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EuqaristÐec

H ergasÐa aut   tan h pr¸th epaf  mou me jewrhtik ,   m�llon pio swst�, fainomenologik 
melèth purhnik c antÐdrashc. H diadikasÐa aut  mou f�nhke idiaÐtera endiafèrousa giatÐ
pisteÔw ìti sumplhr¸nei k�je epituqhmènh peiramatik  melèth. De ja  tan dunat  h olo-
kl rws  thc qwrÐc thn ousiastik  bo jeia twn anjr¸pwn thc om�dac Purhnik c Fusik c
tou E.M.P. Pr¸ta ja  jela na euqarist sw ton epiblèponta thc ergasÐac KwnstantÐno
Papadìpoulo, o opoÐoc me ton trìpo didaskalÐac tou kaj¸c kai thn idiaÐterh antÐlhyh gia
to antikeÐmeno prosèfere ousiastik  bo jeia tìso sthn aplopoÐhsh ennoi¸n pou arqik� è-
moiazan akat�lhptec, all� kai sth mejìdeush thc ergasÐac. PolÔtimh ìpwc p�nta  tan h
sunergasÐa me ton Miq�lh Kìkkorh, o opoÐoc me tic idèec tou kai thn ikanìthta tou na blèpei
gr gora ta probl mata tìso se peiramatik� ìso kai se jewrhtik� jèmata fusik c bo jhse
se ìlh th di�rkeia thc ergasÐac aut c. 'Ena meg�lo euqarist¸ gia thn kajhg tria Rìza
BlastoÔ-Z�nnh h opoÐa  tan se k�je st�dio thc ergasÐac paroÔsa gia opoiad pote aporÐa
kai k�je prìblhma pou pijanìn na antimetwpÐzame, kai me tic gn¸seic thc prosèfere kajori-
stik  bo jeia gia thn katanìhsh ennoi¸n pou xèfeugan apì ta sten� ìria thc metaptuqiak c
ergasÐac. TeleutaÐo �fhsa ton �njrwpo me ton opoÐo sunergast kame se k�je f�sh aut c
thc ergasÐac, h opoÐa m�lista eÐnai �rrhkta sundedemènh me th dik  tou metaptuqiak  ergasÐa,
ton sun�delfo Andrèa Tsigg�nh. Ton euqarist¸ gia thn �yogh sunergasÐa, tic euq�ristec
(kai atèleiwtec) ¸rec pou per�same aut� ta dÔo qrìnia kai tou eÔqomai ì,ti kalÔtero sto
didaktorikì kai sth zw  tou.
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PerÐlhyh

Skopìc thc ergasÐac aut c  tan h jewrhtik  melèth thc energoÔ diatom c thc antÐdrashc
197Au(n, 2n)196Au pou odhgeÐ ston sqhmatismì dÔo energeiak¸n stajm¸n tou 196Au me meg�-
lh diafor� spin metaxÔ touc: (1) thc metastajoÔc st�jmhc me spin 12− kai (2) thc antÐstoiqhc
basik c st�jmhc me spin 2−.

O jewrhtikìc upologismìc ègine gia enèrgeiec netronÐwn apì 8 èwc 25 MeV, sta plaÐsia tou
statistikoÔ protÔpou Hauser-Feshbach lamb�nontac up' ìyin kai ton mhqanismì thc �meshc
antÐdrashc kai thc pr¸imhc apodiègershc tou pur na me qr sh tou protÔpou tou OptikoÔ
DunamikoÔ kai tou protÔpou twn ExitonÐwn antÐstoiqa. Gia thn perigraf  thc puknìthtac ka-
tast�sewn sto suneqèc twn pur nwn pou emplèkontai stouc upologismoÔc qrhsimopoi jhke
to prìtupo tou Genikeumènou UperreustoÔ sth fainomenologik  morf  tou, pou lamb�nei up'
ìyin ta fainìmena sÔzeuxhc twn noukleonÐwn, thn epÐdrash thc dom c twn purhnik¸n floi¸n
kai th sullogik  kÐnhsh twn noukleonÐwn me sunep  trìpo. To prìtupo autì èqei xanaqrh-
simopoihjeÐ sto pareljìn me epituqÐa gia ton upologismì antÐstoiqwn energ¸n diatom¸n sto
191Ir, pou brÐsketai sthn Ðdia perioq  pur nwn me to Au.

Oi upologismoÐ pou parousi�zontai sth sugkekrimènh ergasÐa èginan me qr sh tou progr�m-
matoc STAPRE-F, en¸ par�llhla me aut , sta plaÐsia thc ergasÐac [1], èginan oi antÐstoiqoi
jewrhtikoÐ upologismoÐ me ta progr�mmata EMPIRE 2.19 kai TALYS 1.2, ¸ste na gÐnei kai
k�poia sÔgkrish twn tri¸n kwdÐkwn wc proc thn poiìthta twn apotelesm�twn. EpÐshc, apì
th sÔgkrish twn jewrhtik¸n tim¸n me tic up�rqousec peiramatikèc ja exaqjoÔn sumper�-
smata gia th dom  kai tic idiìthtec twn pur nwn pou emplèkontai stouc upologismoÔc, all�
kai gia thn poiìthta twn protÔpwn pou qrhsimopoi jhkan gia thn perigraf  twn mhqanism¸n
antÐdrashc kai thc perigraf c thc puknìthtac katast�sewn sto suneqèc.
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Abstract

The purpose of this study was the theoretical calculation of the cross section of the reaction
197Au(n, 2n)196Au that leads to the formation of two levels of 196Au that present large spin
difference: (1) the isomeric state with spin 12− and (2) the corresponding ground state with
spin 2−.

The theoretical cross section calculations were performed in the energy range between 8
and 25 MeV in the framework of the Hauser-Feshbach theory taking into account the direct
reaction mechanism and the pre-compound nuclear processes, within the framework of the
optical model and the exciton model respectively. The level densities of the nuclei involved
in the calculations were treated within the Generalized Superfluid Model (GSM) in its
phenomenological version which takes into account superconductive pairing correlations,
shell effects and collective enhancement of the level density of the nucleus in a consistent
way. It has already been successfully used in the past for relevant theoretical cross section
calculations in 191Ir, which also lies in the same region of nuclei as 197Au.

The calculations were performed using the STAPRE-F code, while simultaneously, the
same calculations were performed using the codes EMPIRE 2.19 and TALYS 1.2 (see [1])
in order to compare how the three codes implement the models used. Furthermore, from
the comparison of the theoretical cross section values with the corresponding experimental
data, interesting information can be derived on the structure and properties of the nuclei
involved in the calculations and on the quality of the models used.
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EISAGWGH

H jewrhtik  melèth thc energoÔ diatom c antidr�sewn pou odhgoÔn se st�jmec tou Ðdiou
pur na me meg�lh diafor� tim¸n spin eÐnai èna polÔ kalì ergaleÐo gia th melèth
thc puknìthtac katast�sewn sto suneqèc tou pur na autoÔ, kaj¸c kai twn idiot twn sul-
logik¸n all� kai monoswmatidiak¸n katast�sewn pou emfanÐzei se diegermènh kat�stash
klp. [2]. Epiprosjètwc eÐnai mÐa polÔ kal  mèjodoc elègqou twn statistik¸n protÔpwn
pou qrhsimopoioÔntai gia thn perigraf  twn pur nwn. Autì sumbaÐnei giatÐ h epoÐkhsh mÐac
st�jmhc exart�tai apì meg�lo arijmì stajm¸n pou brÐskontai se megalÔterec enèrgeiec apì
aut  kai ètsi h melèth thc energoÔ diatom c epoÐkhs c thc mèsw mÐac antÐdrashc dÐnei plhro-
forÐec gia tic st�jmec pou thn trofodotoÔn (e�n h enèrgeia diègershc eÐnai sqetik� meg�lh
tìte h trofodosÐa gÐnetai apì to suneqèc tou pur na, sto opoÐo oi st�jmec perigr�fontai
me statistik� prìtupa).

