǓZȣƺǹǩȠΡॹ ǩǿEǲǮȈǨǙȘ 2ȝǙǿȈȞǿ XȅͧȸȈǨȸॹ ȒȒঀ ࢶࢷࢳ

ॹࢱࢹࢳ =ȅǦǿvǩǹǓΡ ƺǿǏ ^ȅǿșॹ �ȒȖঀ ঀࢴࢱࢱࢳ

মࢴࢵয ?ঀ [ȅșșǾƺǿǿ ƺǿǏ /ঀ �ঀ ^ǓǓǾƺǿǿॹ �ǓȠƺǩǹ ΚǩșǩǈǩǹǩȠΡ ǩǿ ȖƺǏǩȅǠȖƺȒǦșॸ ȠǦǓȅȖǓȠǩǉƺǹ șȠȣǏΡ ȅǟ ȠǦǓ ǓАǓǉȠ ȅǟ Πে

ȖƺΡ ƺǈșȅȖȒȠǩȅǿ ǩǿ ȠǦǓ ȅǈǴǓǉȠ ȅǿ ȠǦǓ ǓǏǠǓ șǦƺȖȒǿǓșș ȅǟ ȖƺǏǩȅǠȖƺȒǦǩǉ ǩǾƺǠǓșঀॹ eȅǲ �ȝǲȵȈǨǙȞ ȓȤɂȵȞǙȘ ȤǾ

ȵȤǲȞȿǿǲȞȤȘȤǿ࣓ͧ ȵǙǮȈɂȝ ȿȅǲȵǙȱ࣓ͧ ǙȞǮ ȞɂǨȘǲǙȵ ȝǲǮȈǨȈȞǲॹ Κȅǹঀ ॹࢶࢹ ȒȒঀ ॹࢲࢸࢴࢷࢷࢴ 'Ǔǈঀ ঀࢲࢷࢺࢲ

মࢵࢵয ?ঀ [ȅșșǾƺǿǿॹ �ǓȠƺǩǹ ΚǩșǩǈǩǹǩȠΡ ǩǿ ȖƺǏǩȅǠȖƺȒǦșॸ ƺǿ ǓΠȒǓȖǩǾǓǿȠƺǹ ƺǿǏ ȠǦǓȅȖǓȠǩǉƺǹ șȠȣǏΡ ȅǟ ǠǓȅǾǓȠȖǩǉ ƺǿǏ

ƺǈșȅȖȒȠǩȅǿȣǿșǦƺȖȒǿǓșșঀॹeȅǲ�ȝǲȵȈǨǙȞ ȓȤɂȵȞǙȘ ȤǾ ȵȤǲȞȿǿǲȞȤȘȤǿ࣓ͧ ȵǙǮȈɂȝȿȅǲȵǙȱ࣓ͧ ǙȞǮȞɂǨȘǲǙȵȝǲǮȈǨȈȞǲॹ

Κȅǹঀ ॹࢸࢹ ȒȒঀ ॹࢴࢺࢴࢸࢹࢴ 'Ǔǈঀ ঀࢳࢷࢺࢲ

মࢶࢵয XঀEȣǿȖȅ ƺǿǏ�ঀ �ঀ �ȅȣǩȣșॹ {েȖƺΡ ȕȣƺǿȠȣǾ ǹǩǾǩȠǓǏ ȒȅȖȠƺǹ ǩǾƺǠǩǿǠ ȣșǩǿǠ ƺǾȅȖȒǦȅȣș șǩǹǩǉȅǿ МƺȠেȒƺǿǓǹ

ƺȖȖƺΡșॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢶࢳ ȒȒঀ ॹࢳࢱࢸࢺࢹࢷ EƺΡ ঀࢹࢺࢺࢲ

মࢷࢵয (ঀ /ƺǴǏȅǷॹ =ঀ =ঀ �ƺȠȠǩșȠƺॹ ƺǿǏ 2ঀ �ঀ �ȣǿǿǩǿǠǦƺǾॹ 'ȣǿǏƺǾǓǿȠƺǹ ΠেȖƺΡ ǩǿȠǓȖƺǉȠǩȅǿ ǹǩǾǩȠș ǩǿ ǏǩƺǠǿȅșȠǩǉ

ǩǾƺǠǩǿǠ ǏǓȠǓǉȠȅȖșॸ ^ȒƺȠǩƺǹ ȖǓșȅǹȣȠǩȅǿॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢶࢴ ȒȒঀ ॹࢴࢺࢲࢴࢱࢹࢲࢴ =ȣǿǓ ঀࢹࢱࢱࢳ

মࢸࢵয hঀFǓǩȠΦǓǹॹ �ঀ �ȣǦȖॹ (ঀ/ǩǹǠǓȖșॹ ƺǿǏXঀ[ঀ(ȖƺǿǟȅȖșॹ �ǓȠǓȖǾǩǿƺȠǩȅǿ ȅǟ ȠǦǓǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ

ȣșǩǿǠ ȠǦǓ ǓǏǠǓ ǾǓȠǦȅǏॸ 2ǿМȣǓǿǉǓ ȅǟ șǉƺȠȠǓȖǓǏ ȖƺǏǩƺȠǩȅǿॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢲࢴ ȒȒঀ ॹࢲࢺࢵࢴࢶࢹࢵࢴ FȅΚঀ

ঀࢵࢱࢱࢳ

মࢹࢵয =ঀ Eঀ �ȅȅǿǓ ƺǿǏ =ঀ �ঀ ^ǓǩǈǓȖȠॹ �ǿ ƺǿƺǹΡȠǩǉƺǹ ǾȅǏǓǹ ȅǟ ȠǦǓ șǉƺȠȠǓȖǓǏ ȖƺǏǩƺȠǩȅǿ ǏǩșȠȖǩǈȣȠǩȅǿ ǩǿ ǏǩƺǠǿȅșȠǩǉ

ȖƺǏǩȅǹȅǠΡॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢶࢲ ǿȅঀ ॹࢶ ȒȒঀ ॹࢶࢳࢸࢲࢳࢸ ঀࢹࢹࢺࢲ

ࢹࢹ



মࢺࢵয =ঀ Eঀ �ȅȅǿǓ ƺǿǏ =ঀ �ঀ ^ǓǩǈǓȖȠॹ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿ ȅǟ ȠǦǓ șǉƺȠȠǓȖǓǏ ȖƺǏǩƺȠǩȅǿ ǏǩșȠȖǩǈȣȠǩȅǿ ǩǿ ǏǩƺǠে

ǿȅșȠǩǉ ȖƺǏǩȅǹȅǠΡॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢶࢲ ǿȅঀ ॹࢶ ȒȒঀ ॹࢱࢳࢸࢴࢲࢸ ঀࢹࢹࢺࢲ

মࢱࢶয ?ঀ [ȅșșǾƺǿǿॹ �ǓȠƺǩǹ ΚǩșǩǈǩǹǩȠΡ ǩǿ ȖƺǏǩȅǠȖƺȒǦșॸ ƺǿ ǓΠȒǓȖǩǾǓǿȠƺǹ ƺǿǏ ȠǦǓȅȖǓȠǩǉƺǹ șȠȣǏΡ ȅǟ ǠǓȅǾǓȠȖǩǉ ƺǿǏ

ƺǈșȅȖȒȠǩȅǿȣǿșǦƺȖȒǿǓșșঀॹeȅǲ�ȝǲȵȈǨǙȞ ȓȤɂȵȞǙȘ ȤǾ ȵȤǲȞȿǿǲȞȤȘȤǿ࣓ͧ ȵǙǮȈɂȝȿȅǲȵǙȱ࣓ͧ ǙȞǮȞɂǨȘǲǙȵȝǲǮȈǨȈȞǲॹ

Κȅǹঀ ॹࢸࢹ ȒȒঀ ॹࢴࢺࢴࢸࢹࢴ 'Ǔǈঀ ঀࢳࢷࢺࢲ

মࢲࢶয ?ঀ [ȅșșǾƺǿǿॹ (ঀ @ȣǈǈǓȖȠșॹ ƺǿǏ /ঀ Eঀ �ǹǓƺȖǓॹ EǓƺșȣȖǓǾǓǿȠ ȅǟ ȠǦǓ @ǩǿǓ ^ȒȖǓƺǏে'ȣǿǉȠǩȅǿ ȅǟ [ƺǏǩȅে

ǠȖƺȒǦǩǉ ^ΡșȠǓǾș �ȅǿȠƺǩǿǩǿǠ 'ǹȣȅȖǓșǉǓǿȠ ^ǉȖǓǓǿșॹ =ȤɂȵȞǙȘ ȤǾ ȿȅǲ KȱȿȈǨǙȘ ^ȤǨȈǲȿͧ ȤǾ �ȝǲȵȈǨǙॹ Κȅǹঀ ॹࢵࢶ

ȒȒঀ ॹࢱࢺࢲࢸࢹࢲ 'Ǔǈঀ ঀࢵࢷࢺࢲ

মࢳࢶয [ঀ eঀ�ȖȅǓǠǓ ƺǿǏ �ঀ �ঀ �ǴƾȖǿǠƺȖǏॹ 2ǿМȣǓǿǉǓ ȅǟǾǓȠƺǹ șǉȖǓǓǿș ȅǿ ǉȅǿȠȖƺșȠ ǩǿǾǓǠƺΚȅǹȠƺǠǓ ΠেȖƺΡ ǩǾƺǠǩǿǠॹ

EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢷ ǿȅঀ ॹࢷ ȒȒঀ ॹࢴࢺࢵࢸࢹࢵ ঀࢺࢸࢺࢲ

মࢴࢶয Xঀ EȣǿȖȅॹ =ঀ �ঀ [ƺΛǹǩǿșȅǿॹ ƺǿǏ �ঀ 'ǓǿșȠǓȖॹ eǦǓȖƺȒΡ ǩǾƺǠǩǿǠॸ � șǩǠǿƺǹেȠȅেǿȅǩșǓ ƺǿƺǹΡșǩș ȅǟ ǾǓȠƺǹ

ȒǹƺȠǓইЙǹǾ ǏǓȠǓǉȠȅȖșॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢵࢲ ȒȒঀ ॹࢵࢹࢺࢶࢸࢺ FȅΚঀ ঀࢸࢹࢺࢲ

মࢵࢶয Xঀ EȣǿȖȅॹ =ঀ �ঀ [ƺΛǹǩǿșȅǿॹ ƺǿǏ �ঀ 'ǓǿșȠǓȖॹ eǦǓȖƺȒΡ ǩǾƺǠǩǿǠॸ � șǩǠǿƺǹেȠȅেǿȅǩșǓ ƺǿƺǹΡșǩș ȅǟ ƺ МȣȅȖȅে

șǉȅȒǩǉ ǩǾƺǠǩǿǠ șΡșȠǓǾ ǟȅȖ ȖƺǏǩȅȠǦǓȖƺȒΡ ǹȅǉƺǹǩΦƺȠǩȅǿॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢸࢲ ȒȒঀ ॹࢳࢸࢸࢴࢷࢸ ^ǓȒȠঀ ঀࢱࢺࢺࢲ

মࢶࢶয =ঀেXঀ�ǩșșȅǿǿǓȠȠǓॹ�ঀ�ঀ =ƺАȖƺΡॹ�ঀ 'ǓǿșȠǓȖॹ ƺǿǏXঀEȣǿȖȅॹ KȒȠǩǾƺǹ ȖƺǏǩȅǠȖƺȒǦǩǉǾƺǠǿǩЙǉƺȠǩȅǿ ǟȅȖȒȅȖȠƺǹ

ǩǾƺǠǩǿǠॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢲࢳ ȒȒঀ ॹࢶࢵࢵࢲࢶࢴࢵࢲ ^ǓȒȠঀ ঀࢵࢺࢺࢲ

মࢷࢶয eঀ 'ƺǹǉȅ ƺǿǏ �ঀ (ঀ 'ƺǹǹȅǿǓॹ �ǦƺȖƺǉȠǓȖǩșȠǩǉș ȅǟ ǾǓȠƺǹেȒǹƺȠǓইЙǹǾ ǏǓȠǓǉȠȅȖș ƺȠ ȠǦǓȖƺȒΡ ǓǿǓȖǠǩǓșঀ 2ঀ EȅǏȣǹƺে

Ƞǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢶࢳ ȒȒঀ ॹࢳࢷࢵࢳࢶࢶࢵࢳ �Ǔǉঀ ঀࢹࢺࢺࢲ

মࢸࢶয |ঀ �ǹেEȅǦȖǩॹ ?ঀেvঀ =ǓǓॹ @ঀ �ঀ �ǿȠȅǿȣǷॹ Eঀ EƺȅǹǩǿǈƺΡॹ ƺǿǏ Zঀ �Ǧƺȅॹ �ǓȠǓȖǾǩǿƺȠǩȅǿ ȅǟ ȠǦǓ ǏǓȠǓǉে

ȠǩΚǓ ȕȣƺǿȠȣǾ ǓГǉǩǓǿǉΡ ȅǟ ƺ ȒȖȅȠȅȠΡȒǓॹ ǾǓǠƺΚȅǹȠƺǠǓ ǩǿǏǩȖǓǉȠ ǏǓȠǓǉȠǩȅǿॹ ƺǉȠǩΚǓ ǾƺȠȖǩΠ МƺȠেȒƺǿǓǹ ǩǾƺǠǓȖॹ

EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢹࢳ ȒȒঀ ॹࢱࢶࢶࢳࢹࢴࢶࢳ �Ǔǉঀ ঀࢲࢱࢱࢳ

মࢹࢶয 'ঀ�ȖǓǾǓȖșॹ eঀ 'ȖǓǿΦǓǹॹ �ঀ?ƺȣșǉǦॹ�ঀ�ǹǈǓȖșॹ eঀ ^ǉǦȉǿǈȅȖǿॹ ƺǿǏ[ঀ ^ǉǦǾǩǏȠॹ XǓȖǟȅȖǾƺǿǉǓ ȅǟ ǓǹǓǉȠȖȅǿǩǉ

ȒȅȖȠƺǹ ǩǾƺǠǩǿǠ ǏǓΚǩǉǓș শ�X2�șষ ȣșǓǏ ǩǿ ȖƺǏǩȅȠǦǓȖƺȒΡॸ 2ǾƺǠǓ ȕȣƺǹǩȠΡ ƺǿǏ ǏȅșǓ ǾǓƺșȣȖǓǾǓǿȠșॹEǲǮȈǨǙȘ

XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢲࢴ ȒȒঀ ॹࢷࢺࢺࢶࢹࢺ EƺΡ ঀࢵࢱࢱࢳ

মࢺࢶয �ঀ ^ƺΛƺǿȠॹ @ঀ �ঀ �ǿȠȅǿȣǷॹ |ঀ �ǹেEȅǦȖǩॹ Zঀ �Ǧƺȅॹ |ঀ vƺǿǠॹ |ঀ @ǩॹ /ঀ �ȣॹ ƺǿǏ @ঀ XǓȖǿƺॹ ^ǓǠǾǓǿȠǓǏ

ǉȖΡșȠƺǹǹǩǿǓ șǉǩǿȠǩǹǹƺȠȅȖșॸ �ǾȒǩȖǩǉƺǹ ƺǿǏ ȠǦǓȅȖǓȠǩǉƺǹ ǩǿΚǓșȠǩǠƺȠǩȅǿ ȅǟ ƺ ǦǩǠǦ ȕȣƺǿȠȣǾ ǓГǉǩǓǿǉΡ �X2�ǈƺșǓǏ

ȅǿ ƺǿ ǩǿǩȠǩƺǹ ǓǿǠǩǿǓǓȖǩǿǠ ȒȖȅȠȅȠΡȒǓ �ș2শeǹষ ǏǓȠǓǉȠȅȖॹ EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢴࢴ ȒȒঀ ॹࢷࢷࢱࢲࢴࢶࢱࢲ �ȒȖঀ

ঀࢷࢱࢱࢳ

মࢱࢷয ^ঀ ^ঀ ^ƺǾƺǿȠ ƺǿǏ �ঀ (ȅȒƺǹॹ �ǿƺǹΡșǩș ȅǟ ȠǦǓ ǷǩǿǓșȠƺȠǩǉ ǉǦƺȖǠǓ ǏǓȠǓǉȠǩȅǿ șΡșȠǓǾ ƺș ƺ ǦǩǠǦ ǏǓȠǓǉȠǩΚǓ ȕȣƺǿে

ȠȣǾ ǓГǉǩǓǿǉΡ ǓǹǓǉȠȖȅǿǩǉ ȒȅȖȠƺǹ ǩǾƺǠǩǿǠ ǏǓΚǩǉǓॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢴࢴ ȒȒঀ ॹࢸࢷࢶࢴࢸࢶࢶࢴ ^ǓȒȠঀ ঀࢷࢱࢱࢳ

ࢺࢹ



মࢲࢷয ^ঀ ^ঀ ^ƺǾƺǿȠ ƺǿǏ �ঀ (ȅȒƺǹॹ ^ȠȣǏΡ ȅǟ ƺ ȒȖȅȠȅȠΡȒǓ ǦǩǠǦ ȕȣƺǿȠȣǾ ǓГǉǩǓǿǉΡ ȠǦǩǉǷ șǉǩǿȠǩǹǹƺȠǩȅǿ ǉȖΡșȠƺǹ

ΚǩǏǓȅেǓǹǓǉȠȖȅǿǩǉ ȒȅȖȠƺǹ ǩǾƺǠǩǿǠ ǏǓΚǩǉǓॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢴࢴ ȒȒঀ ॹࢲࢺࢸࢳࢴࢹࢸࢳ �ȣǠঀ ঀࢷࢱࢱࢳ

মࢳࢷয =ঀ[ȅȠȠǾƺǿǿॹ�ঀEȅȖǟॹ [ঀ 'ȣǓǠǹǩșȠƺǹǹǓȖॹ (ঀ�ǓǿȠƺǩॹ =ঀ ^ȠƺȖে@ƺǉǷॹ ƺǿǏ[ঀ�ǓȖǈǓǉȅॹ �ǿȅΚǓǹ �X2�ǏǓșǩǠǿ ǟȅȖ

ǓǿǦƺǿǉǓǏ ǉȅǿȠȖƺșȠ ƺǿǏǏǓȠǓǉȠǩΚǓ ȕȣƺǿȠȣǾǓГǉǩǓǿǉΡॹXȅͧȸȈǨȸ ȈȞEǲǮȈǨȈȞǲ ǙȞǮ�ȈȤȘȤǿͧॹ Κȅǹঀ ॹࢲࢷ ȒȒঀ ࢸࢺࢳࢷ

ॹࢷࢱࢴࢷ �ȣǠঀ ঀࢷࢲࢱࢳ

মࢴࢷয =ঀ [ঀ �ঀ �ƺȖǿǦƺȖȠ ƺǿǏ �ঀ @ঀ �ǦƺǿǓΡॹ EȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ǟȅȖ ƺ ǹƺȖǠǓেƺȖǓƺ ƺǾȅȖȒǦȅȣș șǩǹǩǉȅǿ

ǩǾƺǠǓ ȖǓǉǓȒȠȅȖॹ XȅͧȸȈǨȸ ȈȞEǲǮȈǨȈȞǲ ǙȞǮ �ȈȤȘȤǿͧॹ Κȅǹঀ ॹࢳࢵ ȒȒঀ ॹࢱࢵࢶࢳࢲࢴࢶࢳ =ȣǹΡ ঀࢸࢺࢺࢲ

মࢵࢷয =ঀ ^ȠƺȖে@ƺǉǷॹ �ঀ ^ǦǓǏǹȅǉǷॹ �ঀ ^ΛƺǦǿॹ �ঀ /ȣǾǈǓȖॹ �ঀ vƺǿǠॹ /ঀ /ǩȖșǦॹ (ঀ �ǓǿȠƺǩॹ �ঀ ^ƺΛǷǓΡॹ 2ঀ ?ȖȣǠǓȖॹ

Eঀ ^ȣǿॹ �ঀ �ǈǓǹॹ (ঀ tǩȖșǦȣȒॹ Eঀ ^Ǧǩǿॹ ƺǿǏ [ঀ 'ƺǦȖǩǠॹ � ȒǩǓǉǓΛǩșǓেǟȅǉȣșǓǏ ǦǩǠǦ �Z� ǏǓȠǓǉȠȅȖ ǟȅȖ Et

ǩǾƺǠǩǿǠॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢳࢵ ȒȒঀ ॹࢺࢺࢱࢶࢵࢹࢱࢶ �ȣǠঀ ঀࢶࢲࢱࢳ

মࢶࢷয =ঀেvঀ Eǩǿॹ ?ঀেvঀ ?ǩǾॹ |ঀে/ঀ ^ǓȅȣǿǠॹ =ঀেEঀ ?ǩǾॹ 2ঀে^ঀ �Ǧȅǩॹ /ঀেvঀ =ǓȅǿǠॹ ^ঀে|ঀ ^ȅǿॹ ^ঀে|ঀ ?ǩǾॹ �ঀেvঀ

@ǓǓॹ ƺǿǏ �ঀে|ঀ �ǦȅǓॹ XǓȖǟȅȖǾƺǿǉǓ ȅǟ ƺǿ ǓǏǠǓ ǈǹȅǉǷ ȣșǓǏ ǩǿ ƺ ǉȅǿЙǠȣȖƺȠǩȅǿ ǏǓȠǓǉȠȅȖॸ 2ǾƺǠǓ ȕȣƺǹǩȠΡ

ǾǓƺșȣȖǓǾǓǿȠșॹ =ȤɂȵȞǙȘ ȤǾ ȿȅǲ ?ȤȵǲǙȞ XȅͧȸȈǨǙȘ ^ȤǨȈǲȿͧॹ Κȅǹঀ ॹࢵࢷ ȒȒঀ ॹࢺࢴࢸࢳࢴࢸ EƺȖঀ ঀࢵࢲࢱࢳ

মࢷࢷয =ঀেvঀ Eǩǿॹ ?ঀেvঀ ?ǩǾॹ =ঀেEঀ ?ǩǾॹ 2ঀে^ঀ �Ǧȅǩॹ /ঀেvঀ =ǓȅǿǠॹ ^ঀে|ঀ ^ȅǿॹ (ঀেEঀ �ƺǉǷॹ =ঀে/ঀ =ȣǿǠॹ =ঀে|ঀ =ȣǿǠॹ

ƺǿǏ �ঀে|ঀ �ǦȅǓॹ �ΚƺǹȣƺȠǩȅǿ ȅǟ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ȅǟ ǾǓǠƺΚȅǹȠƺǠǓ {েȖƺΡșॹ =ȤɂȵȞǙȘ ȤǾ ȿȅǲ

