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An〔 oin一 HenriBccqucrel (1852一

19U8)η ásborn andeducated in

Pa了lS HlSgrandfather,father,and

son were alsU physicistS, all Uf

them in turnP了
。
feSSorsattheParis

MuseumofNaturalHlsto甲 Like

hlsgrandfatherand father, Bec-

que了elSpecializedin ΠuUrescence

andphosPhorescence,PhenUmena

inwhi山 asubstanceabSUrbsⅡ 山 t

at onefrequencyandΥ eelmits itat

anUther,lo、 verfrequency

ln1895RUentgenhaddetectedx＿ raysbytheΠ uorescencethey

cau㏄ ㏑ anaPP°Pnaterrn比nalⅥⅢenheleamedUf山 6mrl,,㏑

189b,Becquerelwonderedl,he山 “山e確WrSepmcess lmghtna

occu∴ 〝i〔hintc心 Clight stinluIatinganu°resccnt rnatehaIto目 ve

°ffx｛紗丐 Hep(acedaΠuorescenturaniumSal【 UnaphUtUgraphlc

plate coveredMnthblackpapeI expUscd the arrangement to the

sun,andindeedfoundtheplatefUgged、 vhenhehaddewrelUpedit

BecqueΥ elthenthedto rcPeattheexpehment,bu〔 cloudsobscured

tllesunfUrseveraldays HedeveloPedLl9ePlatesany” ηyexPec七一

ingthem tobeclear,buttUhis surPIlsetheywerejustasrU&羿 das

befUIeInashort tImehehadidentifIedthesUuIceUfthepene＿

t了atingradiatiUnaS〔 heuranium intheΠuU疋丈 entSalt HeWasalso

abIeto showthat〔 heΥadiatiUniUnlzedgasesandthatpartUfitcUn＿

slstedoffastchaIgedpaIticles

AlthoughBecquerelbdiscUveryⅥ /asaccidental,herealized

its iIllPortanceat。 nceandexPloredvaΥ iousasPectsUfthe了 a-

dioac〔 ivi〔 yofuraniumfUr〔 heΥ est ofhls lire Hereceivedthe

NUbelPrizeinPhysics in 19U3
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Mar︳ eCur:← Sk︳
。
doWSka(1867-1934)andhe「 husbandP︳ erreCuⅡ e(1859一

19U6).TUgethertheydiScUve「 edthatthereWeree︳ ementsbeS｜ desuran︳ uΠ∩that

wereradiUac∥ Ve(aterm︳ ntrUducedbyMaⅡ e),nUtab︳ ypU｜ Un︳um(namedafte「

Ma〢ebcUuntryUfb︳ rth)andrad︳ um.日 ad︳um,Uccur〢 ng㏑ mlnvtequant∥ 〡es

｜n pkchb︳ ende,actUa｜︳yprUdvceSheat(nuc︳ ea「 energy):1gbf「 adiumcaΠ heat

abUvt139Ufwaterfrom theme︳ t︳ ngpU︳nt tUthebU∥ iΠ gpU︳ nt︳ nUnehUvr.┬ he

CUr︳esana︳ yzed︳ ar9eamUuntsUfp｜ tchb｜ ende,SuppUSed︳ yawo「 th︳eSSres︳ due

frUm m︳ n︳ ng Uperat｜Uns P︳ erre d︳ ed rather yUvng ︳n a traff︳ c ︳nc︳ dent, wh︳ch

caused ｜ntense grief to Marie. Her eXtended work with rad｜ Uact︳ve materia︳ s

was prUbab︳ y part o｜ thecause Ufherdeath, 28yearsanerherhusband.

NUt on︳ ywaS Ma「︳ethefi「 stwUmantU rece︳ vethe NUbe〡  pr︳ zefUrphys︳ cS

(in 19U3, w∥ h Becquere｜  and her husband P︳ erre), she was a︳ sU the 而「St
persUn tU receive a SecUnd NUbe︳  p「 ｜ze (chem︳ strV, 1911: fUr her Services

tU the advancemen! Uf chem︳Stry by the d︳ scUvery Uf the e︳ ements rad｜ um
and pU︳ Un︳ um, by the iSU︳ atiUn Uf rad︳Vm and the study U｜ the nature and

cUmpUundSUfth｜ sremarkab︳ ee︳ ement).丁heUn｜ yUtherWUmantUrece︳vethe
phyS〡 cs NUbe｜ p「 ize (1963) ︳s Mar︳ a GUeppert-MayerfU「 he「 wUrk in nuc︳ ea「

phys︳ cs.︳ thaS「 ema｜ nedsUmethingUfascanda︳ thatLiseMe︳ tner(1878-1968)

didnUtsha「 ethe1944NUbe︳ chem︳ Stryp「︳Zeg︳Ven toUttUHahn(1879-1968)

f。 已 ︳n faCt, the︳ r WUrk Un nuc｜ ear f︳ ssiUn (th︳ s ︳nit｜ ated atUmic reactUrs and

nvc〡ea「 bUmbresearch).比 WaSac︳ ea「 caSeUfma︳ echauv︳ nism thatmakes

theSwedes b︳ushto th︳ sdaY.