Skopìc thc ergasÐac aut c  tan h jewrhtik  melèth thc energoÔ diatom c thc antÐdrashc
197Au(n, 2n)196Au pou odhgeÐ ston sqhmatismì dÔo stajm¸n tou 196Au me meg�lh diafor�
spin metaxÔ touc: (1) thc metastajoÔc st�jmhc me spin 12− pou brÐsketai se enèrgeia diè-
gershc ∼0.5MeV kai (2) thc antÐstoiqhc basik c st�jmhc me spin 2−. Apì th sÔgkrish twn
jewrhtik¸n tim¸n me tic up�rqousec peiramatikèc ja exaqjoÔn sumper�smata gia th dom 
kai tic idiìthtec tou pur na 196Au, all� kai gia thn poiìthta twn statistik¸n protÔpwn
pou qrhsimopoi jhkan gia thn perigraf  tou pur na sto suneqèc touc kai kwdÐkwn pou ta
ulopoioÔn. Epilèqjhke to sugkekrimèno stoiqeÐo giatÐ an kei sth legìmenh � metabatik 
perioq  � pur nwn 76Os-82Pb me A ∼ 190, h opoÐa parousi�zei meg�lo peiramatikì kai jewrh-
tikì endiafèron lìgw thc èntonhc metabol c twn idiot twn twn qamhloenergeiak¸n stajm¸n
twn pur nwn pou an koun se aut  (metabol  purhnikoÔ sq matoc kai dom c akìmh kai se
isìtopa tou idÐou eÐdouc). 'Eqei prohghjeÐ peiramatikìc prosdiorismìc thc energoÔ diatom c
thc 197Au(n, 2n)196Au proc ton sqhmatismì twn dÔo aut¸n stajm¸n gia tèsseric enèrgeiec
netronÐwn apì 9 e¸c 10.5MeV, dhlad  kont� sto kat¸fli thc antÐdrashc, me th mèjodo thc
energopoÐhshc ([3], [4],[5]).

Gia touc jewrhtikoÔc upologismoÔc qrhsimopoi jhkan treic eurèwc qrhsimopoioÔmenoi k¸di-
kec, STAPRE-F [6, 7], EMPIRE 2.19 [8] kai TALYS 1.2 [9] ¸ste na gÐnei kai k�poia sÔgkrish
metaxÔ touc wc proc thn poiìthta twn apotelesm�twn. O pr¸toc dÐnei th dunatìthta mÐac
topik c prosèggishc twn jewrhtik¸n upologism¸n me eisagwg  apì ton qr sth topik¸n
paramètrwn gia ta di�fora prìtupa pou qrhsimopoioÔntai. Oi �lloi dÔo epitrèpoun mÐa pio
genik  prosèggish twn jewrhtik¸n upologism¸n me qr sh paramètrwn pou èqoun isqÔ gia
eureÐa perioq  pur nwn  /kai energei¸n tic opoÐec diab�zoun autìmata apì biblioj kec de-
domènwn, parèqontac megalÔterh taqÔthta sthn exagwg  apotelesm�twn, mikrìterh ìmwc
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euelixÐa sthn allag  twn paramètrwn aut¸n. Sthn paroÔsa ergasÐa perièqontai leptomè-
reiec gia touc jewrhtikoÔc upologismoÔc pou èginan me to STAPRE-F , en¸ leptomèreiec
gia touc upologismoÔc me touc �llouc dÔo k¸dikec mporoÔn na brejoÔn sthn [1].

Sta epìmena kef�laia perièqetai sÔntomh parousÐash twn protÔpwn pou qrhsimopoi jhkan,
perigraf  tou k¸dika STAPRE-F kai tou arqeÐou eisìdou tou kaj¸c kai ta apotelèsmata
twn jewrhtik¸n upologism¸n thc energoÔ diatom c thc antÐdrashc 197Au(n, 2n)196Au wc
proc ton sqhmatismì twn dÔo aut¸n stajm¸n. Tèloc perigr�fontai oi di�forec prosp�jeiec
pou èginan gia th beltÐwsh twn jewrhtik¸n apotelesm�twn se sqèsh me ta peiramatik�.
To prìblhma eÐnai poluparametrikì kai qrei�sthke idiaÐterh prosoq  sto na gÐnontai al-
lagèc stic paramètrouc twn protÔpwn pou qrhsimopoi jhkan me logikì trìpo ¸ste na mh
qajeÐ h pragmatik  gn¸sh pou mporeÐ na prosfèrei h fainomenologÐa proc q�rin thc steÐrac
anaparagwg c peiramatik¸n dedomènwn apì tic jewrhtikèc kampÔlec.
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Kef�laio 1

H ISOMERHS 12− TOU 196Au

1.1 Qarakthristik� thc metabatik c perioq c pu-

r nwn Os-Pb

H perioq  pur nwn apì ta isìtopa tou 76Os mèqri ton 208
82 Pb, ìpou emfanÐzetai diplì kleÐsimo

floi¸n, parousi�zei endiafèronta qarakthristik� kai èqei apotelèsei antikeÐmeno peiramati-
k c kai jewrhtik c melèthc poll¸n qrìnwn lìgw thc metabol c thc purhnik c dom c apì
woeidèc sq ma(prolate shape) mèqri to sfairikì sq ma pou èqei o 208Pb [10, 11, 12]. IdiaÐtero
endiafèron parousi�zei h metabol  sq matoc (� shape transition �) pou emfanÐzoun isìtopa
idÐou eÐdouc, apì woeid  gia ta elafrÔtera isìtopa se elleiyoeid  ek peristrof c gÔrw a-
pì ton mikrì �xona (oblate shapes) gia ta barÔtera, en¸ èqei protajeÐ triaxonikì sq ma (�
triaxial shape �) gia thn eniaÐa perigraf  touc. Autèc oi �llote apìtomec (pq. sto 76Os) kai
�llote stadiakèc (pq. sthn 79Pt) metabolèc sq matoc ofeÐlontai se katanomèc noukleonÐwn
pou perièqoun tic � st�jmec - eisboleÐc � (� intruder states �) oi opoÐec analìgwc me ton
mazikì arijmì A apoktoÔn qamhlìterh enèrgeia kai kajorÐzoun to sq ma kai tic idiìthtec
tou pur na se qamhlèc enèrgeiec diègershc.

Gia ta perissìtera isìtopa aut c thc perioq c èqei brejeÐ qarakthristik  metastaj c st�jmh
me meg�lh tim  tou spin se sqèsh me thn antÐstoiqh basik  st�jmh, pou parousi�zei susth-
matik  sumperifor� gia to Ðdio eÐdoc isotìpwn: ìso aux�netai o mazikìc arijmìc A
tou isotìpou aux�netai h enèrgeia thc metastajoÔc. Stic eikìnec 1.1, 1.2, 1.3
èqoun sugkentrwjeÐ oi plhroforÐec pou  tan diajèsimec sto [13] se sunduasmì me th biblio-
j kh dedomènwn tou Brookhaven [24] gia thn perioq  pur nwn me Z=75 (Re) èwc Z=82 (Pb)
gia mazikoÔc arijmoÔc apì A=184 èwc A=200. Stouc pÐnakec autoÔc sunoyÐzontai ta spin, oi
qrìnoi hmizw c kai oi enèrgeiec (se MeV) ìswn metastaj¸n èqoun brejeÐ peiramatik� kaj¸c
kai ta antÐstoiqa qarakthristik� gia thn basik  st�jmh k�je isotìpou. Autèc oi uyhloÔ
spin metastajeÐc proèrqontai apì katanomèc noukleonÐwn pou sqhmatÐzontai apì sunduasmì
stajm¸n - � eisbolèwn � me uyhlì spin, pou, lìgw thc paramìrfwshc (prìtupo Nilsson)
kampul¸noun kai gia k�poiec timèc paramìrfwshc qamhl¸noun arket� thn enèrgei� touc me
apotèlesma na katalamb�nontai apì noukleìnia se sqetik� qamhlèc enèrgeiec diègershc twn
pur nwn.
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Sq ma 1.1: Oi metastajeÐc st�jmec uyhloÔ spin pou brèjhkan sta [24] kai [13] gia th
metabatik  perioq  twn pur nwn me Z=75-82, mazÐ me tic antÐstoiqec basikèc st�jmec. Ed¸
parousi�zontai ta isìtopa me A=184-189. Ta keli� me skÐash antistoiqoÔn se isìtopa gia
ta opoÐa de brèjhkan tètoiec metastajeÐc st�jmec.
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1.2 Qarakthristik� thc isomeroÔc 12− tou 196Au

'Opwc faÐnetai kai stouc pÐnakec 1.1, 1.2 kai 1.3 ìson afor� sta peritt�-peritt� isìtopa tou
Au èqei brejeÐ metastaj c st�jmh me 11− gia ta elafri� isìtopa (A=190, 192, 194) kai me
12− gia ta barÔtera isìtopa (A=196, 198, 200) [12]. EpÐshc, sta peritt� isìtopa tou Au
èqei brejeÐ metastaj c st�jmh me spin 11/2− gia mÐa eureÐa perioq  maz¸n (A=189-199).