?ȤȵǲǙȞ XȅͧȸȈǨǙȘ ^ȤǨȈǲȿͧॹ Κȅǹঀ ॹࢶࢷ ȒȒঀ ॹࢶࢸࢺࢲࢺࢷࢺࢲ �Ǔǉঀ ঀࢵࢲࢱࢳ

মࢸࢷয ^ঀে|ঀ ^ȅǿॹ �ঀে|ঀ �ǦȅǓॹ =ঀেvঀ @ǓǓॹ =ঀেEঀ ?ǩǾॹ /ঀেvঀ =ǓȅǿǠॹ /ঀে(ঀ ?ǩǾॹ vঀে^ঀ ?ǩǾॹ ?ঀে|ঀ @Ρȣॹ =ঀেvঀ Eǩǿॹ

ƺǿǏ?ঀেvঀ?ǩǾॹ �ΚƺǹȣƺȠǩȅǿ ȅǟ ƺǿ ǓǏǠǓǾǓȠǦȅǏ ǟȅȖ ǉȅǾȒȣȠǓǏ ȖƺǏǩȅǠȖƺȒǦΡ ƺǿǏ ƺǿ ǓǹǓǉȠȖȅǿǩǉ ȒȅȖȠƺǹ ǩǾƺǠে

ǩǿǠ ǏǓΚǩǉǓ ǩǿ ȖƺǏǩȅȠǦǓȖƺȒΡॸ 2ǾƺǠǓ ȕȣƺǹǩȠΡ ǾǓƺșȣȖǓǾǓǿȠșॹ =ȤɂȵȞǙȘ ȤǾ ȿȅǲ ?ȤȵǲǙȞ XȅͧȸȈǨǙȘ ^ȤǨȈǲȿͧॹ Κȅǹঀ ॹࢶࢷ

ȒȒঀ ॹࢵࢹࢺࢲࢷࢸࢺࢲ �Ǔǉঀ ঀࢵࢲࢱࢳ

মࢹࢷয |ঀে/ঀ /ȣॹ =ঀ [ȅȠȠǾƺǿǿॹ [ঀ 'ȣǓǠǹǩșȠƺǹǹǓȖॹ Eঀ EΡȖȅǿƺǷǩșॹ �ঀ vƺǿǠॹ Xঀ /ȣǈǓȖॹ �ঀ ^ǦǓǏǹȅǉǷॹ �ঀ EȅȖǟॹ

Xঀ �ƺȠȣȖǩǿॹ =ঀ ^ȠƺȖে@ƺǉǷॹ ƺǿǏ [ঀ �ǓȖǈǓǉȅॹ @ǓΚǓȖƺǠǩǿǠǾȣǹȠǩেǹƺΡǓȖ ǩǾƺǠǓȖ ǏǓȠǓǉȠȅȖ ǏǓșǩǠǿ Ƞȅ ǩǾȒȖȅΚǓ ǹȅΛে

ǏȅșǓ ȒǓȖǟȅȖǾƺǿǉǓ ǟȅȖ ǾǓǠƺΚȅǹȠƺǠǓ ǉȅǿǓেǈǓƺǾ ǉȅǾȒȣȠǓǏ ȠȅǾȅǠȖƺȒǦΡॹ XȅͧȸȈǨȸ ȈȞEǲǮȈǨȈȞǲ ǙȞǮ �ȈȤȘȤǿͧॹ

Κȅǹঀ ॹࢴࢷ Ȓঀ ॹࢳࢳࢱࢶࢴࢱ 'Ǔǈঀ ঀࢹࢲࢱࢳ

মࢺࢷয |ঀে/ঀ /ȣॹ �ঀ ^ǦǓǏǹȅǉǷॹ �ঀ vƺǿǠॹ =ঀ [ȅȠȠǾƺǿǿॹ Xঀ �ƺȠȣȖǩǿॹ Eঀ EΡȖȅǿƺǷǩșॹ Xঀ /ȣǈǓȖॹ [ঀ 'ȣǓǠǹǩșȠƺǹǹǓȖॹ

Eঀ ^Ǧǩॹ �ঀ EȅȖǟॹ =ঀ ^ঀ @ƺǉǷॹ ƺǿǏ [ঀ 2ঀ �ǓȖǈǓǉȅॹ �ǦƺȖƺǉȠǓȖǩΦǩǿǠ ƺ ǿȅΚǓǹ șǉǩǿȠǩǹǹƺȠǩǿǠ Ǡǹƺșș ǟȅȖ ƺȒȒǹǩǉƺȠǩȅǿ

ȠȅǾǓǠƺΚȅǹȠƺǠǓ ǉȅǿǓেǈǓƺǾ ǉȅǾȒȣȠǓǏ ȠȅǾȅǠȖƺȒǦΡॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢷࢵ ȒȒঀ ॹEƺȖঀࢱࢴࢴࢲࢴࢳࢴࢲ ঀࢺࢲࢱࢳ

মࢱࢸয �ঀ ^ƺΛƺǿȠॹ @ঀ �ঀ �ǿȠȅǿȣǷॹ |ঀ �ǹেEȅǦȖǩॹ |ঀ @ǩॹ �ঀ ^ȣॹ |ঀ vƺǿǠॹ =ঀ |ƺǾƺǾȅȠȅॹ Zঀ �Ǧƺȅॹ /ঀ �ȣॹ =ঀ �ƺǿǩǓǹॹ

ƺǿǏ[ঀ ^ȠȖǓǓȠॹ ^ǓǠǾǓǿȠǓǏ ȒǦȅșȒǦȅȖșॸ E�E^েǈƺșǓǏ ǦǩǠǦ ȕȣƺǿȠȣǾ ǓГǉǩǓǿǉΡ ǏǓȠǓǉȠȅȖș ǟȅȖǾǓǠƺΚȅǹȠƺǠǓ

ΠেȖƺΡ ǩǾƺǠǩǿǠॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢳࢴ ȒȒঀ ॹࢶࢷࢶࢴࢶࢶ 'Ǔǈঀ ঀࢶࢱࢱࢳ

ࢱࢺ



মࢲࢸয /ঀ 'ȣǴǩȠƺॹ �ঀ |ঀ eșƺǩॹ eঀ 2ȠȅǦॹ ?ঀ �ȅǩॹ =ঀ EȅȖǩșǦǩȠƺॹ ?ঀ hǓǏƺॹ ƺǿǏ �ঀ KǦȠșȣǷƺॹ � șǩǾȒǹǓ ǾǓȠǦȅǏ ǟȅȖ

ǏǓȠǓȖǾǩǿǩǿǠ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ǩǿ ǏǩǠǩȠƺǹ ȖƺǏǩȅǠȖƺȒǦΡॹ 2��� eȵǙȞȸǙǨȿȈȤȞȸ ȤȞ EǲǮȈǨǙȘ

2ȝǙǿȈȞǿॹ Κȅǹঀ ॹࢲࢲ ȒȒঀ ॹࢺࢴࢵࢴ EƺȖঀ ঀࢳࢺࢺࢲ

মࢳࢸয tƺȖǩƺǿEǓǏǩǉƺǹ ^ΡșȠǓǾșॹ eȖȣǓ�ǓƺǾ ^ΡșȠǓǾॸ ^ȒǓǉǩЙǉƺȠǩȅǿșॹ ȠǓǉǦঀ ȖǓȒঀॹ �ȣǠঀ ঀࢴࢲࢱࢳ

মࢴࢸয �ঀEঀ�ঀEǉ�ȣȖǏΡॹ ?ঀ @ȣǉǦǷƺॹ ƺǿǏ ^ঀ XǩșȠȅȖǩȣșॹ �ȅșǩǾǓȠȖǩǉ ǩǿΚǓșȠǩǠƺȠǩȅǿ ƺǿǏ ȒȅȖȠƺǹ ǏȅșǓ ǩǾƺǠǓ ȒȖǓǏǩǉে

ȠǩȅǿȣșǩǿǠ ƺǿ ƺǾȅȖȒǦȅȣș șǩǹǩǉȅǿ ǓǹǓǉȠȖȅǿǩǉ ȒȅȖȠƺǹ ǩǾƺǠǩǿǠ ǏǓΚǩǉǓॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢹࢳ ȒȒঀ ॹࢵࢳࢺࢲࢲࢺ

=ȣǿǓ ঀࢲࢱࢱࢳ

মࢵࢸয 2ঀ ?ƺΛȖƺǷȅΛॹ �ঀ EƺǩǿǓǠȖƺে/ǩǿǠॹ �ঀ vঀ Kঀ [ȅǠǓȖșॹ 'ঀ eǓșșǩǓȖॹ ƺǿǏ �ঀ [ঀ �ঀ vƺǹȠǓȖșॹ eǦǓ �(^ǿȖǉ �ȅǏǓ

^ΡșȠǓǾॸ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿ ȅǟ ǓǹǓǉȠȖȅǿ ƺǿǏ ȒǦȅȠȅǿ ȠȖƺǿșȒȅȖȠॹ eǓǉǦঀ [ǓȒঀ X2[^েࢲࢱࢸॹ FƺȠǩȅǿƺǹ

[ǓșǓƺȖǉǦ �ȅȣǿǉǩǹ �ƺǿƺǏƺॹ ঀࢸࢲࢱࢳ

মࢶࢸয Eঀ/ঀ ?ƺǹȅș ƺǿǏ Xঀ �ঀvǦǩȠǹȅǉǷॹ � �ǩȠ ȅǟ XȖȅǈƺǈǩǹǩȠΡॹ ǩǿEȤȞȿǲ �ǙȵȘȤEǲȿȅȤǮȸॹ ȒȒঀ ॹvǩǹǓΡॹࢵࢴࢸ ঀࢹࢱࢱࢳ

মࢷࢸয �ঀ [ঀ �ঀ vƺǹȠǓȖșॹ 2ঀ ?ƺΛȖƺǷȅΛॹ ƺǿǏ �ঀ vঀ Kঀ [ȅǠǓȖșॹ /ǩșȠȅȖΡ ǈΡ ǦǩșȠȅȖΡ șȠƺȠǩșȠǩǉƺǹ ǓșȠǩǾƺȠȅȖș ǩǿ ȠǦǓ

���EǉȅǏǓ șΡșȠǓǾॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢺࢳ ȒȒঀ ॹࢳࢶࢸࢳࢶࢵࢸࢳ �Ǔǉঀ ঀࢳࢱࢱࢳ

মࢸࢸয =ঀ ^ǓǾȒƺȣॹ �ঀ ^ƻǿǉǦǓΦে[ǓΡǓșॹ 'ঀ ^ƺǹΚƺȠॹ /ঀKঀ ǈǓǿeƺǦƺȖॹ ^ঀ �ঀ =ǩƺǿǠॹ ƺǿǏ =ঀEঀ 'ǓȖǿƻǿǏǓΦেtƺȖǓƺॹ EȅǿȠǓ

�ƺȖǹȅ șǩǾȣǹƺȠǩȅǿ ȅǟ ǓǹǓǉȠȖȅǿ ǈǓƺǾș ǟȖȅǾ ƺǿ ƺǉǉǓǹǓȖƺȠȅȖ ǦǓƺǏ ȣșǩǿǠ X�F�@KX�ॹ XȅͧȸȈǨȸ ȈȞ EǲǮȈǨȈȞǲ