┬he「e︳ sa︳SUthecaseUfMa「︳ettaB︳ au,seev︳gnetteUnPowe∥ ︳nChapte「 2.
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/夕 -Z

JameS(hadW:6k.1891-1974 HiSd︳ Scoˇ ery

oftheneutron in1932Wasaturningpo︳ nt

in nuc︳ ea6Physi“ .(hadwi(kw那 We∥

awarethattheneutronhadbeen predi(ted

byRutherford;n192U

(ε°pyr︳ ghttheNobe｜ Foundation)

Thef:rsteviden6eforthepos︳ t「on,the
anti-part︳ (︳eUfthee︳ earo n.the(｜ oud
ㄈhamber tra‘ kbendsthewrongway:na
magneticf:e｜ dforit tobeㄈ ausedbyan
e︳edron,and︳ t︳ s notaProton tΓ aㄈ k.

Ande了 S° n’ SunpΓeㄈedentedd:s‘ overywaS
h:gh︳ y(ontrovers:a︳ unti︳ itwas6onf︳ rmeda
year︳ater(c° urtesyC.D.Ande「 son)
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編
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︳renea田 dΓ reder︳ 6

J.︳ ︳
。

t一C.1r︳ e
(I899-︳ 966and
｜9UU-J96色 French9

︳r芭 nejo︳︳o← Cv〢ewasthedaugh-
te「 ofPie「「eandMarieCurie.She
methe「 husband,Fr苔 d爸 Hcjo｜ iot,

when theywe「e both work:ngas
aSS︳ StantS to he「 mothe∴ Af●er

theywere ma「 r︳ ed,theγ took the

namejo〡 iot-Cu︻ eandconunued
to Work together┬ heγ  na「「

ow｜γ
miSSed d:Scovering the neut「 on

(。 sing。vt toChadwicklandthe

P。“tF。 n〔osing。 ut toAnderson).

｜n ｜934 they ︳dentined the nrst

man-made radioact︳ve nuc︳ eus,an

isotoPeofPh。 sPhorus,wh︳ chthey
Created bγ  bornbard｜ ng a︳uminum
w｜th a︳ Pha Pa「 tic︳ eS; and fU「  this

d︳ scoverY, they won the Nobe｜

Pr｜ zerU「 chem︳ stry in ｜935.｜ rdne

was refvsed adm︳ ssion to the
Ame〢can Chem︳ ca｜  Society ㏑

｜954 because of her ︳eft＿｜ean︳ ng

P°｜it｜ cs
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John Cockcroi (1879— 1967) and 巨rneStWa︳Ion (19U3-1995), NUbe︳  prize

1951.┬ hey cUnstructed the f︳ rst acce｜erator uSefu｜  fUr dU｜ ng nuc｜ear physics

experiments;the︳ rfirstUbserVed react︳ Unwasthesp∥ttingUfa︳ ithium nvc︳ euS

by meanS Uf a p「 UtUΠ .┬he ︳ithivm nuc︳ eus cUntains 3 prUtUns and fUur nev-

t「Uns, and tUgetherw︳ th the ︳ncident prUtUn Une Ubtains a pair Uf a｜ pha par-

tic｜ es,eacha〡 phapart︳ c｜ ecUnta︳ n｜ ng2prUtonsand2neutrUns.︳ t〡samus〡 ngtU

read hUwtheyestab｜ ishedth︳s 
「
eactiUn.┬ heyhadtUdemUnstratethatareac-

t︳Un 9ave r︳ se tU twU a｜ pha partic〡 eS be︳ ng emitted S︳ mu︳ taneUuS｜ y ┬hey did

that usin9 twU UbserVers each watch︳ ng a screen thatwUu〡 d ∥ght Vp ifhit by

an a︳ pha partic｜ e ︳f they saW Such a ∥ght f︳ ash they wUu〡 d tap a key TWU

cU〡 nc｜ dent keyst「 okeSWUu︳d ︳nd︳cate a ︳︳thium nUc︳ evs d｜ s︳ nte9rat︳ Un

┬he machine they vsed fU「  th︳ S eXper〡 ment acce︳ erated prUtUns tU abUVt

7UUUUU VU︳ tS (7UU ke、 /). By tUday’ s Standard th︳ s ｜s Uf coVrSe a rather ｝UW

ene「gy, but︳ t︳ sa︳ readyaquite UsefU︳ ene「gyfUrthe purpUsesUfthestVdyUf

atUm︳cnuc︳ ei.Up∥ m｜ S∥ ca︳ ︳Y,Wa∥UnthUu9htaS｜ ateas1951 (SeehisNUbe︳
︳ectvre) that this methUd cUu︳ d be Used tU acce｜ erat｜ Un Uf p「 UtUnS tU abUVt

1U GeV (ie 1UUUU MeV Ur 1UUUUUUU keV), but that Was certa㏑ ︳y a Va｜ n

hUpe ()︳ rcV︳ aracce｜ eratUrs such as cyc｜ UtrUns etc are bettersu︳ ted fUr prUtUn

acce〡 erat｜Un. ︳nterest︳ ng︳ Yl aCUckcrUft-Wa〡 tUn typevo〡tage 9eneratUr (cascade

9eneratUrlcanbefUund︳ n mUSt┬Vsets, tU9eneratethe「 equiredvU∥a9eUf

1U-3UkeVA〡 SU, CUckcrUft-Wa｜ tUn mach︳nesare usedtUth｜ SdayaSan in｜ t︳ a︳

acce︳ eratU「 ivstfU∥ Uw｜ ng the ｜Un︳ zat︳ Un chamberUf 〡ar9e prUtUn acce︳eratUrs
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Someimportant︳ S。t。 pes Nuc︳ ear notati。 n