Gia to isìtopo 196Au sugkekrimèna h st�jmh aut  brÐsketai se enèrgeia diègershc 0.597MeV,
kai èqei qrìno hmizw c 9.6 h. H antÐstoiqh basik  st�jmh tou èqei polÔ mikrìterh tim  tou
spin, 2−. H metastaj c apodiegeÐretai proc thn epìmenh st�jmh me sqetik� uyhlì spin,
8+, me ekpomp  aktinobolÐac g polupolikìthtac M4. Up�rqei kai mÐa qamhlìterhc enèrgeiac
metastaj c me spin 5+, sta 0.0847MeVme qrìno hmizw c 8.1s. Gia autì kai sto ex c h me-
tastaj c 5+ ja anafèretai wc m1 kai h metastaj c 12− wc m2. Lìgw tou mikroÔ qrìnou
hmizw c thc m1 den kajÐstatai eÔkoloc o peiramatikìc diaqwrismìc thc apì th basik  st�j-
mh, gia autì sth bibliografÐa ta perissìtera peiramatik� dedomèna thc energoÔ diatom c
paragwg c thc basik c st�jmhc emperièqoun kai thn energì diatom  paragwg c aut c thc
metastajoÔc. Autì l fjhke up' ìyin stouc jewrhtikoÔc upologismoÔc afoÔ oi jewrhtikèc
timèc prèpei na sugkrijoÔn me ta up�rqonta peiramatik� dedomèna, kai ètsi den ègine xeqw-
ristìc jewrhtikìc upologismìc thc energoÔ diatom c thc m1. Sto ex c h energìc diatom 
paragwg c thc basik c st�jmhc tou 196Au ja sumbolÐzetai me σg+m1, upono¸ntac ìti periè-
qei kai th σm1 . To energeiakì di�gramma me thn apodiègersh thc m2 parousi�zetai sthn
eikìna 1.4.

H st�jmh m2 proèrqetai apì ton sunduasmì uyhloÔ spin troqiak¸n-eisbolèwn, p h11/2
⊗ n i13/2 [2], gia autì kai empodÐzetai h epikoinwnÐa thc me geitonikèc st�jmec oi opoÐec
èqoun saf¸c qamhlìterec timèc spin, kai ètsi èqei meg�lo qrìno hmizw c. Parousi�zoun
meg�lo endiafèron h dom  kai oi idiìthtec thc st�jmhc aut c se sqèsh me tic antÐstoiqec
metastajeÐc geitonik¸n pur nwn lìgw tou ìti to isìtopo tou Au brÐsketai sth jèsh ìpou
sumbaÐnei apìtomh metabol  sq matoc apì ta paramorfwmèna isìtopa thc Pt sta sqedìn
sfairik� isìtopa tou Hg [12].

1.3 H antÐdrash 197Au(n, 2n)196Au

H 197Au(n, 2n)196Au eÐnai antÐdrash katwflÐou, me Ethr(n,2n) = 8.07MeV. Autì shmaÐnei ìti
mìno an h enèrgeia tou eiserqìmenou netronÐou xeper�sei thn Ethr pragmatopoieÐtai h antÐ-
drash. To energeiakì di�gramma thc antÐdrashc faÐnetai sto sq ma 1.5 ìpou parousi�zontai
oi sÔnjetoi pur nec pou summetèqoun sth diadikasÐa. 'Eqoun exairejeÐ apì to energeiakì
di�gramma ta kan�lia exìdou me ekpomp  fortismènwn swmatidÐwn lìgw tou uyhloÔ fr�gma-
toc Coulomb twn isotìpwn tou Au pou mei¸nei shmantik� thn energì diatom  twn pijan¸n
aut¸n kanali¸n exìdou thc antÐdrashc 197Au+ n.

O jewrhtikìc upologismìc twn energ¸n diatom¸n twn 197Au(n, 2n)196Aug+m1 kai 197Au(n, 2n)
196Aum2 ègine gia ìlo to energeiakì eÔroc sto opoÐo to kan�li (n,2n) eÐnai anoiqtì. Sto

5



Sq ma 1.4: To energeiakì di�gramma kai h apodiègersh thc metastajoÔc 12− tou pur na
196Au [24].
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sq ma èqei sqediasteÐ endeiktik� h apodiègersh tou pr¸tou sÔnjetou pur na gia treic e-
nèrgeiec eiserqìmenwn netronÐwn. Gia enèrgeiec netronÐwn p�nw apì thn enèrgeia katwflÐou
Ethr(n,2n) arqÐzei kai aux�netai gr gora h energìc diatom  tou kanalioÔ (n,2n) eic b�roc tou
prohgoÔmenou (n,n’). Gia enèrgeiec netronÐwn p�nw apì Ethr(n,3n) arqÐzei omoÐwc na aux�netai
h energìc diatom  tou (n,3n) eic b�roc tou (n,2n), opìte h energìc diatom  tou deÔterou
arqÐzei na mei¸netai. Antagwnistik� sthn ekpomp  netronÐou apì k�je sÔnjeto pur na dra
h apodiègersh g. Stouc jewrhtikoÔc upologismoÔc pou èginan sta plaÐsia thc paroÔsa
ergasÐac de l fjhke up' ìyin o antagwnismìc apì kan�lia exìdou me ekpomp  fortismènou
swmatidÐou lìgw tou ìti aut  empodÐzetai apì to uyhlì fr�gma dunamikoÔ Coulomb pou
èqoun ta isìtopa tou Au, me apotèlesma h energìc diatom  aut¸n twn kanali¸n exìdou
na eÐnai amelhtèa. Gia ton jewrhtikì upologismì thc energoÔ diatom c (kai twn sunaf¸n
megej¸n) opoiasd pote antÐdrashc apaiteÐtai sunduasmìc protÔpwn pou aforoÔn stouc di�-
forouc mhqanismoÔc allhlepÐdrashc tou swmatidÐou-bl matoc me ton pur na-stìqo, sthn
puknìthta katast�sewn twn pur nwn pou emplèkontai stouc upologismoÔc, sthn apodièger-
sh mèsw aktÐnwn g klp. 'Oloi oi k¸dikec pou èqoun sqediasteÐ gia autì sundu�zoun tètoia
prìtupa analìgwc me tic epilogèc tou qr sth.
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Sq ma 1.5: To energeiakì di�gramma thc 197Au(n, 2n)196Au kaj¸c kai twn antagwnistik¸n
kanali¸n exìdou (n,g), (n,n’), (n,3n). Oi enèrgeiec eÐnai sto sÔsthma hremÐac tou 198Au.
Oi perioqèc me skÐash anaparistoÔn thn perioq  tou diakritoÔ tou k�je pur na, me b�sh tic
gnwstèc st�jmec apì ta Nuclear Data Sheets [24].
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Kef�laio 2

JEWRHTIKA PROTUPA POU
QRHSIMOPOIHJHKAN

H purhnik  antÐdrash qarakthrÐzetai apì sÔnjetouc mhqanismoÔc allhlepÐdrashc lìgw thc
poluplokìthtac tou Ðdiou tou purhnikoÔ sust matoc all� kai lìgw twn diaforetik¸n trì-
pwn me touc opoÐouc mporeÐ na allhlepidr�sei me autì to swmatÐdio-bl ma, an�loga me to
eÐdoc kai thn enèrgeia tou teleutaÐou. Gia ton lìgo autì h jewrhtik  an�lush mÐac purhnik c
antÐdrashc gÐnetai me sunduasmì jewrhtik¸n montèlwn, kajèna apì ta opoÐa perigr�fei èna
mhqanismì allhlepÐdrashc, èna trìpo perigraf c tou purhnikoÔ sust matoc klp. Sth sugke-
krimènh ergasÐa melet jhke h epÐdrash ìlwn twn mhqanism¸n allhlepÐdrashc tou netronÐou
me ton pur na 197Au kai gia thn perigraf  tou suneqoÔc twn pur nwn pou summeteÐqan
sth diadikasÐa qrhsimopoi jhke to Montèlo tou Genikeumènou UperreustoÔ (Generalized
Superfluid Model-GSM). AkoloujeÐ mÐa sÔntomh perigraf  ìlwn twn montèlwn pou qrhsi-
mopoi jhkan.

2.1 JEWRHTIKA PROTUPAMHQANISMWN AL-

LHLEPIDRASHS

Treic eÐnai oi basikoÐ mhqanismoÐ allhlepÐdrashc oi opoÐoi prèpei na lhfjoÔn up' ìyin kat�
th jewrhtik  melèth mÐac purhnik c antÐdrashc ìpwc faÐnetai kai sto sqedi�gramma 2.1, o
mhqanismìc thc �meshc antÐdrashc, thc pr¸imhc apodiègershc tou pur na kai tou sÔnjetou
pur na, pou kathgoriopoioÔntai me b�sh ton qrìno allhlepÐdrashc. Gia thn perigraf  k�je
mhqanismoÔ epilèqjhke kat�llhlo prìtupo.
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Sq ma 2.1: Sunoptikì di�gramma twn mhqanism¸n allhlepÐdrashc pou prèpei na lhfjoÔn up'
ìyin kat� th jewrhtik  melèth thc energoÔ diatom c mÐac purhnik c antÐdrashc, mazÐ me to
antÐstoiqo jewrhtikì prìtupo pou qrhsimopoi jhke sthn paroÔsa ergasÐa.