ǙȞǮ �ȈȤȘȤǿͧॹ Κȅǹঀ ॹࢷࢵ ȒȒঀ ॹࢷࢹࢲࢲࢴࢷࢲࢲ �ȒȖঀ ঀࢲࢱࢱࢳ

মࢹࢸয Eঀ =ঀ �ǓȖǠǓȖॹ EȅǿȠǓ �ƺȖǹȅ ǉƺǹǉȣǹƺȠǩȅǿ ȅǟ ȠǦǓ ȒǓǿǓȠȖƺȠǩȅǿ ƺǿǏ ǏǩАȣșǩȅǿ ȅǟ ǟƺșȠ ǉǦƺȖǠǓǏ ȒƺȖȠǩǉǹǓșॹ ǩǿ

EǲȿȅȤǮȸ ȈȞ �ȤȝȱɂȿǙȿȈȤȞǙȘ XȅͧȸȈǨȸ࣓ tȤȘࣚ শ�ঀ �ǹǏǓȖॹ ^ঀ 'ǓȖǿǈƺǉǦॹ ƺǿǏ Eঀ [ȅȠǓǿǈǓȖǠॹ ǓǏșঀষॹ ȒȒঀ ॹࢶࢲࢳࢶࢴࢲ

ঀࢴࢷࢺࢲ

মࢺࢸয �ঀvঀ Kঀ [ȅǠǓȖșॹ 'ǩǟȠΡ ΡǓƺȖș ȅǟEȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ǟȅȖ ǾǓǏǩǉƺǹ ȒǦΡșǩǉșॹ XȅͧȸȈǨȸ ȈȞEǲǮȈǨȈȞǲ ǙȞǮ

�ȈȤȘȤǿͧॹ Κȅǹঀ ॹࢲࢶ ȒȒঀ ॹࢲࢱࢴ]ࢸࢹࢳ] =ȣǿǓ ঀࢷࢱࢱࢳ

মࢱࢹয hঀ 'ƺǿȅॹ FȅȠǓ ȅǿ ȠǦǓ �ȖƺǠǠে(ȖƺΡ �ƺΚǩȠΡ XȖǩǿǉǩȒǹǓ ǟȅȖ EǓƺșȣȖǩǿǠ �ǿǓȖǠΡ �ǩșșǩȒƺȠǩȅǿॹ [ǙǮȈǙȿȈȤȞ [ǲण

ȸǲǙȵǨȅॹ Κȅǹঀ ॹࢲ Ȓঀ ॹࢸࢴࢳ =ȣǿǓ ঀࢵࢶࢺࢲ

মࢲࢹয 2ঀ ?ƺΛȖƺǷȅΛॹ �ǉǉȣȖƺȠǓ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡEȅǿȠǓ�ƺȖǹȅ șǩǾȣǹƺȠǩȅǿ ȅǟ ǓǹǓǉȠȖȅǿ ȠȖƺǿșȒȅȖȠঀ 2ঀ �(^ǿȖǉॹ ȠǦǓ

ǿǓΛ �ΚǓȖșǩȅǿॹEǲǮȈǨǙȘࢵ^) XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢸࢳ ȒȒঀ ॹࢹࢺࢵࢶࢹࢵ EƺȖঀ ঀࢱࢱࢱࢳ

মࢳࢹয 2ঀ ?ƺΛȖƺǷȅΛॹ �ǉǉȣȖƺȠǓ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿ ȅǟ ǓǹǓǉȠȖȅǿ ȠȖƺǿșȒȅȖȠঀ 22ঀ �ȒȒǹǩǉƺে

Ƞǩȅǿ Ƞȅ ǩȅǿ ǉǦƺǾǈǓȖ ȖǓșȒȅǿșǓ șǩǾȣǹƺȠǩȅǿșॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢸࢳ ȒȒঀ ॹࢴࢲࢶࢺࢺࢵ EƺȖঀ ঀࢱࢱࢱࢳ

মࢴࢹয �ঀvঀKঀ[ȅǠǓȖș ƺǿǏ�ঀEঀEƺॹ ���Eॸ�EȅǿȠǓ�ƺȖǹȅ ǉȅǏǓ Ƞȅ șǩǾȣǹƺȠǓ ȖƺǏǩȅȠǦǓȖƺȒΡ ȠȖǓƺȠǾǓǿȠ ȣǿǩȠșॹ

EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢳࢳ ȒȒঀ ॹࢵࢳࢶࢴࢱࢶ EƺΡ ঀࢶࢺࢺࢲ

ࢲࢺ



মࢵࢹয �ঀ vঀ Kঀ [ȅǠǓȖșॹ �ঀ [ঀ �ঀ vƺǹȠǓȖșॹ ƺǿǏ 2ঀ ?ƺΛȖƺǷȅΛॹ ���EǿȖǉ hșǓȖș Eƺǿȣƺǹॹ eǓǉǦঀ [ǓȒঀ X2[^ে

শ�ষॹࢺࢱࢶࢱ FƺȠǩȅǿƺǹ [ǓșǓƺȖǉǦ �ȅȣǿǉǩǹ �ƺǿƺǏƺॹ 'Ǔǈঀ ঀࢸࢲࢱࢳ

মࢶࢹয tƺȖǩƺǿEǓǏǩǉƺǹ ^ΡșȠǓǾșॹ eȖȣǓ�ǓƺǾEȅǿȠǓ�ƺȖǹȅ�ƺȠƺ XƺǉǷƺǠǓॹ eǓǉǦঀ[ǓȒঀ�ȅǿЙǏǓǿȠǩƺǹ 2ǿǟȅȖǾƺȠǩȅǿॹ

tƺȖǩƺǿEǓǏǩǉƺǹ ^ΡșȠǓǾșॹ EƺȖঀ ঀࢵࢲࢱࢳ

মࢷࢹয �ঀ [ȅǏȖǩǠȣǓșॹ �ঀ ^ƺΛǷǓΡॹ 'ঀে'ঀ |ǩǿॹ ƺǿǏ Zঀ vȣॹ � EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿ ǟȖƺǾǓΛȅȖǷ ǟȅȖ ǓǹǓǉȠȖȅǿ

ǈǓƺǾ ǏȅșǓ ǉƺǹǉȣǹƺȠǩȅǿș ȣșǩǿǠ tƺȖǩƺǿ ȒǦƺșǓ șȒƺǉǓ ЙǹǓș ǟȅȖ eȖȣǓ�ǓƺǾ @ǩǿƺǉșॹ EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢳࢵ

ȒȒঀ ॹࢴࢱࢵࢳࢺࢹࢴࢳ �ȒȖঀ ঀࢶࢲࢱࢳ

মࢸࢹয ^ঀ �ǹǩॹ �ঀZঀ =ƺǿǏǠƺॹ ƺǿǏ�ঀ/ȣșșƺǩǿॹ �ΚƺǹȣƺȠǩȅǿ ȅǟ(ȅǹǏǓǿ �ǓƺǾ�ƺȠƺ ǟȅȖ ȠǦǓ�ȅǾǾǩșșǩȅǿǩǿǠ ȅǟ ࢷ ƺǿǏ

EtXǦȅȠȅǿș�ǓƺǾșࢹࢲ ǩǿtƺȖǩƺǿ@ǩǿǓƺȖ�ǉǉǓǹǓȖƺȠȅȖॹ 2ȞȿǲȵȞǙȿȈȤȞǙȘ =ȤɂȵȞǙȘ ȤǾ �ȈȤȝǲǮȈǨǙȘ ǙȞǮ�ȈȤȘȤǿȈǨǙȘ

�ȞǿȈȞǲǲȵȈȞǿॹ Κȅǹঀ ॹࢺ =ƺǿঀ ঀࢶࢲࢱࢳ

মࢹࢹয �ঀ [ঀ �ঀ vƺǹȠǓȖșॹ 2ঀ ?ƺΛȖƺǷȅΛॹ ƺǿǏ �ঀ vঀ Kঀ [ȅǠǓȖșॹ �K^{|�ǿȖǉ hșǓȖș Eƺǿȣƺǹॹ eǓǉǦঀ [ǓȒঀ X2[^ে

ॹࢵࢺࢸ FƺȠǩȅǿƺǹ [ǓșǓƺȖǉǦ �ȅȣǿǉǩǹ �ƺǿƺǏƺॹ 'Ǔǈঀ ঀࢸࢲࢱࢳ

মࢺࢹয /ঀ �ঀ �ঀ Eǉ(ȅΛƺǿॹ �ঀ �ঀ 'ƺǏǏǓǠȅǿॹ ƺǿǏ �ঀ Eঀ Eƺॹ ^e�e�K^� ǟȅȖ �ࢴ ǏȅșǓ ǏǩșȠȖǩǈȣȠǩȅǿș ॹ eǓǉǦঀ

[ǓȒঀ X2[^েࢺࢱࢶࢱশ'ষॹ FƺȠǩȅǿƺǹ [ǓșǓƺȖǉǦ �ȅȣǿǉǩǹ �ƺǿƺǏƺॹ =ƺǿঀ ঀࢱࢳࢱࢳ

মࢱࢺয �ঀ Eঀ Eƺॹ =ঀ ^ঀ @ǩॹ eঀ XƺΛǹǩǉǷǩॹ ^ঀ �ঀ =ǩƺǿǠॹ =ঀ �ǓǿǠॹ Eঀ �ঀ @ǓǓॹ eঀ ?ȅȣǾȖǩƺǿॹ Eঀ @ȣΠȠȅǿॹ ƺǿǏ ^ঀ �Ȗƺǩǿॹ

� EȅǿȠǓ �ƺȖǹȅ ǏȅșǓ ǉƺǹǉȣǹƺȠǩȅǿ Ƞȅȅǹ ǟȅȖ ȖƺǏǩȅȠǦǓȖƺȒΡ ȠȖǓƺȠǾǓǿȠ ȒǹƺǿǿǩǿǠॹ XȅͧȸȈǨȸ ȈȞ EǲǮȈǨȈȞǲ ǙȞǮ

�ȈȤȘȤǿͧॹ Κȅǹঀ ॹࢸࢵ ȒȒঀ ॹࢺࢹࢷࢲࢲࢸࢷࢲ EƺΡ ঀࢳࢱࢱࢳ

মࢲࢺয 2ঀ �ঀ XȅȒǓșǉȣॹ �ঀ Xঀ ^ǦƺΛॹ ^ঀ 'ঀ �ƺΚǠȅȖȅǏǿǩॹ ƺǿǏvঀ �ঀ �ǓǉǷǦƺǾॹ �ǈșȅǹȣȠǓ ǏȅșǓ ǉƺǹǉȣǹƺȠǩȅǿș ǟȅȖEȅǿȠǓ

�ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ȅǟ ȖƺǏǩȅȠǦǓȖƺȒΡ ǈǓƺǾșॹXȅͧȸȈǨȸ ȈȞEǲǮȈǨȈȞǲ ǙȞǮ�ȈȤȘȤǿͧॹ Κȅǹঀ ॹࢱࢶ ȒȒঀ ॹࢳࢺࢴࢴࢶࢸࢴࢴ =ȣǹΡ

ঀࢶࢱࢱࢳ

মࢳࢺয tƺȖǩƺǿ EǓǏǩǉƺǹ ^ΡșȠǓǾșॹ eȖȣǓ�ǓƺǾই eȖȣǓ�ǓƺǾ ^eΠ ^e�ে22েࢷࢴࢶ �E2 hȒǠȖƺǏǓॹ eǓǉǦঀ [ǓȒঀ 2X�ে/eে