Anu6︳eusiSdenotedbytheε hemi6a︳

:｛｜:｜∫tr魂H:ξ#料眾︴
a

numberUfprUt。nSandneutrons:t

conta︳ ns.Thus12ㄈ (yUureaditas

carboniwe︳ ve｝ :sanudeuswkh6

:城::」:抗恕驟 」t甜獄:pe
14C,Wh︳εha︳ S。 ε

。
nta:nS6pΓUt。 nS,

hastW。 extraneutr。 ns.At。 m:ε and

nuε︳ear了naSSesareUfteng:veΠ ︳n

atomk massunks(amu)口 whereone

amu(。 r..66〤 1U之9kg｝ :sdef㏑ ed

as onetwe㏑ hUfthemass ofthe
neutra︳

.2ㄈ at。 m.Thet。ta︳ number

Ufnuε︳eons:s knownastheatom:ε
mass number,° riu虫 maSSnumber.

2H               deute〢 u

4He          he｜ ｜umta︳ phaPart︳ ε｜e｝

1H

3H

12ㄈ
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2U   25   3U   3〔

a-parⅢ c｜ eene「 gy,MeV

Figll-2RutheffUrd’ sa

scatteHngfUrInula(Equatlon

4-6)is shUwnby山 edashed

line aPdrtlclesofincfeasil略

enefgyincidentUnthcnuclei

UfaPb6fgctScatteraS

wouldbeexPectedbythe

RutherfUrdf。 rInulauntil their

energyreachesabUut27Me、●

Atgreaterene吧iestheap釦 -

tlclesapPrUachthePbnuclei

c1USelyenoughSUthatthe

nucleUns oftheaandthePb

intefactviathealtr盆CtiVe

ΠucleaIfUrceandthescat一

tefedintensityhllsbelU中

ilat predictedbytheRuthcr-

fUrdequaion【 Daㄉ rrp,,1

R几tEj∫ tθξga刀t

cEn,rfε‘RevM°d

Phys,θθ,i夕U(fp‘f)】
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︳nc●den:waves

V咑degap

NarrUwgap

┬henaΓ rowe「 thθ gap,

thegreate「 thedfiad︳ °n

WavesU而 Fact’ 〔SPread°ut)whenthey出口ke°ㄐects。 『paSSthroughho︳ es。rsl:ts:nba㏕ ers.。 nthe日 ght怕 Shownhowthesma田 e『 theoㄐedo『

theho︳ ere｜ at:veto theW日 Ve︳ ength‘ theStrongerthed而 rad︳ on,p『oV:dedtheobject orho︳ e︳snUtm1.chsmaⅢ e『 thanthewave︳ ength.TUStudy

nlK︳ e︳,Weneedmuchshoπ erwaΨ e︳engthSth日 nCanbeach︳ evedwkhane︳ ed『on m︳ cr。 S6。pe.

︳nc︳dentWaves

—      邦 叫

—

＿
〞

RobertHUfstadtet1915-● 99U.p︳ oneeΓ ed

theuSeUfe︳ ectronSf° r study:ngthes︳ ze

anddens:tyUfnu6︳ e:andUfthenu‘︳e° ns

theya「emade.f.

(c。 pyr︳ghttheN。 be︳ Foundat︳
。
Π.｝
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Rober七 L Hofst日 dteΓ   Born l9】 5inNe〝.York.  IIereceivedl】
iε Pl】 D.fΓ oIn

Princeton in l938  Inl9j8Hofst.ndtershowedthat sodium iodide,色 CtiVated

bytll&lljuml nlade&ncxcel】 ent scjntil】 見ti。nCounter  Inthel9δUsatSt色 nf。Γd

UniveΓ sityl】 e&nd】】iscolle&guesc出 rΓiedoutaserjcS。 fclΠssicexpeΓ ilnentSto

investigatethescatteringofe】 ectronsfΓoln nuclco ns&ndnuclei  Theseledto
〦ratllerdetailedkno〝 .】 edεeoΓ thccl】 arge&nd 】n&gnetj(一 rn o1)】 ontdistributiUns

of pΓ Utons, Ilc.utΓ onS, 凡nd nuClei  工n 〕961 l〕 e sl!&red the 】(obc】  PΓi2e 〝itll

Ru(lolf｝ 1(心 Sb:lucr  (r’ 九U)Uσ rap方 IrUηtt乃 θΠJεσσcㄏ∫Ua〃θγv匆╭Λ:Ut� 乙ant「 tatε S,
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512 C乃〞P比r ii NuclearPhysics

F:g.l1-5◇ 砂Chargedensi呼

versusdistancefUrseveral

nucleiaSdeterlmnedbyhigh一

energyelectUnScattcHng

expchments(t)DeΠ nltioΠ S

ofparaInetersR。 and〞 usedto

descHbenucleafchargeden-

sity.Theskin士 jckness′ is

meaSuredfrUm1Upercent tU

9Upercent ofthecentralcUre

den血 ,.【Fra〞 R.Π眨舟翅鈚

AnnualReViewofNuclear
Science,乙 2J′ (I9J79〕

m
ε
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O
ω

N
。

Γ
a
〦

｝一ω
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Φ
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」Φ
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O

25U
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1UU

U75
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U25
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4    5