2.1.1 Mhqanismìc 'Ameshc AntÐdrashc - Optikì Prìtupo

PurhnikoÔ DunamikoÔ

Kat� tic �mesec antidr�seic swmatidÐou - pur na h allhlepÐdrash eÐnai gr gorh (thc t�xhc
twn 10−22s), sumbaÐnei gia meg�lec enèrgeiec swmatidÐwn kai summetèqei mikrìc arijmìc apì
ta swmatÐdia tou pur na kurÐwc aut� pou brÐskonai kont� sthn epif�nei� tou. Qarakthri-
stikì twn �meswn antidr�sewn eÐnai h isqur  protÐmhsh twn exerqìmenwn swmatidÐwn stic
mprostinèc gwnÐec. Gia thn perigraf  tou mhqanismoÔ autoÔ epilèqjhke to Optikì Prìtupo
PurhnikoÔ DunamikoÔ (Optical Model).

To optikì prìtupo gia thn perigraf  tou purhnikoÔ dunamikoÔ [15, 16, 17] basÐzetai sthn
analogÐa thc allhlepÐdrashc mÐac dèsmhc swmatidÐwn me to dunamikì tou pur na me thn
skèdash tou fwtìc p�nw se mÐa skourìqrwmh sfaÐra pou en mèrei to anakl� kai en mèrei
to aporrof�. H idèa prwtoemfanÐsthke me thn ergasÐa twn Fernbach, Serber, Taylor [18].
Sthn kbantomhqanik  ekdoq  tou montèlou h allhlepÐdrash kajorÐzetai apì èna migadikì
dunamikì, to pragmatikì mèroc tou opoÐou ekfr�zei th skèdash swmatidÐwn apì ton pur na
kai to migadikì mèroc thn aporrìfhsh swmatidÐwn sto eswterikì tou. Sthn aploÔsterh
morf  tou ja  tan V (r) = −V − iW . Otan ta eiserqìmena swmatÐdia èqoun fortÐo (èstw
Z1e ) kai spin prèpei na lhfjoÔn up' ìyin kai ìroi allhlepÐdrashc me to pedÐo Coulomb tou
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pur na (fortÐou Z2e) , VC , all� kai ìroi allhlepÐdrashc spin troqi�c VSO :

V (r) = −V0f(x0) + VC(r) + (
~
mpc

)2VSO(~L~σ)
1

r

d

dr
f(xSO)− i[Wf(xW ) +WDg(xD)] (2.1)

ìpou V0 to b�joc tou pragmatikoÔ mèrouc tou dunamikoÔ kai

VC(r) =

{
1

4πε0

Z1Z2e2

2R2
C

(3− r2

RC
), r ≤ RC

1
4πε0

Z1Z2e2

r
, r > RC

(2.2)

(RC h aktÐna dr�shc tou pedÐou Coulomb tou pur na pou eÐnai sun jwc lÐgo megalÔterh apì
thn aktÐna tou pragmatikoÔ mèrouc tou optikoÔ dunamikoÔ),

'Opwc faÐnetai sthn exÐswsh 2.1, to dunamikì parametropoieÐtai sqetik� eÔkola, sundèontac
touc sfairik� summetrikoÔc ìrouc tou pragmatikoÔ kai fantastikoÔ mèrouc tou dunamikoÔ
me touc � par�gontec morf c � (form factors) tÔpou Saxon-Woods, f(xi) oi opoÐoi ekfr�zoun
thn topik  metabol  tou k�je ìrou tou dunamikoÔ kaj¸c to swmatÐdio plhsi�zei ton pur na
kai dÐnontai apì th sqèsh 2.3:

f(xi) =
1

1 + exi
(2.3)

ìpou xi = r−Ri
α

, me Ri = riA
1/3 thn aktÐna (ri eÐnai h par�metroc aktÐnac kai A o mazikìc

arijmìc tou pur na-stìqou) kai α h stajer� di�qushc pou elègqei thn pt¸sh tou du-
namikoÔ sth epif�neia. O ìroc WDg(xD) thc exÐswshc 2.1 lègetai epifaneiakìc ìroc tou
fantastikoÔ mèrouc tou dunamikoÔ, ìpou:

g(xD) = −4
d

dr
f(xD) (2.4)

To optikì dunamikì thc ex. 2.1 èqei pollèc eleÔjerec paramètrouc pou kajorÐzontai gia
k�je zeÔgoc stìqou - bl matoc mèsw prosarmog c se peiramatik� dedomèna.

Jewr¸ntac ìti h eiserqìmenh puknìthta reÔmatoc (current density) isoÔtai apl¸c me th
sqetik  taqÔthta bl matoc - stìqou vp kai jewr¸ntac ìti to fantastikì tm ma tou dunamikoÔ
eÐnai W(r) prokÔptei ìti h energìc diatom  aporrìfhshc eÐnai:

σA = − 1

vp

∫
V

∇jdV = − 2

~vp

∫
V

W (r)|Ψ(r)|2dV (2.5)

To prìshmo - emfanÐzetai sthn exÐswsh 2.5 giatÐ jewreÐtai ro  proc to eswterikì tou ìgkou
V. Gia ton upologismì thc energoÔ diatom c aporrìfhshc prèpei na epilujeÐ h exÐswsh
tou Schroedinger, diadikasÐa idiaÐtera polÔplokh jewr¸ntac to optikì dunamikì 2.1 pou
apaiteÐ pollèc paradoqèc. Gia eiserqìmena swmatÐdia qwrÐc fortÐo kai qwrÐc spin mporeÐ na
antimetwpisteÐ me th mèjodo thc an�lushc se merik� kÔmata (Partial Wave Analysis) sthn
opoÐa h kumatosun�rthsh Y dÐnetai apì ton tÔpo:

Ψ(r, θ) =
inf∑
l=0

(2l + 1)il
ul(r)

kr
Pl(cos θ) (2.6)
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ìpou Pl(cos θ) ta polu¸numa Legendre.

Met� apì pr�xeic kai jewr¸ntac sfairik  summetrÐa sto W, h exÐswsh 2.5 anaptÔssetai se
�peirh seir� ìpwc faÐnetai sthn exÐswsh 2.7:

σA = − 8π

~vpk2

inf∑
l=0

(2l + 1)

∫ inf

r=0

W (r)|ul(r)|2dr (2.7)

ìpou ul(r) to aktinikì komm�ti thc kumatosun�rthshc. Apì thn exÐswsh 2.7 mporeÐ na oristeÐ
o suntelest c dièleushc Tl wc:

Tl = − 8π

~vp

∫ inf

r=0

W (r)|ul(r)|2dr (2.8)

afoÔ isqÔei ìti:

σA =
π

k2

inf∑
l=0

(2l + 1)Tl (2.9)

EpÐshc, h energìc diatom  aporrìfhshc mporeÐ na prokÔyei qwrÐc th qr sh tou fantasti-
koÔ dunamikoÔ aporrìfhshc, jewr¸ntac h lÔsh pou prokÔptei gia to aktinikì komm�ti thc
kumatosun�rthshc eÐnai:

ul(r)

r
∝ 1

kr
ei(kr−1/2lπ+δl) ∝ −Sl

eikr

kr
(2.10)

ìpou δl h f�sh skèdashc pou upologÐzetai ¸ste na up�rqei omal  met�bash sto asumptwtikì
ìrio kai Sl = e2iδl to antÐstoiqo stoiqeÐo tou pÐnaka skèdashc. ApodeiknÔetai met� apì
pr�xeic ìti h energìc diatom  skèdashc sundèetai me to Sl mèsw thc sqèshc 2.11:

σsc =
4π

k2

inf∑
l=0

(2l + 1)|1− Sl|2 (2.11)

opìte h energìc diatom  aporrìfhshc ja eÐnai

σa =
π

k2

inf∑
l=0

(2l + 1)(1− |Sl|2) (2.12)

Sunep¸c me b�sh th 2.9 orÐzetai p�li o sunteleust c dièleushc sunart sei tou Sl apì
th sqèsh Tl = 1− |Sl|2 qwrÐc na apaiteÐtai gn¸sh tou fantastikoÔ dunamikoÔ W gia ton
upologismì tou ìpwc sthn exÐswsh 2.8.