^e�22ࢷࢴࢶে�ॹ tƺȖǩƺǿEǓǏǩǉƺǹ ^ΡșȠǓǾșॹ EƺȖঀ ঀࢶࢲࢱࢳ

মࢴࢺয Eঀ =ঀ �ǓȖǠǓȖॹ =ঀ ^ঀ �ȅȣȖșǓΡॹ Eঀ �ঀ �ȣǉǷǓȖॹ ƺǿǏ =ঀ �ǦƺǿǠॹ �^e�[ॹ X^e�[ॹ ƺǿǏ �^e�[ॸ �ȅǾȒȣȠǓȖ

XȖȅǠȖƺǾș ǟȅȖ �ƺǹǉȣǹƺȠǩǿǠ ^ȠȅȒȒǩǿǠেXȅΛǓȖ ƺǿǏ [ƺǿǠǓ eƺǈǹǓș ǟȅȖ �ǹǓǉȠȖȅǿșॹ XȖȅȠȅǿșॹ ƺǿǏ /ǓǹǩȣǾ 2ȅǿșॹ

#//+ɨʜʜ+#4.$�.ɦ)$./ɦ"*1ʜ�/�- ऒǙǨǨǲȸȸǲǮ �ǲǨǲȝǧǲȵ ࣓ࠐ ओঀࠒࠌࠋࠍ

মࢵࢺয vȅǹǟȖƺǾ [ǓșǓƺȖǉǦॹ 2ǿǉঀॹEǙȿȅǲȝǙȿȈǨǙঀ �ǦƺǾȒƺǩǠǿॹ 2ǹǹǩǿȅǩșॹ ࢱঀࢳࢲ ǓǏঀॹ ঀࢺࢲࢱࢳ

মࢶࢺয hঀ FǓǩȠΦǓǹॹ ^ঀ (ȧǿȠǦǓȖে?ȅǦǟƺǦǹॹ (ঀ �ȅȖƺșǩॹ ƺǿǏ �ঀ ^ƺǾǓǩॹ �ǓȠǓȖǾǩǿƺȠǩȅǿ ȅǟ ȠǦǓ ǏǓȠǓǉȠǩΚǓ ȕȣƺǿȠȣǾ

ǓГǉǩǓǿǉΡ ȅǟ ƺ ǏǩǠǩȠƺǹ ΠেȖƺΡ ǏǓȠǓǉȠȅȖॸ �ȅǾȒƺȖǩșȅǿ ȅǟ ȠǦȖǓǓ ǓΚƺǹȣƺȠǩȅǿș ȣșǩǿǠ ƺ ǉȅǾǾȅǿ ǩǾƺǠǓ ǏƺȠƺ șǓȠॹ

EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢲࢴ ȒȒঀ ॹࢲࢲࢳࢳࢶࢱࢳࢳ =ȣǹΡ ঀࢵࢱࢱࢳ

ࢳࢺ
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মࢷࢺয �ঀে?ঀ �ƺȖȠȅǿॹ �ঀ tƺǿǏǓǿǈȖȅȣǉǷǓॹ @ঀ ^ȠȖȣΡǓॹ �ঀ �ঀ �ঀ EƺǩǏǾǓǿȠॹ |ঀে/ঀ ?ƺȅॹ Eঀ �ǹǈǓȖȠॹ /ঀ �ȅșǾƺǿșॹ

ƺǿǏ(ঀEƺȖǉǦƺǹॹ tƺǹǩǏƺȠǩȅǿ ȅǟEe'ǾǓƺșȣȖǓǾǓǿȠ ǟȅȖ ǏǩǠǩȠƺǹǾƺǾǾȅǠȖƺȒǦΡ ȕȣƺǹǩȠΡ ǉȅǿȠȖȅǹঀॹEǲǮȈǨǙȘ

XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢳࢴ ȒȒঀ ॹࢶࢺࢷࢲࢵࢹࢷࢲ =ȣǿǓ ঀࢶࢱࢱࢳ

মࢸࢺয =ঀ /ঀ ^ǩǓΛǓȖǏșǓǿॹ @ঀ �ঀ �ǿȠȅǿȣǷॹ |ঀ �ǹেEȅǦȖǩॹ =ঀ |ȅȖǷșȠȅǿॹ vঀ /ȣƺǿǠॹ =ঀ Eঀ �ȅȣǏȖΡॹ ƺǿǏ 2ঀ �ঀ �ȣǿে

ǿǩǿǠǦƺǾॹ �ǾȒǩȖǩǉƺǹ ƺǿǏ ȠǦǓȅȖǓȠǩǉƺǹ ǩǿΚǓșȠǩǠƺȠǩȅǿ ȅǟ ȠǦǓ ǿȅǩșǓ ȒǓȖǟȅȖǾƺǿǉǓ ȅǟ ǩǿǏǩȖǓǉȠ ǏǓȠǓǉȠǩȅǿॹ ƺǉȠǩΚǓ

ǾƺȠȖǩΠ МƺȠেȒƺǿǓǹ ǩǾƺǠǓȖș শ�E'X2șষ ǟȅȖ ǏǩƺǠǿȅșȠǩǉ ȖƺǏǩȅǹȅǠΡॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢵࢳ ȒȒঀ ॹࢺࢹࢲࢸ =ƺǿঀ

ঀࢸࢺࢺࢲ

মࢹࢺয �ঀ ^ঀ �ǹƺǉǷǾƺǿॹ �АǓǉȠș ȅǟ FȅǩșǓ ȅǿ ȠǦǓ �ǓȠǓȖǾǩǿƺȠǩȅǿ ȅǟ XǦȅȠȅǠȖƺȒǦǩǉ ^ΡșȠǓǾ EȅǏȣǹƺȠǩȅǿ eȖƺǿșǟǓȖ

'ȣǿǉȠǩȅǿșॹ XȅȤȿȤǿȵǙȱȅȈǨ ^ǨȈǲȞǨǲ ǙȞǮ �ȞǿȈȞǲǲȵȈȞǿॹ Κȅǹঀ ॹࢳࢲ ǿȅঀ ॹࢶ ȒȒঀ ॹࢱࢶࢳࢵࢵࢳ ঀࢹࢷࢺࢲ

মࢺࢺয �ঀ (ȅǿΦƻǹǓΦে@ȆȒǓΦॹ �АǓǉȠ ȅǟ ǿȅǩșǓ ȅǿ Ee' ǉƺǹǉȣǹƺȠǩȅǿș ȣșǩǿǠ ǏǩАǓȖǓǿȠ ȒǦƺǿȠȅǾșॹ EǲǮȈǨǙȘ XȅͧȸȈǨȸॹ

Κȅǹঀ ॹࢶࢵ ȒȒঀ ॹࢹࢺࢹࢲࢺࢹࢹࢲ EƺȖঀ ঀࢹࢲࢱࢳ

মࢱࢱࢲয /ঀ 2ǹǹǓȖșॹ EǓƺșȣȖǓǾǓǿȠ ȅǟ ȠǦǓ ǾȅǏȣǹƺȠǩȅǿ ȠȖƺǿșǟǓȖ ǟȣǿǉȠǩȅǿ ȅǟ ǏǩǠǩȠƺǹ {েȖƺΡ ǏǓȠǓǉȠȅȖș ΛǩȠǦ ƺǿ ȅȒƺȕȣǓ

ǓǏǠǓেȠǓșȠ ǏǓΚǩǉǓॹ[ǙǮȈǙȿȈȤȞ XȵȤȿǲǨȿȈȤȞ �ȤȸȈȝǲȿȵͧॹ Κȅǹঀ ॹࢵࢲࢲ ȒȒঀ ॹࢺࢲࢳࢵࢲࢳ EƺΡ ঀࢶࢱࢱࢳ

মࢲࢱࢲয =ঀ �ঀ @Ǔ /ǓȖȅǿ ƺǿǏ =ঀ @ঀ XȅǹǓȠȠǩॹ EǓƺșȣȖǓǾǓǿȠ ȅǟ ΠেȖƺΡ ǩǾƺǠǓ ǩǿȠǓǿșǩЙǓȖ șǦƺȖȒǿǓșș ǩǿ ȠǦǓ ΠেȖƺΡ ǏǓȒƺȖȠে

ǾǓǿȠঀॹ XȅͧȸȈǨȸ ȈȞEǲǮȈǨȈȞǲ ǙȞǮ �ȈȤȘȤǿͧॹ Κȅǹঀ ॹࢴࢴ ȒȒঀ ॹࢵࢱࢲࢴࢺ =ƺǿঀ ঀࢹࢹࢺࢲ

মࢳࢱࢲয Eঀ =ঀ �ǓȖǠǓȖॹ =ঀ /ঀ /ȣǈǈǓǹǹॹ ^ঀ Eঀ ^ǓǹȠΦǓȖॹ =ঀ �ǦƺǿǠॹ =ঀ ^ঀ �ȅȣȖșǓΡॹ [ঀ ^ȣǷȣǾƺȖॹ �ঀ ^ঀ �ȣǉǷǓȖॹ ƺǿǏ

?ঀKǹșǓǿॹ {�KEॸXǦȅȠȅǿ�Ȗȅșș ^ǓǉȠǩȅǿ�ƺȠƺǈƺșǓॹ #//+ɨʜʜ+#4.$�.ɦ)$./ɦ"*1ʜ3�*( ऒǙǨǨǲȸȸǲǮ�ǲण

Ǩǲȝǧǲȵ ࣓ࠐ ओঀࠒࠌࠋࠍ

মࢴࢱࢲয hঀFǓǩȠΦǓǹॹ (ȖǩǏș ȅȖ ƺǩȖ ǠƺȒș ǟȅȖ șǉƺȠȠǓȖ ȖǓǏȣǉȠǩȅǿ ǩǿ ǏǩǠǩȠƺǹ ȖƺǏǩȅǠȖƺȒǦΡॸ �ǾȅǏǓǹ ǉƺǹǉȣǹƺȠǩȅǿॹEǲǮȈǨǙȘ

XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢺࢲ ȒȒঀ ॹࢲࢹࢵࢶࢸࢵ EƺȖঀ ঀࢳࢺࢺࢲ

মࢵࢱࢲয /ঀ �ǩǉǦǩǿǠǓȖॹ =ঀ �ǩǓȖǷǓȖॹ ^ঀ =ȅǩȠǓে�ƺȖǟȣȞॹ ƺǿǏ Eঀ ^ƾǈǓǹॹ ^ǉƺȠȠǓȖǓǏ [ƺǏǩƺȠǩȅǿॹ ǩǿ [ǙǮȈǙȿȈȤȞ �ͦȱȤȸɂȵǲ

ǙȞǮ 2ȝǙǿǲZɂǙȘȈȿͧ ȈȞ{ण[Ǚͧ�ȈǙǿȞȤȸȿȈǨ[ǙǮȈȤȘȤǿͧॹ ȒȒঀ ॹࢷࢶࢶࢵ ^ȒȖǩǿǠǓȖ ^ǉǩǓǿǉǓ૭�ȣșǩǿǓșșEǓǏǩƺॹ ঀࢵࢱࢱࢳ

মࢶࢱࢲয ^ঀ �ঀ �ȣșǦȅǿǠॹ ^ǉƺȠȠǓȖ [ƺǏǩƺȠǩȅǿॹ ǩǿ[ǙǮȈȤȘȤǿȈǨ ^ǨȈǲȞǨǲ ǾȤȵ eǲǨȅȞȤȘȤǿȈȸȿȸॹ ȒȒঀ ॹࢷࢱࢳࢷࢹࢲ �ǹșǓΚǩǓȖॹ ঀࢷࢲࢱࢳ