Πad｜ a︳ diStance而 fm
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U

.Γigure15-3 ΓUrlarge

enUughnuclei(Z>1U′ say)

thenucleardensityis、ve11

describedbythefUrmula

p(,)=
｛1+e卬 l●

′一切/閉｝
/

wherepU=U19nucleUn/flm3′

勺=(12A〕 β-U姻
)fnlˊ 砸d

〞=U55fm ThiSfUrmulais
UbtainedfrUInelectrUn一 nucleuS

cUllisionexPerIments′ Unthe
aSSumPtlUn七hatthenuclear

densltyis thesameasthe

electricchargedenslty一 that isˊ

thatthePrUtUnsandneutrUns
aredistributedin thesame

、
vayItis thechargedensiy

thatiSactua1lylneasuredby

theelectrUn-scattering

pU

exPer丘nents
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NotaⅢ nuc︳ e︳ a●esPheres.AfewaΓ e

‘
ob︳ ateIthat︳ s,f︳ attenedatthep。 ︳es,and

#帘 驟 荔 翠 苦 侶 #居

一

n

fUotba田 .Qukesubt︳●shaPescanbem.日9
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結構理論的突破—集體模型

波 耳 (AageBUhr.I922一
)

莫 特 森 (BcnR.MUttc︳ sUn、 1926-)

雷 恩 沃 特 (、Ian┐ csRain\\a!er.︳ 917┤ 啖怕 )

發現原子核內集體運動與粒子運動的關連 ,

並以此發展原子核的結構理論 -

雷恩沃特

「
由於發現原子核內集體運

原子核的結構理論 」〢皮耳 〡

MUttel∫ Un)及雷恩沃特 (Jan〕
c‘

年的諾貝爾物理獎 UI94,年秋

耳及莫特森則從BFJ時開始即全 9

雷恩i天特是美口哥倫比亞

一
I9不 年諾貝爾獎的消唐、時 ,起

是由於他在 19“ 年做的實驗證 1

出的X光 ,最後當他得知波耳丌

真正原因 。他的貢獻是首先提出

地承認 ,這方面百分之九十的」

森兩人二十幾年來所做的 。

殼層模型

在 1949年時 ,關於原子核└

n╮ Ude】 )及殼層模型 (山 cll mU(

綜合 。所請液浦模型 ,犀百名思事

子組成的液滴 U這模型在 19”

的父親 ,量子力學白ㄅ大師 ,〕 92

AWh㏄ lcr)發表的論文中曾﹁

核有表面張力和均勻的密度 ,在

(核分裂 ),就像普通水滴一樣 ,

殼 層模型 由於顏森 (J｜

GUepPeΠ M叩cr)的貢獻 ,在 〡(

並共同得到 ｜9ω 年的話貝而獎

為其中每一中子或質子 (通稱
「
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r.H十 <JxˊU乙勿刀

ㄌ ≒ φ〃 十 θ十

一

v一 ′

一

ㄙ′́ 〃έ   ˊ′

一一    t‘ 拐ε φ́Jφ                           一 一

——
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分
一編
一總

類
一號

ε衫免′  ∼
→ 〞+c,+v+U.41MeV

〞+p→ 3He十
γ十 55lMeV

3He+打He→ 4He+η +u十 γ+1298MeV

/＿ ˊxˊ U7〞
(7× 1U9yr)｝

(4s)9

但×1σ 〣

ηC十 p→ mN+γ +1竻 MeV            (1σ yr),   ＿＿＿
13N→ 13C+ε十+v+γ +1.2UⅣIeV (1Umin)法

13C+〞
→ 〕4N+γ

十 76UMeV
14N+u一 >15U+γ 十 739MeV

15U→ 15N+θ +十 v+γ 十 191MeV
l﹃

、
+u一)12C+4He+4.99MeV

p× 1U5y一》
(<3× 1U7yr),

(2min)9

(1伊 丌).
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分類 :

編號: ′JI伊U
總 號 :

動

ˊ

一      月ˊ́ U〞加 6.

一
一

一
一

一
一
一
一
一
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分類 :

編號 :

總號 :

Ha口sBethe
rB。 rn r,UaGe『 maη＿nmeHcσΠ)

Afte「  Postdoctor刉  wo「k with
RutherfUrd in Cambridge and
Fermi ㏑ Rome,Bethetaught｜ n

GermanyfU「 arewγearsbefUre
c。 m㏑g to the ∪n︳ted States ︳n
｜935.AmoΠ g manx c° nt「ibutions

to atorn︳ c and nuc︳ ear Physics,he
沁best knownrUr nnd｜ ngthetwo
nuc｜ earcγ c︳ esbγ whichmost stars
getthe︳ rene「g》 F。 rthisdiscove「

Y.

he won the ︳967 Nobe︳  Prize ｜n

Phγ s｜cs.
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分類 :

編號:ˊJt〞/
總號 :

一

1
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分類 :

編號 : ′6一
總號 :

肋 v′」山出〞

一

— —
— —

— —
— — —

—
— — —

— — —
— — — — — —

—
—

已 口

疹

u一
出 生 n左 由 2匢 L﹂ ∠ LL┘ 己 立 k上 ＿ ＿ ＿ ＿ ＿

— —
—

—
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分 類 :

編號 :

總 號 :

UHnUⅣ UtUG了 C月 t月 ⅣDGξ UtUG｜ C月 t月 PPtJCΛ T｝ UⅣS

至”

。

iechng(C)

Bible(C)
PompeI(C)

Tayinat(C)
redwood(C)

SUt:(P)

Scsostri眹 C) Aha-nakh《 P)