E�n to eiserqìmeno swmatÐdio èqei spin, tìte prèpei na lhfjeÐ up' ìyin kai o ìroc sÔzeuxhc
spin-troqi�c. H pio shmantik  suneisfor� se aut  thn allhlepÐdrash eÐnai apì th sÔzeuxh
tou spin tou eiserqìmenou swmatidÐou me thn troqiak  stroform . Opìte gia eiserqìmena
swmatÐdia me spin 1/2 ìpwc ta netrìnia, e�n eisèrqontai se pur na qwrÐc spin, ja up rqan dÔo
anex�rthta optik� dunamik�, gia touc dÔo pijanoÔc prosanatolismoÔc tou spin, me J = l+1/2
kai J = l − 1/2 kai met� ja proèkupte ènac mèsoc suntelest c dièleushc. Oi suntelestèc
dièleushc eÐnai basikì sustatikì thc jewrhtik c an�lushc purhnik¸n antidr�sewn me th
jewrÐa Hauser-Feshbach ìpwc ja faneÐ sth sunèqeia.
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2.1.2 Mhqanismìc Pr¸imhc Apodiègershc tou SÔnjetou Pu-

r na - To prìtupo twn exitonÐwn tou Griffin

Kat� thn pr¸imh apodiègersh o � sÔmmiktoc � (composite) pur nac pou èqei prokÔyei apì thn
aporrìfhsh tou swmatidÐou-bl matoc ston pur na-stìqo apodiegeÐretai proc ta energeiak�
epitrept� kan�lia thc antÐdrashc prin epèljei h jermodunamik  isorropÐa. JewreÐtai ìti h
diadikasÐa aut  sumbaÐnei me th summetoq  periorismènou arijmoÔ swmatidÐwn, h allhlepÐdra-
sh twn opoÐwn odhgeÐ ton pur na stadiak� se katast�seic auxanìmenhc poluplokìthtac, en¸
se k�je st�dio eÐnai pijan  h ekpomp  swmatidÐou. O mhqanismìc autìc gÐnetai shmantikìc
gia enèrgeiec eiserqìmenwn swmatidÐwn metaxÔ 10 kai 200 MeV.

To pio aplì montèlo perigraf c tou mhqanismoÔ autoÔ eÐnai to montèlo twn exitonÐwn tou
Griffin [19]. H basikìterh paradoq  tou montèlou eÐnai ìti o monadikìc tÔpoc allhlepÐdrashc
pou suneisfèrei se aut  th diadikasÐa eÐnai h allhlepÐdrash noukleonÐou-noukleonÐou, mèsw
thc opoÐac stadiak� diegeÐrontai swmatÐdia se monoswmatidiakèc katast�seic p�nw apì thn
enèrgeia Fermi, af nontac opèc k�tw apì aut  [15, 16]. Sthn eikìna 2.2 faÐnetai sqhmatik�
h diadikasÐa diègershc tou pur na se katast�seic auxanìmenhc poluplokìthtac me b�sh to
prìtupo autì, pou odhgeÐ stadiak� sthn kat�stash jermodunamik c isorropÐac pou qara-
kthrÐzei ton sÔnjeto pur na. O sunolikìc arijmìc swmatidÐwn p�nw apì thn enèrgeia Fermi
(np) kai op¸n (nh) se k�je st�dio onom�zontai � exitìnia � (excitons).

Sq ma 2.2: Sqhmatik  parousÐash thc diadikasÐac diègershc tou pur na se katast�seic
auxanìmenhc poluplokìthtac me b�sh to prìtupo twn exitonÐwn.

Me thn eÐsodo tou swmatidÐou ston pur na o arqikìc arijmìc exitonÐwn (n) eÐnai 1 (np = 1 -
nh = 0) ∗. Met� apì mÐa sÔgkroush me èna swmatÐdio thc � j�lassac � Fermi � to teleutaÐo
diegeÐretai p�nw apì thn enèrgeia Fermi kai ètsi o arijmìc twn exitonÐwn gÐnetai 3 (np = 2 -
nh = 1). Me aut  thn allhlouqÐa sugkroÔsewn noukleonÐou-noukleonÐou suneqÐzetai h diè-
gersh swmatidÐwn p�nw apì thn enèrgeia Fermi, �ra kai h diègersh tou pur na se katast�seic
me oloèna kai megalÔterouc bajmoÔc eleujerÐac. Aut  h stadiak  diègersh dièpetai apì thn

∗
για άρτιο πυρήνα, γιατί ο περιττός σύμφωνα με τον Griffin έχει np = 1 - nh = 0 πριν την είσοδο του

σωματίου στον πυρήνα
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proϋpìjesh h k�je met�bash na èqei prokalèsei th metabol  tou arijmoÔ twn exitonÐwn kat�
+2 (dhmiourgÐa zeÔgouc swmatidÐou-op c), −2 (katastrof  zeÔgouc swmatidÐou-op c)   0
(dhmiourgÐa diaforetik c katanom c sto sÔsthma qwrÐc na all�zei o arijmìc twn exitonÐwn),
dhlad  ∆n = ±2, 0,   enallaktik� topojethmènh, ∆np = ∆nh = ±1, 0. Basik  upìjesh tou
montèlou eÐnai ìti gia dedomèno arijmì exitonÐwn n k�je katanom  swmatidÐwn-op¸n eÐnai
isopÐjanh. SÔmfwna me ton Griffin kat� th di�rkeia aut c thc diadikasÐac e�n èna swmatÐ-
dio brejeÐ se enèrgeia megalÔterh apì to � energì � kat¸fli ekpomp c tou apì ton pur na
diafeÔgei �mesa apì autìn. Opìte up�rqoun dÔo mhqanismoÐ pou droun antagwnistik�: (a)
h apodiègersh mèsw allhlepÐdrashc exitonÐou-exitonÐou pou odhgeÐ se pio polÔplokec kata-
st�seic tou sÔmmiktou pur na kai onom�zetai � eswterik  met�bash � kai (b) h apodiègersh
mèsw ekpomp c swmatidÐou sto suneqèc pou odhgeÐ se meÐwsh thc sunolik c enèrgeiac tou
sust matoc. O Griffin eÐqe jewr sei ìti o epikratèsteroc mhqanismìc eÐnai h eswterik 
met�bash ∆n = +2 kai eÐqe agno sei touc upìloipouc, upìjesh pou argìtera jewr jhke
qondroeid c.

Oi kuriìterec diorj¸seic tou montèlou èginan apì touc Cline-Blann [20], kai aforoÔn af'
enìc sto na lhfjoÔn up' ìyin ìlec oi pijanèc eswterikèc metab�seic kai af' etèrou sto na pe-
rioristoÔn oi telikèc katast�seic stic fusik� epitreptèc (par�gontac rujmoÔ apodiègershc
Weisskopf). Oi pijanìthtec kat�lhyhc miac kat�stashc me n exitìnia met� apì k eswterikèc
metab�seic upologÐzontai met� apì epÐlush anadromik¸n exis¸sewn (bl. [15], sel. 148).
Stic exis¸seic autèc sun jwc agnoeÐtai o antagwnistikìc mhqanismìc thc apodiègershc mè-
sw ekpomp c swmatidÐou giatÐ jewreÐtai mikr  diataraq  sth sunolik  diadikasÐa proc thn
isorropÐa.

O rujmìc apodiègershc gia mÐa eswterik  met�bash apì thn kat�stash me arijmì exitonÐwn
n sthn kat�stash me arijmì n ’ dÐnetai apì ton qrusì kanìna tou Fermi:

λ(n, n′, E) =
2π

~
|M |2ωn,n′(E) (2.13)

ìpou |M |2 to mèso tetragwnikì stoiqeÐo pÐnaka gia th met�bash n→ n ’ to opoÐo jewreÐtai
stajerì kai anex�rthto tou n. To stoiqeÐo pÐnaka den eÐnai ex' arq c gnwstì kai up�rqoun
di�forec proseggÐseic gia thn tim  tou. SÔmfwna me th sqèsh twn Calbach-Cline [21]

|M |2 =
FM

A3E
(2.14)

ìpou A o mazikìc arijmìc tou pur na, E h enèrgeia tou eiserqìmenou swmatidÐou kai FM h
eleÔjerh par�metroc tou montèlou pou kajorÐzetai apì prosarmog  se peiramatik� dedomèna
kai pio sugkekrimèna apì f�smata mh elastik� skedasmènwn netronÐwn uyhl c enèrgeiac  
apì th morf  thc sun�rthshc diègershc antidr�sewn (n, 2n) kai (n, 3n). H sqèsh 2.14
ja mac apasqol sei sth sunèqeia kaj¸c qrhsimopoieÐtai apì ton k¸dika STAPRE gia ton
upologismì suneisfor�c thc pr¸imhc apodiègershc sthn energì diatom .