মࢷࢱࢲয (ঀ{ঀ�ǩǿǠ ƺǿǏXঀEȣǿȖȅॹ �ǦƺȖƺǉȠǓȖǩșȠǩǉș ȅǟ �EtǈǓƺǾࢶঀࢳ ƺǿǏ ǩǾƺǠǩǿǠ ǏȅșǓ Ƞȅ ȒƺȠǩǓǿȠșॹ[ǙǮȈȤȿȅǲȵǙȱͧ

ǙȞǮ KȞǨȤȘȤǿͧॹ Κȅǹঀ ॹࢶࢳࢲ ȒȒঀ ॹࢸࢵࢶࢲࢵࢶ �Ǔǉঀ ঀࢸࢲࢱࢳ

মࢸࢱࢲয ?ঀ [ȅșșǾƺǿǿ ƺǿǏ �ঀ �ঀ vǩǹǓΡॹ eǦǓ �ǓǿȠȖƺǹ XȖȅǈǹǓǾ ǩǿ ȠǦǓ ^ȠȣǏΡ ȅǟ [ƺǏǩȅǠȖƺȒǦǩǉ 2ǾƺǠǓ ZȣƺǹǩȠΡॹ

[ǙǮȈȤȘȤǿͧॹ Κȅǹঀ ॹࢷࢺ ȒȒঀ ॹࢹࢲࢲࢴࢲࢲ =ȣǹΡ ঀࢱࢸࢺࢲ

মࢹࢱࢲয ?ঀ [ȅșșǾƺǿǿॹ eǦǓ șȒƺȠǩƺǹ ǟȖǓȕȣǓǿǉΡ șȒǓǉȠȖȣǾॸ ƺ ǾǓƺǿș ǟȅȖ șȠȣǏΡǩǿǠ ȠǦǓ ȕȣƺǹǩȠΡ ȅǟ ȖƺǏǩȅǠȖƺȒǦǩǉ ǩǾƺǠে

ǩǿǠ șΡșȠǓǾșॹ[ǙǮȈȤȘȤǿͧॹ Κȅǹঀ ॹࢱࢺ ȒȒঀ ॹࢴࢲࢲ =ƺǿঀ ঀࢹࢷࢺࢲ

ࢴࢺ

http://physics.nist.gov/xcom


মࢺࢱࢲয ?ঀ �ȅǩॹ Xঀ �ঀ �ȣǿǉǦॹ (ঀ /ȅǹǴǓॹ Eঀ XǟǓǩǹǓȖॹ ƺǿǏ [ঀ 'ঀ vƺǠǿǓȖॹ [ǓȒȅȖȠ ॸࢲࢵ EȅǏȣǹƺȠǩȅǿ eȖƺǿșǟǓȖ 'ȣǿǉে

Ƞǩȅǿ ȅǟ ^ǉȖǓǓǿে'ǩǹǾ ^ΡșȠǓǾșॹ =ȤɂȵȞǙȘ ȤǾ ȿȅǲ 2ȞȿǲȵȞǙȿȈȤȞǙȘ �ȤȝȝȈȸȸȈȤȞ ȤȞ [ǙǮȈǙȿȈȤȞ hȞȈȿȸ ǙȞǮ EǲǙण

ȸɂȵǲȝǲȞȿȸॹ �ȣǠঀ ঀࢷࢹࢺࢲ

মࢱࢲࢲয �ঀ [ঀ �ঀ vƺǹȠǓȖș ƺǿǏ 2ঀ ?ƺΛȖƺǷȅΛॹ eǓǉǦǿǩǉƺǹ ǿȅȠǓॸ KΚǓȖȒȖǓǏǩǉȠǩȅǿ ȅǟ ǏȅșǓ ΛǩȠǦ ǏǓǟƺȣǹȠ X[�^e�ে2

ǈȅȣǿǏƺȖΡ ǉȖȅșșǩǿǠ ǩǿ �K^{|�ǿȖǉ ƺǿǏ ���EǿȖǉॹEǲǮȈǨǙȘ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢵࢴ ȒȒঀ ॹࢱࢶࢷࢸࢵࢷ =ƺǿঀ ঀࢸࢱࢱࢳ

মࢲࢲࢲয �ঀ vঀ Kঀ [ȅǠǓȖșॹ @ȅΛ ǓǿǓȖǠΡ ǓǹǓǉȠȖȅǿ ȠȖƺǿșȒȅȖȠ ΛǩȠǦ �(^ॹ FɂǨȘǲǙȵ 2ȞȸȿȵɂȝǲȞȿȸ ǙȞǮ EǲȿȅȤǮȸ ȈȞ

XȅͧȸȈǨȸ [ǲȸǲǙȵǨȅॹ Κȅǹঀ ॹࢸࢳࢳ ǿȅঀ ॹࢴ ȒȒঀ ॹࢹࢵࢶࢶࢴࢶ ঀࢵࢹࢺࢲ

মࢳࢲࢲয �ঀ 'ঀ �ǩǓǹƺǴǓΛ ƺǿǏ�ঀvঀKঀ [ȅǠǓȖșॹ �ǹǓǉȠȖȅǿ ^ȠǓȒে^ǩΦǓ �ȖȠǓǟƺǉȠș ƺǿǏ X[�^e�ॹ ǩǿEȤȞȿǲ �ǙȵȘȤ eȵǙȞȸण

ȱȤȵȿ ȤǾ �ȘǲǨȿȵȤȞȸ ǙȞǮ XȅȤȿȤȞȸ শeঀ Eঀ =ǓǿǷǩǿșॹ vঀ [ঀ FǓǹșȅǿॹ ƺǿǏ �ঀ [ǩǿǏǩॹ ǓǏșঀষॹ ȒȒঀ ॹࢸࢴࢲࢶࢲࢲ ^ȒȖǩǿǠǓȖ

h^ॹ ঀࢹࢹࢺࢲ

মࢴࢲࢲয �ঀ 'ঀ �ǩǓǹƺǴǓΛॹ �ঀে^ঀ �Ǧȣǩॹ ƺǿǏ [ঀEȅǦƺǿॹ 2ǾȒȖȅΚǓǏ �ȖǓǾșșȠȖƺǦǹȣǿǠ XǦȅȠȅǿ �ǿǠȣǹƺȖ ^ƺǾȒǹǩǿǠ ǩǿ ȠǦǓ

�ࢵ^) �ȅǏǓ ^ΡșȠǓǾॹ eǓǉǦঀ [ǓȒঀ [ǓȒȅȖȠ X2[^েࢴࢱࢳࢱॹ FƺȠǩȅǿƺǹ [ǓșǓƺȖǉǦ �ȅȣǿǉǩǹ ȅǟ �ƺǿƺǏƺॹ ঀࢺࢹࢺࢲ

মࢵࢲࢲয /ঀ vঀ ?ȅǉǦ ƺǿǏ =ঀ vঀ EȅȠΦॹ �ȖǓǾșșȠȖƺǦǹȣǿǠ �Ȗȅșșে^ǓǉȠǩȅǿ 'ȅȖǾȣǹƺș ƺǿǏ [ǓǹƺȠǓǏ �ƺȠƺॹ [ǲ͠Ȉǲ͡ȸ ȤǾ

EȤǮǲȵȞ XȅͧȸȈǨȸॹ Κȅǹঀ ॹࢲࢴ ȒȒঀ ॹࢶࢶࢺࢱࢳࢺ KǉȠঀ ঀࢺࢶࢺࢲ

মࢶࢲࢲয ^ঀEঀ ^ǓǹȠΦǓȖ ƺǿǏEঀ =ঀ �ǓȖǠǓȖॹ �ȖǓǾșșȠȖƺǦǹȣǿǠ șȒǓǉȠȖƺ ǟȖȅǾ ǓǹǓǉȠȖȅǿ ǩǿȠǓȖƺǉȠǩȅǿș ΛǩȠǦ șǉȖǓǓǿǓǏ ƺȠȅǾǩǉ

ǿȣǉǹǓǩ ƺǿǏ ȅȖǈǩȠƺǹ ǓǹǓǉȠȖȅǿșॹFɂǨȘǲǙȵ 2ȞȸȿȵɂȝǲȞȿȸ ǙȞǮEǲȿȅȤǮȸ ȈȞ XȅͧȸȈǨȸ [ǲȸǲǙȵǨȅॹ Κȅǹঀ ॹࢳࢲ ȒȒঀ ॹࢵࢴࢲࢶࢺ

�ȣǠঀ ঀࢶࢹࢺࢲ

মࢷࢲࢲয ^ঀEঀ ^ǓǹȠΦǓȖ ƺǿǏEঀ =ঀ �ǓȖǠǓȖॹ �ȖǓǾșșȠȖƺǦǹȣǿǠ ǓǿǓȖǠΡ șȒǓǉȠȖƺ ǟȖȅǾ ǓǹǓǉȠȖȅǿșΛǩȠǦ ǷǩǿǓȠǩǉ ǓǿǓȖǠΡ ࢲ ǷǓt

Ǔt)ࢱࢲ ǩǿǉǩǏǓǿȠ ȅǿ șǉȖǓǓǿǓǏǿȣǉǹǓǩ ƺǿǏȅȖǈǩȠƺǹ ǓǹǓǉȠȖȅǿș ȅǟ ǿǓȣȠȖƺǹ ƺȠȅǾșΛǩȠǦ�ࢲࢱࢱࢲॹ�ȿȤȝȈǨ�ǙȿǙ

ǙȞǮ FɂǨȘǲǙȵ �ǙȿǙ eǙǧȘǲȸॹ Κȅǹঀ ॹࢶࢴ ǿȅঀ ॹࢴ ȒȒঀ ॹࢹࢲࢵࢶࢵࢴ ঀࢷࢹࢺࢲ

মࢸࢲࢲয Eঀ =ঀ �ǓȖǠǓȖॹ Eঀ 2ǿȅǷȣȠǩॹ /ঀ /ঀ �ǿǏǓȖșȅǿॹ /ঀ �ǩǉǦșǓǹॹ =ঀ �ঀ �Ǔǿǿǩșॹ �ঀ XȅΛǓȖșॹ ^ঀ Eঀ ^ǓǹȠΦǓȖॹ ƺǿǏ =ঀ �ঀ

eȣȖǿǓȖॹ [ǓȒȅȖȠ ॸࢸࢴ ^ȠȅȒȒǩǿǠ XȅΛǓȖș ǟȅȖ �ǹǓǉȠȖȅǿș ƺǿǏ XȅșǩȠȖȅǿșॹ =ȤɂȵȞǙȘ ȤǾ ȿȅǲ 2ȞȿǲȵȞǙȿȈȤȞǙȘ �Ȥȝण

ȝȈȸȸȈȤȞ ȤȞ [ǙǮȈǙȿȈȤȞ hȞȈȿȸ ǙȞǮEǲǙȸɂȵǲȝǲȞȿȸॹ �Ǔǉঀ ঀࢵࢹࢺࢲ

মࢹࢲࢲয Kঀ ?ǹǓǩǿ ƺǿǏ |ঀ FǩșǦǩǿƺॹ lǈǓȖ ǏǩǓ ^ȠȖǓȣȣǿǠ Κȅǿ ^ȠȖƺǦǹȣǿǠ ǏȣȖǉǦ ǟȖǓǩǓ �ǹǓǷȠȖȅǿǓǿ ǿƺǉǦ ǏǓȖ ǿǓȣǓǿ