+Snefe颯 P

I     ︳     ︳     ｜

2UUU    3UUU   4UUU    5UUU

hiStoΓicalagc,years

F︳ g田 F●  S-11 CalibrationcurveoΓ 叫Cmethod.CurvecalculatedfΓomTI/2=

5∫68yr Key:Samplesofknownage;(C),ChIcag° dateS;(P),Pennsy】 va血 a

dates(Ralph) 【w.Γ.Libby,in乙 外 Pr:XAr.tθ θ́〞′96U,Stockh° lm,I96I.〕 The

presenuyacceptedhalΓ-llfeofI4Cis573U± 3Uyr

」
。
〕
〕
“
ㄈ
.

o
Φ>

.
。

一Φ
.
ㄈ
Φ
〕
.
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。

‘
。
‧
】
ω
。
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類
一號
一號

坌
編
一總

F︳gtre15.2●  Aflss｜Unchain
react〡 on｛ schemaIcdiagram｝ .丁he

甘甘::卍｜普:∫9七 :9n琣::泳︸:〝。

○ ○

Uranjumnuc】 eus

Fissionfragmen〔 s

Neutron

F:g1.re15.22 Schemat︳ cdiagramofabo:︳︳ng＿ wate「
「
eactor.

F︳gure15.23
reacto「 .

﹂                   .一    .   .   .   .   .   .   .   .

Schematicd｜agramofapressu「｜zed-water



分 類 :

編號: ′f-63
總號 :

屁 ‘∠εθ′ 翃 � t、乙 t′θ力 t切  勿 p出′」刀θ
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分
一編
一總

類
一號

RUsaIind YalUw (1921-, Unlted
States).AfterreceiⅥ ngherPhD㏑
nuc】 earphysics, sheresearched the

medical applicatiUns Uf radiUactive

isUtUpes. She develUped the tech＿

nique Uf IadiUiInmunUassay, 
、
vhich

uses radiUactive tracers tU measure

smaIlamounts Ufsubstances in the

H盟工:達::智ξ諱萊常留在
I∴:i              里:=:I
片濫1,77.  in medi一

國立清華大學物理系 (所 )研 究室紀錄



類 :

編號 :

總號 :

F:g● .『●15.3● Energy︳ oSSofah︳ gh一

ene「gyapart︳ c｜θaSafuncti。nof
penet「 ation.N。tethep「

。
nounced

peak｛ Braggpeak｝ attheendofthe

「
ange.

∞

ω

的

∞

.
Φ
=
份
。.
。

.
、

∞
』Φ.
Φ

Φ>
一

.
∞

1
出

口

F︳g1.re15.32 EneΓ gydepos︳ tedby
95-MeVπ一partic｜ eSaSafvnct︳ on
ofpenet「 at●on.┬ heno『 ma︳ B「agg
peak︳ sfuFthe「 enhancedbythe
energydepos︳ tedduetocaptv「 eof
the.F一 byanuc︳eusandthe
SubSequent nuc︳ ea「

「
eact:on｛ Star｝ .

。
.
“
L
 
。
.
。

.
Φ

。
.
。

‧
一
一
Φ
.̀
一
。
Φ
o
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類

一
號

一號

一三

騙

一總

一〡—
〡
｛
l
〡—
—
l
〡l
——
—

ll-7THEMUSSBΛ UEREFFECT

CUnsideranatUmictransitiUnfrUmastatewithenergy易

tUastatewithenergyE一 WeusuallywrjtetheenergyUf
theemittedphUtUn(Epha。 n)as

ε
ph。㏑n=E2一 ε

l

(l1.lU4)

ThefUregUingequatiUn isanexceⅡ entapprUximatiUnbut

itis nUtε 田ε′beCausemUmentummustbecUnservedThe
atUmmust recUiIv丙 ththesamernagnitudeUfrnUmentum

asthephUtUn.TheΓ ecUil mUmentumω )UftheatUmiS

εphU㎏ n

p=—
ε

ThekineticenergyUftheatUm is

民=磊 =:寺青::╮

energywidth(Γ )Uf

Γ =
6.6× lU一

1‘ eVs 牢lU一 eV (lIlU8)
lU8s

Thenatural、vidthisImuchlargerthantherecUi︳ energy:

Γ >>Ek (l1.lU9)

Thenatural spreadin phUtUnenergiesallUwsatUmstU

reabsUrbtheradiatiUn.

NU、vcUnsIderthe case UfphUtUns emltted frUm an

excitednucleus(gammatransljUns)ThenuclearIife-

tlmeSareUfthesameU了derUfrnagnltudeastheatUIn】 c

lifetiInesbecausethesamefUrce,electrUmagnetiSΠ

、
 is

respUnsible fUrthe decays The phUtUn energies frUm

nucIear transitiUns,hU、 vever,areabUutlU‘ tiInesgreater

thanphUtUnSfrUmatUn】 ictransitiUnsbe︹〃eenUuterelec-

trUnlevels.TherecUilenergyUfthenucleuS,again taking

theirUnInass,is

民=:寺手｝;=鵠菩卯Ⅳ.卿∞
Innuclearsystems,thekineticenergyUftherecUil nuc】 ei

areΨpicaIlymuchgreaterthanthe〝 7idth:

Ek>>Γ .     (l】 .1ll)

This means thatphUtUnsemittedin nucleardecayUrdi-

nari｜ ydUnUthaveenUughenergytUbereabsUrbedbythe
SametypeUfnucleus.ResUnanceabsUrptiUncannUtreadily

Uccurin nuclei.