2.1.3 Mhqanismìc SÔnjetou Pur na - To statistikì prìtu-

po Hauser-Feshbach

Ston mhqanismì dhmiourgÐac sÔnjetou pur na to swmatÐdio - bl ma kai o pur nac - stìqoc
sqhmatÐzoun èna sÔnjeto sÔsthma se jermodunamik  isorropÐa, ìpou h sunolik  enèrgeia
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moir�zetai se ìla ta noukleìnia. Sth sunèqeia to sÔsthma autì, qwrÐc � mn mh � tou kanalioÔ
eisìdou apodiegeÐretai proc ta anoiqt� kan�lia thc antÐdrashc kai gia ton lìgo autì h
gwniak  katanom  twn exerqìmenwn swmatidÐwn emfanÐzetai isotropik . O mhqanismìc autìc
perigr�fei me epituqÐa tic antidr�seic gia enèrgeiec eiserqìmenwn swmatidÐwn sthn perioq 
energei¸n 10-20 MeV. H jewrÐa pou anaptÔqjhke apì touc Hauser-Feshbach [25] afor� se
antidr�seic pou odhgoÔn sto sqhmatismì sÔnjetou pur na sthn perioq  tou suneqoÔc, ìpou
h mèsh apìstash D twn stajm¸n eÐnai mikrìterh apì to mèso pl�toc touc G (bl. par. 2.2),
qrhsimopoi¸ntac statistik  perigraf  tou sÔnjetou (kai tou enapomeÐnantoc pur na an kai
autìc eÐnai diegermènoc sto suneqèc tou) kai kbantomhqanikì qeirismì thc stroform c. 'Estw
mÐa purhnik  antÐdrash me swmatÐdio-bl ma a enèrgeiac εα kai pur na stìqo A pou odhgeÐ
ston sqhmatismì tou sÔnjetou pur na C, se kat�stash enèrgeiac E∗C o opoÐoc apodiegeÐretai
me thn ekpomp  swmatidÐou b enèrgeiac εβ proc ton pur na B, o opoÐoc met� thn antÐdrash
brÐsketai se kat�stash E∗B: α + A→ C → B + b h opoÐa faÐnetai sto sq ma 2.3.

Sq ma 2.3: Sqhmatik  anapar�stash thc antÐdrashc α + A → b + B me th diadikasÐa tou
sÔnjetou pur na.

'Opwc faÐnetai kai sto sq ma 2.3 isqÔei E∗B = E∗C −QC→b+B − εβ. To prìtupo sthrÐzetai
sthn arq  thc anexarthsÐac tou Bohr, sÔmfwna me to opoÐo ta pijan� kan�lia exìdou den
ephre�zontai apì to kan�li eisìdou efìson èqei paremblhjeÐ o sÔnjetoc pur nac, opìte
h energìc diatom  thc antÐdrashc aut c (pou sto ex c ja sumbolÐzetai σαβ ) dÐnetai apì
to ginìmeno thc energoÔ antÐdrashc tou kanalioÔ eisìdou (dhlad  tou sqhmatismoÔ tou
sÔnjetou pur na C) σα me thn pijanìthta na prokÔyei to kan�li exìdou b+B, Pβ:

σαβ = σαPβ (2.15)

MÐa basik  paradoq  thc jewrÐac eÐnai ìti oi epikaluptìmenec st�jmec tou suneqoÔc èqoun
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kal� kajorismènec timèc stroform c kai omotimÐac. 'Etsi ta pl�th skèdashc pou antistoiqoÔn
stic kumatosunart seic twn epikaluptìmenwn energeiak¸n katast�sewn èqoun tuqaÐa f�sh
kai h mèsh energìc diatom  mporeÐ na grafeÐ san �jroisma aut¸n twn epimèrouc energ¸n
diatom¸n qwrÐc ìrouc parembol c twn merik¸n plat¸n skèdashc:

σαβ =
∑
Jπ

σJπαβ (2.16)

Jewr¸ntac ìti h upìjesh tou Bohr 2.15 isqÔei gia k�je ìro tou ajroÐsmatoc thc exÐswshc
2.16 prokÔptei:

σαβ =
∑
Jπ

σJπα P Jπ
β (2.17)

Jewr¸ntac eiserqìmena swmatÐdia qwrÐc spin h sunolik  stroform  J tou kanalioÔ eisìdou
isoÔtai me thn troqiak  stroform  l. Apì to je¸rhma thc antistrof c [15] kai jewr¸ntac ìti
autì mporeÐ na efarmosteÐ se merikèc energèc diatomèc prokÔptei ìti o lìgoc twn pijanot twn
apodiègershc tou sÔnjetou pur na gia opoiod pote zeÔgoc kanali¸n exìdou isoÔtai me to
lìgo twn antÐstoiqwn suntelest¸n dièleushc. Sunep¸c h pijanìthta na prokÔyei to kan�li
exìdou b+B, P Jπ

β , gia sugkekrimènec timèc stroform c kai omotimÐac eÐnai:

P lπ
β =

Tl(εβ)∑
γ Tγ,l

(2.18)

ìpou ston paronomast  emfanÐzetai to �jroisma se ìla ta g epitrept� kan�lia exìdou. Wc
genÐkeush thc sqèshc 2.18 an h telik  enèrgeia tou enapomeÐnantoc pur na B, E∗B, brÐsketai
mèsa sto suneqèc tou pur na mporeÐ na jewrhjeÐ ìti up�rqei pl joc katast�sewn ΩB(E∗B)

se aut  thn enèrgeia   enallaktik� puknìthta katast�sewn Ðsh me ρB(E∗B) =
ΩB(E∗B)

∆E
. An

gia thn telik  enèrgeia k�je epitreptoÔ kanalioÔ exìdou isqÔei to Ðdio (èstw puknìthta
katast�sewn ρG(E∗G gia to kan�li exìdou g) tìte h sqèsh 2.18 gÐnetai:

P lπ
β =

Tl(εβ)ρB(E∗B)∑
γ Tγ,lρG(E∗G)

(2.19)

Sth sunèqeia gia na upologisteÐ h energìc diatom  tou kanalioÔ eisìdou, σJπα , dhlad  h
energìc diatom  aporrìfhshc tou swmatidÐou a kai sqhmatismoÔ tou sÔnjetou pur na C,
qrhsimopoieÐtai h jewrÐa tou optikoÔ dunamikoÔ tou pur na, sÔmfwna me thn opoÐa (bl.
2.1.1, ex. 2.9), gia sugkekrimèno l, prokÔptei:

σα =
π

k2
(2l + 1)Tl(ε) (2.20)

'Etsi, apì thn exis¸seic 2.17, 2.19 kai 2.20, prokÔptei h basik  sqèsh thc energoÔ diatom c
sth jewrÐa Hauser-Feshbach gia swmatÐdia qwrÐc spin:

σαβ =
∑
l

π

k2
(2l + 1)Tl(εα)

Tl(εβ)ρB(E∗B)∑
γ Tγ,lρG(E∗G)

(2.21)
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O paronomast c pou perièqei to �jroisma se ìla ta epitrept� (wc proc thn enèrgeia kai thn
stroform ) kan�lia exìdou thc antÐdrashc onom�zetai � paronomast c Hauser-Feshbach �.

Gia swmatÐdia me spin prèpei na lhfjoÔn up' ìyin, jewr¸ntac ìti h sunolik  stroform 
kai h omotimÐa diathroÔntai kat� thn antÐdrash, ìlec oi epitreptèc suzeÔxeic spin- troqiak c
stroform c gia to kan�li eisìdou kai to kan�li exìdou kai ètsi o telikìc tÔpoc thc energoÔ
diatom c gia ton sqhmatismì telik¸n katast�sewn enèrgeiac E∗B kai stroform c S' eÐnai o
2.22:

σαβ =
π

k2

∑
J

2J + 1

(2s+ 1)(2S + 1)

∑
l,j,l′,j′ Tl(εα)Tl′(εβ)ρB(E∗B, S

′)∑
γ,l′′,j′′ Tγ,l′′ρG(E∗G)

(2.22)

Sth sqèsh 2.22 oi tonoÔmenec posìthtec anafèrontai sto kan�li exìdou thc antÐdrashc. O
lìgoc 2J+1

(2s+1)(2S+1)
prokÔptei apì to ginìmeno triwn paragìntwn: thc pijanìthtac 2j+1

(2s+1)(2S+1)

na prokÔyei tim  stroform c j gia to kan�li eisìdou apì ton sunduasmì tou spin s tou
swmatidÐou kai tou spin S tou pur na stìqou, thc pijanìthtac 2J+1

(2j+1)(2l+1)
na prokÔyei tim 

sunolik c stroform c J apì ton sunduasmì tou j me thn troqiak  stroform  l kai tèloc
tou par�gonta (2l + 1) pou èqei prokÔyei apì ton tÔpo 2.20. EpÐshc, ta ajroÐsmata sta j, l
gÐnontai sÔmfwna me touc kanìnec epilog c, dhlad  paÐrnoun timèc apì |S−s| mèqri |S+s| kai
apì |J−j| èwc |J+j| antÐstoiqa (kai oi antÐstoiqoi kanìnec epilog c isqÔoun gia to �jroisma
stic tonoÔmenec posìthtec tou kanalioÔ exìdou). Tèloc o paronomast c Hauser-Feshbach
perièqei, ìpwc kai sth sqèsh 2.21, ìla ta pijan� kan�lia exìdou pou epitrèpontai me b�sh
thn arq  diat rhshc thc enèrgeiac kai touc kanìnec epilog c wc proc tic stroformèc.