ȖǓǹƺȠǩΚǩșȠǩșǉǦǓǿ ZȣƺǿȠǓǿǏΡǿƺǾǩǷ Κȅǿ �ǩȖƺǉॹ �ǲȈȿȸǨȅȵȈǾȿ ǾɆȵ XȅͧȸȈȖॹ Κȅǹঀ ॹࢳࢶ ȒȒঀ ॹࢹࢷࢹࢴࢶࢹ KǉȠঀ ঀࢹࢳࢺࢲ

মࢺࢲࢲয [ঀ [ǩǈǈǓȖǟȅȖșॹ [ǓǹƺȠǩȅǿșǦǩȒ ȅǟ ȠǦǓ ȖǓǹƺȠǩΚǩșȠǩǉ �ȅǾȒȠȅǿ ǉȖȅșș șǓǉȠǩȅǿ Ƞȅ ȠǦǓ ǾȅǾǓǿȠȣǾ ǏǩșȠȖǩǈȣȠǩȅǿ

ȅǟ ǈȅȣǿǏ ǓǹǓǉȠȖȅǿ șȠƺȠǓșॹ XȅͧȸȈǨǙȘ [ǲ͠Ȉǲ͡ �ॹ Κȅǹঀ ॹࢳࢲ ȒȒঀ ॹࢵࢸࢱࢳࢸࢷࢱࢳ ^ǓȒȠঀ ঀࢶࢸࢺࢲ

মࢱࢳࢲয =ঀ vঀ EȅȠΦॹ /ঀ �ঀ KǹșǓǿॹ ƺǿǏ /ঀ vঀ ?ȅǉǦॹ XƺǩȖ XȖȅǏȣǉȠǩȅǿ ǈΡ XǦȅȠȅǿșॹ [ǲ͠Ȉǲ͡ȸ ȤǾ EȤǮǲȵȞ XȅͧȸȈǨȸॹ

Κȅǹঀ ॹࢲࢵ ȒȒঀ ॹࢺࢴࢷࢲࢹࢶ KǉȠঀ ঀࢺࢷࢺࢲ

ࢵࢺ



মࢲࢳࢲয @ঀ ^ȠȅȖǾ ƺǿǏ /ঀ 2ঀ 2șȖƺǓǹॹ XǦȅȠȅǿ ǉȖȅșș șǓǉȠǩȅǿș ǟȖȅǾ ࢲ ǷǓt Ƞȅ ࢱࢱࢲ EǓt ǟȅȖ ǓǹǓǾǓǿȠș �ࢲ Ƞȅ �ࢱࢱࢲॹ

�ȿȤȝȈǨ �ǙȿǙ ǙȞǮ FɂǨȘǲǙȵ �ǙȿǙ eǙǧȘǲȸॹ Κȅǹঀ ॹࢸ ȒȒঀ ॹࢲࢹࢷࢶࢷࢶ =ȣǿǓ ঀࢱࢸࢺࢲ

মࢳࢳࢲয 'ঀ ^ƺȣȠǓȖॹ lǈǓȖ ǏǓǿ ƺȠȅǾƺȖǓǿ XǦȅȠȅǓАǓǷȠ ǩǿ ǏǓȖ ?ে^ǉǦƺǹǓ ǿƺǉǦ ǏǓȖ ȖǓǹƺȠǩΚǩșȠǩșǉǦǓǿ vǓǹǹǓǿǾǓǉǦƺǿǩǷ

�ǩȖƺǉșॹ �ȞȞǙȘǲȞ Ǯǲȵ XȅͧȸȈȖॹ Κȅǹঀ ॹࢴࢱࢵ ȒȒঀ ॹࢹࢹࢵࢵࢶࢵ =ƺǿঀ ঀࢲࢴࢺࢲ

মࢴࢳࢲয �ঀ �ঀ �ȣǹǹǓǿॹ ^ঀ eঀ XǓȖǷǩǿșॹ ƺǿǏ =ঀ �ঀ [ƺȠǦǷȅȒǟॹ eǦǓ ࢺࢹࢺࢲ @ǩΚǓȖǾȅȖǓ �ΚƺǹȣƺȠǓǏ XǦȅȠȅǿ �ƺȠƺ @ǩǈȖƺȖΡ

শ�X�@ষॹ eǓǉǦঀ [ǓȒঀ h�[@ে2�েࢵࢳࢵࢴࢱࢲॹ @ƺΛȖǓǿǉǓ @ǩΚǓȖǾȅȖǓ FƺȠǩȅǿƺǹ @ƺǈঀॹ �� শh^�ষॹ EƺȖঀ ঀࢱࢺࢺࢲ

ࢶࢺ



ࢷࢺ



A
�ȒȒǓǿǏǩΠ

�৺ो EԃӼԝӒ �ҺԒӵԃ �ԃӎӒ

�৺ो৺ो ���EӼԒӈ ԖҺӻԏӵӒ ӥӼԏԡԝ ӜӥӵӒ

eǦǩș ǩș ƺǿ ǓΠǓǾȒǹƺȖΡ ǩǿȒȣȠ ЙǹǓ ǟȅȖ ���EǿȖǉॹ ǏǓșǉȖǩǈǩǿǠ ƺ ࢶ ǉǾ ȠǦǩǉǷ ȠȣǿǠșȠǓǿ ȒǦƺǿȠȅǾ ǩǿ ǉȅǿȠƺǉȠ ǠǓȅǾǓȠȖΡ

ǈǓǩǿǠ ǩȖȖƺǏǩƺȠǓǏ ǈΡ ƺ Etࢷ ȒǦȅȠȅǿ ǈǓƺǾ শǩǾȒǹǓǾǓǿȠǓǏ Κǩƺ ȒǦƺșǓ șȒƺǉǓ ЙǹǓষঀ eǦǓ șǉȅȖǩǿǠ ȒǹƺǿǓ শǩǾƺǠǓ ȒǹƺǿǓষ

ǩș șǩȠȣƺȠǓǏ ƺȠ ^2� ࢱࢹࢲ ǉǾঀ
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�৺ो৺ौ [ҺӎӥҺԝӥԃӼ ԝԒҺӼԖԏԃԒԝ ԏҺԒҺӻӒԝӒԒԖ

eǦǓ ǟȅǹǹȅΛǩǿǠ ȖƺǏǩƺȠǩȅǿ ȠȖƺǿșȒȅȖȠ ƺǹǠȅȖǩȠǦǾș ƺǿǏ ȒƺȖƺǾǓȠǓȖș ΛǓȖǓ ȣșǓǏ ǟȅȖ ƺǹǹ EȅǿȠǓ �ƺȖǹȅ șǩǾȣǹƺȠǩȅǿș ǏǓে

șǉȖǩǈǓǏ ǩǿ ȠǦǩș ȠǦǓșǩșঀ hǿǹǓșș șȠƺȠǓǏ ȅȠǦǓȖΛǩșǓॹ ǩǿǟȅȖǾƺȠǩȅǿ ǩǿ ȠǦǩș șǓǉȠǩȅǿ ǩș ǏȖƺΛǿ ǟȖȅǾ ȠǦǓ ���EǿȖǉ ȣșǓȖ

Ǿƺǿȣƺǹࢵࢹॹ ΛǦǓȖǓ ƺ ǾȅȖǓ ǉȅǾȒȖǓǦǓǿșǩΚǓ ǏǓșǉȖǩȒȠǩȅǿ ǉƺǿ ǈǓ ǟȅȣǿǏঀ

�' �/-*) ./ + �'"*-$/#( Ѵ ������Ζ

 eǦǩș ȠȖƺǿșȒȅȖȠ ƺǹǠȅȖǩȠǦǾ ǉȅǿȠȖȅǹș ȠǦǓ ǹƺȠǓȖƺǹ ƺǿǏ ǹȅǿǠǩȠȣǏǩে

ǿƺǹ ǉȅȖȖǓǉȠǩȅǿș Ƞȅ ƺǉǉȅȣǿȠ ǟȅȖ ǓǹƺșȠǩǉ șǉƺȠȠǓȖǩǿǠ ǩǿ ƺ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡ șȠǓȒঀ eǦǓ ǾȅșȠ ȖǓǉǓǿȠ শƺǿǏ ǾȅșȠ ƺǉে

ǉȣȖƺȠǓষ ƺǹǠȅȖǩȠǦǾ ǩș ������Ζ

ॹ ΛǦǩǹǓ ������ ƺǹǹȅΛș ǉȅǾȒƺȠǩǈǩǹǩȠΡ ΛǩȠǦ �ঀࢵ^) 2Ƞ ǩș ǓșȒǓǉǩƺǹǹΡ ƺǏΚǩșƺǈǹǓ Ƞȅ ȣșǓ

������Ζ

 ǟȅȖ ǹȅΛ ǓǿǓȖǠΡ ƺȒȒǹǩǉƺȠǩȅǿșॹ ΛǦǓȖǓ ǓǹƺșȠǩǉ șǉƺȠȠǓȖǩǿǠ ǩș ǿȅȠ ǿǓǠǹǩǠǩǈǹǓঀ

�*0)��-4 �-*..$)" �'"*-$/#(. Ѵ ����� �&$) � +/# Ѵ ͢ ���EǿȖǉȣșǓș ǉȅǿǏǓǿșǓǏǦǩșȠȅȖΡ șȠǓȒș

Ƞȅ ǹǩǾǩȠ ȠǦǓ �Xh ȠǩǾǓঀ vǦǓǿ ǓǹǓǉȠȖȅǿș ǉȖȅșș ȠǦǓ ǈȅȣǿǏƺȖΡ ǈǓȠΛǓǓǿ ȠΛȅ ȖǓǠǩȅǿșॹ ȠǦǩș ΛȅȣǹǏ ǹǓƺǏ Ƞȅ șǓΚǓȖǓ ǓȖে

ȖȅȖșঀ eǦǓȖǓǟȅȖǓॹ ƺ ǈȅȣǿǏƺȖΡ ǉȖȅșșǩǿǠ ƺǹǠȅȖǩȠǦǾ শ���ষ ǠȅΚǓȖǿș ȠǦǓ ȠȖƺǿșȒȅȖȠ ȅǟ ȠǦǓ ǓǹǓǉȠȖȅǿș ƺǉȖȅșș ȖǓǠǩȅǿ

ǈȅȣǿǏƺȖǩǓșঀ eǦǓ ȠΛȅ ƺΚƺǩǹƺǈǹǓ ȅȒȠǩȅǿș ƺȖǓ ������Ζ
 ƺǿǏ �����ঀ 2Ƞ Ǧƺș ǈǓǓǿ șǦȅΛǿ ȠǦƺȠ ȠǦǓ ȣșǓ ȅǟ ������Ζ


ǉƺǿ ǹǓƺǏ Ƞȅ ƺǿ ȅΚǓȖǓșȠǩǾƺȠǩȅǿ ȅǟ ȠǦǓ ǏȅșǓ ǩǿ ǉǓȖȠƺǩǿ ǠǓȅǾǓȠȖǩǓșࢱࢲࢲॹ șȅ ȠǦƺȠ ����� Ǧƺș ǈǓǉȅǾǓ ȠǦǓ ǏǓǟƺȣǹȠ ƺǹǠȅে

ȖǩȠǦǾঀ vǦǓǿ ȣșǩǿǠ �����ॹ ȠǦǓ ǓǹǓǉȠȖȅǿ ȠȖƺǿșȒȅȖȠ ǩș șΛǩȠǉǦǓǏ Ƞȅ șǩǿǠǹǓ șǉƺȠȠǓȖǩǿǠ ǾȅǏǓ ƺș șȅȅǿ ƺș ȠǦǓ ǓǹǓǉȠȖȅǿș