ThephenUmenUnUfresUnanceabsUrptiUn is illustrated

inFigurell-18 AtransitiUnUccursbet、veent、vUenergy
levelscausjngaphUtUnUfenergy(ε)tUbeeΠ litted.The

averageemittedphUtUnenergyiSSmaⅡ erthantheenergy

differencebe小〃eentheenergylevels●℅),butthephUtUn
hasanenergy、 vidthgivenbytheuncertaintyprinciple

ΓUraphUtUntUbeabsUrbed,it了 nuSthaveanener＿gytU

aⅡ U、vfUrtherecUi1.TheabsUrptiUn spectrumhasthesame

Shapeastheen】 issiUn spectrum.TheamUuntUfUverIap

deterIninestheamUuntUfresUnanceabsUrptiUn FUratUn┐ ic

systemS,theUVerIap iscompIete FUrnuclearsystems,thc

UverIap iszerU.

In l959, RudUlfM° ssbauerdiscUvered thatnucIear

transitiUns rnayUccur、 vithnegligib︳ el╮ uclcaΓ recUi︳ ifthe

decayingnucleus isembeddedinacrysta︳ Iattice Inthis

casetheentire】 atticetakesuptherecUi｜ n﹁ Un﹁ entu︳η.Since

themassUfthecry敬 al(乃行)canbehuge,the㏄ ysm︳ asa

、
vhU︳ ecUnserveS mUmentum and gains esscntia∥ y zerU

=

｝
〃
一

t

(l1.lU5)

(l1.lU6)

where力 riStheatUmicInass.TheenergyscaleUfaphUtUn

eΠ】ittedfrUmanelec行 UniCtransitiUnbetweenUuteren-

ergylevels iseIectrUnvUlts.ThetnassenergyUftheatUm

is muchlargeΓ thanthephUtUneneΓ gy(Mc2>>′ ε).This
means thatevenfUraIightatUm likehydrUgen,therecUil

kineticenergyUftheatUm is smallbecausethemass is

large.FUran irUnatUm(Mε ∼5UGeV),therecdl㏑ net沁

eneΓgyIs

民 =黔 玾 Ⅳ m朋

SincetheatUmgains thisenergy,thephUtUneneΓ gyis
sma(lerthani玷 -EIbyanamUuntEk.WeuSualIycan
negIectsuchaSmaⅡ eneΓgycUπ ectiUn!NUtice,hUwever,

thatbecausethephUtUnenergyis slightlysmaⅡ erthan
E2一tl,wemightexpectthattheen】 ittedphUtUncUuIdnUt

bereadiIyreabsUrbedbythesametypeUfatUmbecause
thephotonenergyisabittoo smal1.TheeΠ 】ittedphotons

a′εUbservedtUbereabsUrbcd,hUwever.ThiSphenUm-
enUn iscalledrε ∫U刀a〞εεat∫ UKpt′ U刀.ReSUnanceabSUrp-
tiUnUccursbecauseUfthenatural 

、
vjdthUfthephUtUn

energydistributiUn,cUrrespUndingtUthefIniteIifetiIneUf

theatUΠ】icstate.Thenatura】 ㄐ”dthandatUn】 icIifetimeate

relatedbytheuncertaintyprjncipIeThetypicaIIifetimeUΓ

anatUmictransitiUn is】 U￣
8secUnds,cUπeSpUndingtUan

9 
〡
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kineticenergy ThekineticenergygainedbytherecU∥ ing

cξystal is

Ek= =U     (ll l12)

This means that like the atUmic systen1, there can be

cUmp!eteUverlapbet、 veentheemiSSiUnandabSUrptiUn

energyspectra,andresUnanceabsUrptiUncanUccur.The

nuclearsystenlΠrst studiedbyM° ssbauerwas〡 °lIr The

nuclearenergylevelsUfl’
lIrareindicatedinFigurel1-19.

EXAllIPLE11-16
EstiInatethesizeUfthecrystalnecessa〃 tUcausenucIear

resUnanceabsUrptiUn in l’
IIrThelifetiIneUfthel’ IIr.state

is1.9× lU一
l。sandtheen】 ittedphUtUnhasanenergyUf129

keV

SULUTIUN:
ΓrUmtheuncert㎡ n9pInciple,thewidthUfthe” IIΓ state

lS

6石 ×1U一
1‘ eV s

∼3.5× 1U、 eV
1.3× 1UIUs

於◣SigniflcantamUuntUfresUnanceabsUrptiUn、villUccur

、
vhentherecUil kineticenergyis

tk=Γ

TherecUil kineticenergyInaybefUundfrUm

民=騞弋
sUthernassUfthec呼 stal isgivenby

FIGURE1l-18Re§ UnanceabsorpIon.

AtransitiUnoccurSbetweentWUenergylevels,causingaphotUn

ofenergy(IDt° be eΠ】itted ThephUtUnenergyis slightly

differentfrUmthedifferencebet、 veentheenergylevelsduetU

therecUilenergy(EUandthenaturalwidthduetUtheuncer-

tain●/p㎡ nciple (a)Ph° tUnenergydist㎡ butionfUrthecaseΓ =

EkTheresUnanceabSUrption probabili妙  is proportionalto the

amountUfUverlapUfthetwocuⅣ es(t)PhUtUnenergydist㎡ -

butiUnfUrthecaseΓ<<民

/
ΓHEVlU∫SB八 UEllE阱

.ECT 323

E。

ε

εU+Ek

Γ<<民

EU一fk ε°

ε

19lr**

1UlUs)

〣一耐
′Ⅳ
〞ε

(arb sca｜ e〉

(arb.sca｜ e)

(t｝

εU+171keV

fU+129keV

Energy

EUfk

押
一蹈

=
力

一
t

=
Γ

εU+ε k

(129kev)2

(2)｛ 3.5× lU%eV)

=2× 1U!5eV=2× lU‘ GeV.