2.2 JEWRHTIKA PROTUPA PUKNOTHTAS KA-

TASTASEWN STO SUNEQES TWN PURH-

NWN

Oi energeiakèc katast�seic gia k�je pur na pou summetèqei sth diadikasÐa qwrÐzontai se dÔo
mèrh, to diakritì kai to suneqèc. To diakritì apoteleÐtai apì qamhloenergeiakèc st�jmec twn
opoÐwn h apìstash eÐnai megalÔterh se energeiakì eÔroc apì autì thc dèsmhc eiserqìmenwn
swmatidÐwn kai èqoun kajorismènh tim  enèrgeiac, spin kai omotimÐac ta opoÐa genik� mporoÔn
na prosdioristoÔn peiramatik�. Sthn perioq  aut  h puknìthta katast�sewn r dÐnetai apì
ton tÔpo 2.23:

ρ(E, I, π) =
∑

δ(E − Ei)δI−Iiδπ−πi (2.23)

Ta Ei, Ii, πi eÐnai h enèrgeia, to spin kai h omotimÐa thc k�je st�jmhc antÐstoiqa. 'Oso
aux�netai h enèrgeia tou pur na oi st�jmec arqÐzoun na pukn¸noun kai stadiak� autìc
metabaÐnei se mÐa kat�stash ìpou pollèc epikaluptìmenec st�jmec perièqontai se energeiakì
eÔroc ìso autì mÐac dèsmhc swmatidÐwn me apotèlesma na mhn eÐnai diaqwrÐsimec peiramatik�.
Autì eÐnai to � suneqèc � tou pur na kai eÐnai antikeÐmeno melèthc h eÔresh thc puknìthtac
katast�sewn se aut  thn perioq . H prosèggis  thc gÐnetai mèsw statistik¸n protÔpwn
me eÔresh twn paramètrwn touc apì prosarmog  se peiramatik� dedomèna, ìpwc to �jroisma
tou arijmoÔ twn qamhloenergeiak¸n stajm¸n sunart sei thc enèrgeiac (' cumulative number
of states ') kai oi mèsec apost�seic metaxÔ twn suntonism¸n antidr�sewn netronÐwn me touc
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pur nec upì melèth (bl. [23]). Tètoia prìtupa eÐnai to Prìtupo tou AerÐou twn FermionÐwn (�
Fermi Gas Model - FGM �), to Prìtupo Stajer c JermokrasÐac (� Constant Temperature
Model - CTM �), to prìtupo Gilbert-Cameron pou sundu�zei ta dÔo prohgoÔmena prìtupa
kai to Prìtupo tou Genikeumènou UperreustoÔ (�Generalized Superfluid Model - GSM �).
AkoloujeÐ sÔntomh parousÐash twn protÔpwn aut¸n ta opoÐa qrhsimopoi jhkan kat� th
jewrhtik  melèth thc antÐdrashc 197Au(n, 2n).

Arqik� prèpei na shmeiwjeÐ ìti gia ìla ta prìtupa isqÔoun oi ex c paradoqèc

1. H puknìthta katast�sewn sunart sei thc enèrgeiac, r(E), sunart sei thc stroform c,
f(J), kai thc omotimÐac, r(p), eÐnai anex�rthtec metaxÔ touc, opìte h sunolik  puknìthta
katast�sewn dÐnetai apì ton tÔpo ρtot(E, J, π) = ρ(E)f(J)ρ(π).

2. H r(p) eÐnai Ðsh me 1/2 giatÐ jewreÐtai ìti oi dÔo pijanèc timèc thc omotimÐac, + kai −
moir�zontai exÐsou stic st�jmec tou suneqoÔc.

2.2.1 To Prìtupo tou AerÐou twn FermionÐwn - FGM

To prìtupo autì basÐzetai sthn anex�rthth kÐnhsh twn noukleonÐwn tou pur na qwrÐc al-
lhlepÐdrash metaxÔ touc, ta opoÐa eÐnai fermiìnia lìgw tou hmiakèraiou spin touc [26, 27],
kai ètsi oi diegermènec katast�seic tou pur na ofeÐlontai mìno se monoswmatidiakèc ka-
tast�seic kai ìqi se sullogikèc. DiakrÐnontac an�mesa se prwtìnia kai netrìnia, dhlad 
jewr¸ntac diplì fermionikì sÔsthma, h sunolik  puknìthta katast�sewn sunart sei thc
enèrgeiac sÔmfwna me to prìtupo autì eÐnai:

ρ(E) =

√
π

12α1/4E5/4
e2
√
αE (2.24)

ìpou E h enèrgeia diègershc tou purhnikoÔ sust matoc, α h par�metroc puknìthtac kata-
st�sewn (level denity parameter) pou sto prìtupo autì eÐnai an�logh thc monoswmatidiak c
puknìthtac katast�sewn g kont� sthn enèrgeia Fermi, sÔmfwna me ton tÔpo α = π2g/6. H
puknìthta katast�sewn sunart sei thc stroform c tou purhnikoÔ sust matoc J, f(J), sta
plaÐsia tou protÔpou autoÔ èqei th morf  kanonik c katanom c kai dÐnetai apì ton tÔpo 2.25:

f(J) =
2J + 1

2
√

2πσ3
exp(−(J + 1/2)2

2σ2
) (2.25)

ìpou σ2 h � par�metroc apokop c twn stroform¸n � (spin cut-off parameter), h opoÐa ìpwc
faÐnetai apì ton tÔpo 2.25 eÐnai h diaspor� sthn katanom  twn stroform¸n kai kajorÐzei
to pìso plati� ja eÐnai h katanom . 'Opwc proanafèrjhke h sunolik  puknìthta katast�-
sewn dÐnetai apì ton tÔpo ρtot(E, J, π) = ρ(E)f(J)ρ(π), me ρ(π) = 1/2 sunep¸c mèsw twn
exis¸sewn 2.24 kai 2.25 prokÔptei h sunolik  puknìthta katast�sewn:

ρtot(E, J, π) =
1

2

√
π

12α1/4E5/4
e2
√
αE 2J + 1

2
√

2πσ3
exp(−(J + 1/2)2

2σ2
) (2.26)
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Oi exis¸seic pou kajorÐzoun ta jermodunamik� megèjh sunart sei thc jermokrasÐac t eÐnai
aplèc sta plaÐsia tou protÔpou autoÔ:

U = αt2, S = 2αt, σ2 = 〈m2〉gt (2.27)

ìpou S h entropÐa tou purhnikoÔ sust matoc, kai 〈m2〉 h mèsh tim  tou tetrag¸nou twn
probol¸n twn stroform¸n gia tic monoswmatidiakèc katast�seic gÔrw apì thn enèrgeia
Fermi pou sundèetai me th rop  adr�neiac I tou pur na mèsw thc sqèshc I = g〈m2〉. H
par�metroc a eÐnai eleÔjerh par�metroc tou montèlou, jewreÐtai stajer  kai prosdiorÐzetai
peiramatik� mèsw thc melèthc twn suntonism¸n sÔllhyhc netronÐou, h opoÐa èqei deÐxei thn
Ôparxh susthmatik¸n metabol¸n thc paramètrou aut c me ton mazikì arijmì tou pur na (bl.
[23]).

2.2.2 To Prìtupo Stajer c JermokrasÐac - CTM

To prìtupo autì basÐzetai sthn apl  paradoq  stajer c jermokrasÐac T se ìlo to ener-
geiakì èuroc twn katast�sewn tou pur na. 'Etsi h puknìthta katast�sewn sunart sei thc
enèrgeiac prokÔptei apì th sqèsh 2.28:

ρ(E) =
1

T
exp[(E − E0]/T ] (2.28)

ìpou E0 kai T eÐnai eleÔjerec par�metroi kai upologÐzontai apì prosarmog  se peiramatik�
dedomèna (bl. [23]). To prìtupo autì dÐnei arket� kal  prosarmog  se peiramatik� dedomèna
gia qamhlèc enèrgeiec diègershc.