ƺȖǓ ΛǩȠǦǩǿ ƺ șȒǓǉǩЙǓǏ ȒǓȖȒǓǿǏǩǉȣǹƺȖ ǏǩșȠƺǿǉǓ ǟȖȅǾ ƺ ȖǓǠǩȅǿ ǈȅȣǿǏƺȖΡঀ eǦǩș ǏǩșȠƺǿǉǓ ǩș ǉƺǹǹǓǏ șǷǩǿ ǏǓȒȠǦ ƺǿǏ ǩș

ǠǩΚǓǿ ǩǿ ȣǿǩȠș ȅǟ ȠǦǓ ǾǓƺǿ ǟȖǓǓ ȒƺȠǦ ǹǓǿǠȠǦঀ

�'*��' ���� Ѵ ͤ͟͡͠ �'*��' ���� Ѵ ͟͟͠ eǦǓ ΚƺǹȣǓș ���� ƺǿǏ ���� ƺȖǓ ȠǦǓ ǠǹȅǈƺǹǹΡ ǏǓЙǿǓǏ ǓǹǓǉে

ȠȖȅǿ ƺǿǏ ȒǦȅȠȅǿ ǉȣȠেȅА ǓǿǓȖǠǩǓș ǩǿEǓtॹ ȖǓșȒǓǉȠǩΚǓǹΡঀ eǦǓΡ ȖǓȒȖǓșǓǿȠ ȠǦǓ ǾǩǿǩǾȣǾ ȠȅȠƺǹ ǓǿǓȖǠΡ ǈǓǹȅΛ ΛǦǩǉǦ

ǿȅ ȖƺǏǩƺȠǩȅǿ ȠȖƺǿșȒȅȖȠ ȠƺǷǓș ȒǹƺǉǓঀ vǦǓǿ ȠǦǓ ǓǿǓȖǠΡ ȅǟ ƺ ȒƺȖȠǩǉǹǓ ǟƺǹǹș ǈǓǹȅΛ ȠǦǩș ȠǦȖǓșǦȅǹǏ ǏȣȖǩǿǠ ȠǦǓ șǩǾȣǹƺে

Ƞǩȅǿॹ ȠǦǓ ȒƺȖȠǩǉǹǓ ǦǩșȠȅȖΡ Λǩǹǹ ǈǓ ȠǓȖǾǩǿƺȠǓǏঀ �ș ƺ ȖȣǹǓ ȅǟ ȠǦȣǾǈॹ ���� șǦȅȣǹǏ ǈǓ ǉǦȅșǓǿ șȅ ȠǦƺȠ ȠǦǓ ǓǹǓǉȠȖȅǿ

ȖƺǿǠǓ ƺȠ ȠǦǩș ǓǿǓȖǠΡ ǩș ǹǓșș ȠǦƺǿ ƺ ȠǦǩȖǏ ȅǟ ȠǦǓ șǾƺǹǹǓșȠ ǏǩǾǓǿșǩȅǿ ǩǿ ȠǦǓ ǏȅșǓ șǉȅȖǩǿǠ ȖǓǠǩȅǿঀࢲࢲࢲॹࢳࢲࢲ vǓ șǓȠ ȠǦǓ ǉȣȠ

ȅА ǓǿǓȖǠǩǓș ƺș EǓtࢲࢳࢶঀࢱ ǟȅȖ ǓǹǓǉȠȖȅǿș ƺǿǏ EǓtࢲࢱঀࢱ ǟȅȖ ȒǦȅȠȅǿșঀ 2ǿ ȠȣǿǠșȠǓǿॹ ȠǦǓ �^�� ȖƺǿǠǓ ȅǟ ǓǹǓǉȠȖȅǿș

ΛǩȠǦ ࢱࢲ ǷǓt ǷǩǿǓȠǩǉ ǓǿǓȖǠΡ ǩș ࣫.࣭ࣨ · ࣥࣤ−ࣨ ǠইǉǾࣦ ƺǉǉȅȖǏǩǿǠ Ƞȅ ȠǦǓ F2^e ǏƺȠƺǈƺșǓঀ ࢴࢺ eǦǓ ǏǓǿșǩȠΡ ȅǟ ȠȣǿǠșȠǓǿ ǩș

ࢴঀࢺࢲ ǠইǉǾࣧॹ șȅ ȠǦǓ ǓǹǓǉȠȖȅǿ ȖƺǿǠǓ ǩș ƺȒȒȖȅΠǩǾƺȠǓǹΡ ࣨ · ࣥࣤ−ࣩ ǉǾॹ ΛǦǩǉǦ ǩș ΛǓǹǹ ǈǓǹȅΛ ȠǦǓ șǾƺǹǹǓșȠ ǏǩǾǓǿșǩȅǿ ȅǟ

ࢲঀࢱ ǉǾ ȣșǓǏ ǩǿ ȅȣȖ șǩǾȣǹƺȠǩȅǿঀ FȅȠǓ ȠǦƺȠ ���� ǩǿǉǹȣǏǓș ȠǦǓ ǓǹǓǉȠȖȅǿ ȖǓșȠ Ǿƺșșঀ

�'*��' ���� Ѵ ͟͠ eǦǩș ȅȒȠǩȅǿ ǏǓȠǓȖǾǩǿǓș ȠǦǓ ǾƺΠǩǾȣǾ ǓǹǓǉȠȖȅǿ șȠǓȒ ǹǓǿǠȠǦ ǩǿ ǉǾঀ �ǓȒǓǿǏǩǿǠ ǩǿ ȠǦǓ

ȠȖƺǿșȒȅȖȠ ƺǿǏ ȠǦǓ ǈȅȣǿǏƺȖΡ ǉȖȅșșǩǿǠ ƺǹǠȅȖǩȠǦǾ ȠǦƺȠ ǩș ȣșǓǏॹ ȠǦǩș ΚƺǹȣǓ ǾȣșȠ ǈǓ ƺǏǴȣșȠǓǏঀ 'ȅȖ ȣșǓ ΛǩȠǦ �����

��� ƺǿǏ ������Ζ

ॹ ƺ ǾƺΠǩǾȣǾ ǓǹǓǉȠȖȅǿ șȠǓȒ ǹǓǿǠȠǦ ȅǟ ࢱࢲ ǉǾ ǩș ȖǓǉȅǾǾǓǿǏǓǏঀ

ࢱࢱࢲ



2Ƞ ǩș ΛȅȖȠǦ ǿȅȠǩǿǠ ȠǦƺȠ ȅǿǹΡ ȠǦǓ ǾƺΠǩǾȣǾ șȠǓȒ șǩΦǓ ǩș ǠǹȅǈƺǹǹΡ ǏǓЙǿǓǏঀ eǦǓ ƺǉȠȣƺǹ șȠǓȒ șǩΦǓ ǏȣȖǩǿǠ ȠǦǓ șǩǾে

ȣǹƺȠǩȅǿ ǩș ǩǿМȣǓǿǉǓǏ ǈΡ ȠǦǓ ǈȅȣǿǏƺȖΡ ǉȖȅșșǩǿǠ ƺǹǠȅȖǩȠǦǾॹ ǏǓȒǓǿǏǩǿǠ ȅǿ ȠǦǓ ȒȅșǩȠǩȅǿ ȅǟ ȠǦǓ ȒƺȖȠǩǉǹǓ ΛǩȠǦǩǿ ȠǦǓ

șǩǾȣǹƺȠǩȅǿ ǠǓȅǾǓȠȖΡঀ 2ȠΛǩǹǹ ǈǓ șǦȅȖȠǓǿǓǏ ǩǿ ȠǦǓ ΚǩǉǩǿǩȠΡ ȅǟ ƺǿ ǩǿȠǓȖǟƺǉǓ ƺǿǏ ǹǓǿǠȠǦǓǿǓǏ ƺș ȠǦǓ ȒƺȖȠǩǉǹǓ ȒȖȅȒƺǠƺȠǓș

ƺΛƺΡ ǟȖȅǾ ȠǦǓ ǩǿȠǓȖǟƺǉǓঀ

������ Ѵ ͤ͟͡ eǦǩș ȒƺȖƺǾǓȠǓȖ ǏǓȠǓȖǾǩǿǓș ȠǦǓ ǾƺΠǩǾȣǾ ǓǿǓȖǠΡ ǹȅșș ǩǿ ƺ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡ șȠǓȒ ƺǿǏ ȠǦȣș

ǩǿМȣǓǿǉǓș ȠǦǓ șȠǓȒΛǩǏȠǦ ȅǟ ȠǦǓ ǉȅǿǏǓǿșǓǏ ǦǩșȠȅȖΡ ȠǓǉǦǿǩȕȣǓঀ eǦǓǾƺΠǩǾȣǾ ǟȖƺǉȠǩȅǿƺǹ ǓǿǓȖǠΡ ǹȅșș ȒǓȖ ǓǹǓǉȠȖȅǿ

șȠǓȒ șǦȅȣǹǏ ǈǓ ॹࢶࢳঀࢱ ȣǿǹǓșș ������Ζ
 ǩș ȣșǓǏঀ

�+$)  !! �/. Ѵ �) 2ǟ ȠǦǩș ȅȒȠǩȅǿ ǩș ȠȣȖǿǓǏ ȅǿॹ ȠǦǓ ǓǹǓǉȠȖȅǿ ȠȖƺǿșȒȅȖȠ ƺǹǠȅȖǩȠǦǾ ȣșǓș ǓǹƺșȠǩǉ șǉƺȠȠǓȖǩǿǠ

ǉȖȅșșেșǓǉȠǩȅǿș ȠǦƺȠ ȠƺǷǓ ǩǿȠȅ ƺǉǉȅȣǿȠ ȖǓǹƺȠǩΚǩșȠǩǉ șȒǩǿ ǓАǓǉȠșঀ 2ǿǉǹȣǏǩǿǠ șȒǩǿ ǓАǓǉȠș ǹǓƺǏș Ƞȅ ǾȅȖǓ ƺǉǉȣȖƺȠǓ ȖǓে

șȣǹȠș ƺǿǏ ǩș ǓșȒǓǉǩƺǹǹΡ ǩǾȒȅȖȠƺǿȠ ΛǦǓǿǓΚǓȖ ǈƺǉǷșǉƺȠȠǓȖ ǉƺǹǉȣǹƺȠǩȅǿș ƺȖǓ ǿǓǓǏǓǏঀ

�- (. �)"0'�- .�(+'$)" Ѵ �� vǦǓǿ ƺ ǈȖǓǾșșȠȖƺǦǹȣǿǠ ȒǦȅȠȅǿ ǩș ǉȖǓƺȠǓǏॹ ȠǦǓ ȒǦȅȠȅǿ ƺǿǠǹǓ ǩș șƺǾȒǹǓǏ

ǟȖȅǾ ƺ ǟȅȖǾȣǹƺ ǈΡ ?ȅǉǦ ƺǿǏEȅȠΦঀ ࢵࢲࢲॹࢴࢲࢲ eǦǓ ȣșǓȖ ǉƺǿ ǉǦȅȅșǓ ǈǓȠΛǓǓǿ ȠǦǓ ǓǿȠǩȖǓ ǓȕȣƺȠǩȅǿ শ��ষ ȅȖ ȠǦǓ ǹǓƺǏǩǿǠ
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