ThernassenergyUfl° IIriSabUutl78GeV.TherefUre,the

numberUfatUms in thecrystalnecessaFytUcauSereSU-

nanceabSUrptiUn is

Ⅳ =2×
1U° GeV=1U.

178GeV

UnlyaSmallcryStaliSnecessary.

Spin quantumnumbe「 (力

FIGURE11-19N田 C︳earenergy︳eveISfUr吵 IIr.

吼́=牛

ε

。
7
一

2

5
一

2

3
一

2

▌

191｜

「 (groundstate)



324 cHAPTERll/THENUCLEUS

The experiInentaI setup UfM。ssbauer is shU、 vn in

Figurell-2U.TheradiUactiγ esUurceiSl’ 1Us,、vhichbeta

decays intUI’ IIr:

!’ !Us-→ I’ lIr十
十ε

￣
十9‘

,
(l1.l13)

andtheexcitediΓ idiumdecaysbygammaemissjUn

I,】

Ir十 →
I,lIr十

γ (】 ll14)

TheenergyUfthephUtUn is l29ke、 ◤.Thehalf-lifeUfthe
I’ IIr* decayis I.3 

× lU￣
lUs, cUrreSpUndingtU anaturaI

fractiUnalwidthUf

二=4× lU〢
E

TheabsUrptiUnfractiUn is thenmeasuredasafunctiUnUf

thespeedUfthesUurce.WhenthephUtUnhasthe、 vΓUng

energy,itsabsUrptiUn prUbabilityiSreduced.ThedataUf

M°ssbauerareshUwn inFigurell挖 1.AspeedUfUnlya
fewcentimeters persecUndis sufΠ cient tUdestrUythe

absUrptiUn.

EXAⅣIPLE11一 17
CalcuIatetheSpeedUfthesUurcenecessa,tUdestrUythe
resUnanceabsUrptiUn inI’ lIr.

SULUTIUN:
ThenaturalIinewidthis

6.6× 1U一
%eVs

=3.5× lU巧 eV
1.3× IUI° s

ThefractiUnaIwidthis

吾=器 =印尸.

ThemUtiUnUfthedecayingl’ lIr*nucleuScausesaDUp-

pIerbrUadeningUfthephUtUn. CUnsidermUtiUnUfthe
】’IIr*in thedirectiUnUftheel19ittedphUtUn TheDUppler

fUrrnulafUrtheLUrentzbUUStedphUtUnenergyUε I)is

(1U￣ 5eV)

U    l

AbSorpt｜ on
f「 actiUn

(1U￣ 3)

-4

〕, (lUη m7)
FICURElI＿ 2lReco︳ ∥eSSgammaem︳ ssiUnandabsorp＿

6iUnfrUΠ n I’
!Ir.

FΓUmRLM° ssbauer,內 4′〃n,I∫∫ε刀∫ε方.rrε〞4s,538(】 958)

(l1.l15)

=

乃

一

t
=Γ

,
＿

′
、｝

.
 
 
 

「

�

 
 
′
,
“

NUrInally,theenergyshiftduetUthernUtiUnUfthenucIeus

wiIlbelargerthanthenaturalwidthbysevera︳ UrderSUf

magnitude.Mδ ssbauerdiscUveredthatiftheI’ 1Us isem-

beddedinac,stal,thenasmallfractiUnUfthedecays
haveanegIigiblenuclearrecUiI TherecUilless phUtUn

emissiUn prUducesanextremelynarrUwphUtUn‘ ‘
line.”

ThephUtUnsfrUmthedecayUfI。 lIr*weredetectedby

Mδ ssbauerbyresUnance absUrptiUn in an iridium ab-

sUrber.TheprUcess in theabsUrber is

I’ lIΓ
+γ -)1’

】
Ir (1ll16)

TheabsUrber rnustalsUbeacΓ ystalfUrresUnanceabsUrp-

HUntUUccur(seeFigure1l-18).

IntheM° ssbauereXperiment,the、 VidthUfthephUtUn

sUurce may be measured by giving the sUurce sUme

mUtiUnsUthattheIineisbrUadenedbythe】 )Upplereffect.

一

Photondetecto了

一

AbS。了be了
191︳

「

FlGURE1】 -2UExPerime田 住a︳ arrangement oΓ

ⅣⅡ°ssbauer.

EΔ
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=εγ(l+β )=ε (l十 β)

ThefractiUnalchangein thephUtUnenergyis

E’ 一E
=β

ThereSUnanceabSUrpjUniSdestrUyedwhenβ 抬 equaltU

afewtimes刀E.FUrβ =ΠE,wehave

β=上 =2.7× lUlI
ε

ThiScUrrespUndStUaspeedUf

v=(3× 1U8m/s｝ (2.7× lU〕
l｝ 牢1U一 m/S

SpeedsUfcentimeters persecUnddestrUythereSUnance

absUrptiUn!                                    ▓

TheunprecedentedresUlutiUnUftheM“ s。 auertech-

niquehasmanyinterestingapplicatiUns in physics.Per-

hapstheInUst ingeniUusUftheseiscUntainedin the、 vUrk

UfRUbertV PUundandGlenA.Rebka,Jr.TheresUlutiUn

in theUriginalexperiInentUfMδ Ssbauer is lirnitedbythe

natural、VidthUfthel’ lIr.stateduetUits shUrt lifetiIne.

PUundandRebkastudiedtheMδ ssbauereffect in‘
’Fe,

whichhaSanexcitedstatewithamuchlUnger lifetiIne

AnenergyleveIdiagramUf5’Γeis shU、vn inFigure

1l-22 Thel44-keVphUtUnUriginatesfrUmthedccay
Ufthe5’Γe.state,、 vhichhasalifetimeUfabUutlU￣ ’

s

This lifetirnecUrrespUndstUanaturalwidthUfabUut

Γ=1U8eVThefractiUnaIwidthis

l17THEM()SSBAUERE｜ ∥ E(j︳  325

lU￣
2 (ll l17)

PUundandRebkarealizedthatiftheycUuldachievethis

resUlutiUn,thentheycUuldrneasurethechangeinenergy

Ufthel44-keVphUtUncauSedbyitsgravitatiUnalinterac-

tiUnⅥ方ththeearth!Thisexperiment prUvidedanimpUr-

tantfundamentaltestUfthetheU./UfgeneraIrelativity

In1959,PUundandRebkasetUuttUfabricateahigh＿

resUlutiUnM° ssbauersUurceapprUpriatefUrdetectiUnUf

thegravitatiUnal interactiUnUfthephUtUn Inthis sectiUn

、
veshalldescribethe5’ FesUurce;theresultsUfthegravi＿

tatiUnalexpe㎡ rncntwiIlbediscussedinChapter19 The

keytUhighresUIutiUniStUrnakeasUurceandabsUrberthat

haveidenticalenergylevels.InthecaseUf” Fe,aShift in

energyleVelScausedbytheintrinsicangular rnUmentum

Ufthenuclei isenUughtUcausesigniflcantbrUadeningUf

the phUtUn line UbSeⅣ edby resUnant absUrptiUn. The

expehrncnterSrnadean5’ FesUurcebyelectrUplating5’CU

atUmsUntUUnefaceUfathin sheetUfirUn.ThesUurce、 vaS

thenheatedtU 122UKfUranhUur.Theheat treatment
cauSeddiffusiUnUfthe cUbalt intU the irUntU amean

diStanceUfabUut3UUnanUmetersUrabUutlUUUatUn】 ic

distances.TheabsUrbercUnsiStedUfathin(abUutI4uπ D
sheetUfirUnthatWasalSUamealed.Theheat treatment

、
vasdiscUveredtUbeacrucial stepfUrachievinghi..h
resUlutiUn ThesUurceWaScementedUnamUving-cUil
magnetictranSducer(a“ lUudSpeaker’

’
)thatwasdriven飩

lUHz.TheresultingM° ssbauer spectrumUbtainedby

PUundandRebkais shUwn inFigurell-23 TheresUnant

abSUrptiUn isamaximumUfabUutl75U/U● UmparetU

Γigurell-21).ThelineshapeΠ tSthatUfaBreitWigner

withafu】 lwidthUf

Γ =1.δ ×lUleV, (1l118)

1.1× 1Uj2 (l1.l19)

ThecUntributiUntUthe、 vidthUfthephUtUn linefrUlilFInite

lifetilneUfthes’Γe.stateis︹〃icethenaturaI、 Vidth,Ur

abUut9× lU￣
8eV.Thus,theexperiIllentalresUlutiUn is

UnlyabUutafactUrUf2greaterthanthecUnthbutiUnfrUm

thenaturalⅥ λdth.

TheresUlutiUnUfthePUund-Rebkaapparatus、 VaSgUUd

enUughtUUbseⅣ ehyperflnesplitting,asshU、 /n inΓ igure

1l-23t.HyperflnesplittingiscausedbytheinteractiUnUf

themagnetic㏑UmentUfthenucleuswiththelntemal
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FIGUREll-22 Energy︳ evels° fthes’ Fenuc︳ euS.



326 cHAPTERllˊ THENUCLEUS

magnetic fle】 d caused by the electrUns. The intrinsic

angularmUmentumquantumnumberUf” Fe.is′ =3趁

Thus,57Fe.isexpectedtUbesplit intUfUur statesbythe

nuclearhyperflneinteractiUn.TheintrinsicangularmU-

mentumquantumnumberUf5’ Feis╯ =1挖 .ThegrUund

state,5’Fe,isexpectedtUbesplit intU小 〃UStatesbythe

nucIearhyperflneinteractiUn.Thus,sixphUtUn tranSitiUns

maybeexpectedtUbepresentfrUm

田Fe →
’
Fe十 γ. (l1.12U)

TheUbservedSpectrurncanbequitecUmplicatedbecause

itdependsUnhUwtheenergylevels in thesUurceand
absUrberUverlap.ThedataUfFigure11-23tshUwthatthc

splittingbetweenthestates isabUutl3×  IU一
’eV This

techniqueprUvidedunprecedentedresUIutiUnfUrthestudy

Ufnuclear structure
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FIGURE1l-23 Mδ SSbauereffect︳ n‘’Fe.

(a)Principal line (t) SatelliteljnesareUbSenedduetUthe

interactiUnofthenucIear lnagneticmoment〝
,iththeintemal

magneticfIeldgeneratedbyelect了 UnS FrUmRV PUundandG

ARebkaJr,Pl9Il∫ Rεvtθ〃 3,554(1959)
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