2.2.3 To Prìtupo Gilbert-Cameron

To prìtupo autì sundu�zei to FGM kai to CTM se diaforetikèc perioqèc energei¸n tou
pur na. Gia qamhloenergeiakèc katast�seic efarmìzetai h sqèsh 2.28 en¸ gia uyhloener-
geiakèc katast�seic o formalismìc FGM, dhlad  h sqèsh 2.24 (apì thn opoÐa prokÔptei h
puknìthta katast�sewn ρFG(E)). H sÔndesh metaxÔ twn paramètrwn twn dÔo formalism¸n
gÐnetai apait¸ntac th sunèqeia thc puknìthtac katast�sewn kai thc pr¸thc parag¸gou thc
wc proc thn enèrgeia se mÐa � enèrgeia sÔndeshc � Em (matching energy). Autèc oi dÔo
apait seic odhgoÔn stic exis¸seic:

Em = E0 + T ln ρFG(Em) (2.29)

1

T
=

√
α

E∗m
− 3

2E∗m
(2.30)

Stic exis¸seic 2.29 kai 2.30, E∗m eÐnai mÐa � drastik  � enèrgeia sÔndeshc pou perilamb�nei
tic diorj¸seic lìgw susqetism¸n zeug¸n noukleonÐwn (bl. [23]). H par�metroc puknìthtac
katast�sewn a prosdiorÐzetai apì prosarmog  se peiramatik� dedomèna kai eÐnai stajer  se
ìlo to energeiakì eÔroc.
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2.2.4 To Prìtupo tou Genikeumènou UperreustoÔ - GSM

Ta prìtupa gia thn perigraf  thc puknìthtac katast�sewn pou proanafèrjhkan eÐnai ar-
ket� apl� ston formalismì touc, agnooÔn ìmwc basik� qarakthristik� tou pur na ìpwc ta
fainìmena sÔzeuxhc twn noukleonÐwn, thn epÐdrash thc dom c twn purhnik¸n floi¸n kai th
sullogik  kÐnhsh twn noukleonÐwn. 'Ola aut� ta stoiqeÐa èqoun enswmatwjeÐ sto neìte-
ro GSM. To prìtupo autì basÐzetai sthn mikroskopik  jewrÐa twn uperreust¸n apì touc
Bardeen, Cooper kai Schriffer (jewrÐa BCS, bl. [28]) kai anaptÔqjhke sth fainomenologik 
morf  tou apì ton Ignatyuk (bl. [29, 30]). H basikìterh paradoq  tou protÔpou eÐnai h
je¸rhsh ìti ta basik� jermodunamik� megèjh pou qrhsimopoioÔntai gia thn perigraf  tou
diegermènou purhnikoÔ sust matoc metab�llontai me th jermokrasÐa kai m�lista me diafore-
tikì trìpo sth qamhloenergeiak  perioq  se sqèsh me thn uyhloenergeiak  perioq . Autì
ekfr�zetai mèsw mÐac metabol c f�shc apì thn uperreust  (qamhlèc enèrgeiec) sthn reu-
st  (uyhlèc enèrgeiec), kai o qwrismìc gÐnetai se mÐa krÐsimh jermokrasÐa tcr (sqèsh 2.37)
(enallaktik� se mÐa krÐsimh enèrgeia Ecr) ìpwc faÐnetai sto sq ma 2.4.

Sq ma 2.4: Sqhmatik  anapar�stash tou qwrismoÔ thc puknìthtac twn energeiak¸n kata-
st�sewn tou pur na an�loga me thn enèrgeia sta plaÐsia tou GSM.

Sthn perioq  energei¸n me E ′ < Ecr o pur nac brÐsketai sthn uperreust  kat�stas  tou kai
h puknìthta katast�sewn sunart sei thc enèrgeiac, eÐnai h puknìthta yeudoswmatidiak¸n
katast�sewn ìpwc prokÔptei apì th jewrÐa BCS sunart sei mÐac � drastik c � enèrgeiac
diègershc E' (sqèsh 2.34), metatopismènh se sqèsh me thn pragmatik  kurÐwc lìgw twn
fainomènwn sÔzeuxhc twn noukleonÐwn.

Sthn perioq  energei¸n me E ′ ≥ Ecr o pur nac brÐsketai sth reust  kat�stas  tou, ìpou
oi suzeÔxeic metaxÔ twn noukleonÐwn exafanÐzontai kai h puknìthta katast�sewn sunart -
sei thc enèrgeiac akoloujeÐ ton aplì formalismì tou FGM me energeiak  ex�rthsh pou
emfanÐzei kai ed¸ mÐa metatìpish se sqèsh me thn pragmatik  (sqèsh 2.36).
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O tÔpoc upologismoÔ thc puknìthtac monoswmatidiak¸n katast�sewn ρsp(E ′) eÐnai koinìc
kai gia tic dÔo perioqèc:

ρsp(E
′) =

1√
2πσ

eS√
D
, (2.31)

ìmwc ta di�fora jermodunamik� megèjh metab�llontai me thn enèrgeia me diaforetikì trìpo
analìgwc me thn perioq  kai upologÐzontai apì touc tÔpouc 2.43-2.46 kai 2.39- 2.42 gia thn
uperreust  kai th reust  f�sh antÐstoiqa.

H antistoÐqhsh thc jermokrasÐac me thn enèrgeia diègershc tou pur na sta plaÐsia tou
GSM gÐnetai mèsw twn sqèsewn

φ =

√
1− E ′

Ecr
(2.32)

φ = tanh(
tcr
t
φ) (2.33)

H epÐdrash twn fainomènwn sÔzeuxhc twn noukleonÐwn (pairing correlations)
ston upologismì thc puknìthtac katast�sewn twn pur nwn eÐnai meg�lh . Sta plaÐsia tou
GSM h sÔzeuxh ekfr�zetai mèsw thc eisagwg c mÐac sun�rthshc susqetismoÔ gia thn al-
lhlepÐdrash lìgw sÔzeuxhc twn noukleonÐwn (pairing correlation function), ∆0, thc opoÐac
h tim  èqei epikrat sei na dÐnetai apì ton tÔpo ∆0 = 12A−1/2 [31] (parìlo pou up�rqoun
kai jewrhtik� montèla pou problèpoun �llec sqèseic , bl. [32]). DiadramatÐzei polÔ shman-
tikì rìlo stouc upologismoÔc thc puknìthtac katast�sewn sta plaÐsia tou GSM kaj¸c
upeisèrqetai ston upologismì thc � drastik c � enèrgeiac diègershc sthn uperreust  kai sth
reust  kat�stash tou pur na, me diaforetik  'morf ' sthn kaje mÐa, kaj¸c epÐshc kai ston
upologimì thc krÐsimhc jermokrasÐac tcr:

• Gia E ′ < Ecr, dhlad  sthn uperreust  kat�stash h drastik  enèrgeia diègershc dÐnetai
apì ton tÔpo

E ′ = E + n∆0 + δshift (2.34)

ìpou E h pragmatik  enèrgeia diègershc kai n = 0, 1, 2 gia �rtiouc - �rtiouc, perittoÔs-
�rtiouc   perittoÔc - perittoÔc antÐstoiqa. Met� apì susthmatikèc melètec thc puknì-
thtac katast�sewn pur nwn, gia stajer  enèrgeia diègershc, diapist¸jhke ìti aut 
parousi�zei aisjht  diafor� gia �rtiouc kai perittoÔc pur nec kai ìti upeÔjunh gia au-
tì eÐnai h suzeÔxh noukleonÐwn se st�jmec pou eÐnai sumplhrwmènec apì zeÔgoc. Gia
autì kai h basik  kat�stash twn �rtiwn pur nwn èqei th qamhlìterh dunat  enèrgeia
(n = 0). O ìroc δshift prostèjhke sth fainomenologik  morf  tou montèlou san ìroc
diìrjwshc elleÐyewn pou parousi�zontai kat� thn efarmog  miac genik c parametro-
poÐhshc twn fainomènwn sÔzeuxhc kai twn fainomènwn sullogik¸n kin sewn se k�je
pur na xeqwrist�.

• Gia E ′ ≥ Ecr efarmìzetai o formalismìc FGM. H basik  st�jmh ìmwc eÐnai se jer-
mokrasÐec kont� sto 0, kai ètsi oi suzeÔxeic twn noukleonÐwn eÐnai isqurèc me apo-
tèlesma na emfanÐzei meiwmènh enèrgeia se sqèsh me aut  pou problèpei to prìtupo
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twn mh allhlepidr¸ntwn swmatidÐwn tou Fermi. Aut  h metatìpish thc basik c st�j-
mhc onom�zetai enèrgeia sumpÔknwshc (condensation energy) kai sundèetai me th
sun�rthsh ∆0 mèsw thc sqèshc

Econd =
3

2π
αcr∆

2
0 (2.35)

ìpou αcr h par�metroc puknìthtac katast�sewn sthn krÐsimh enèrgeia allag c f�shc
tou pur na. H drastik  enèrgeia E' se aut  thn reust  perioq  dÐnetai me metatìpish
thc pragmatik c enèrgeiac kat� Econd:

E ′ = E + Econd (2.36)

• H krÐsimh jermokrasÐa tcr eÐnai an�logh thc ∆0 sÔmfwna me ton tÔpo

tcr = 0.567∆0 (2.37)

H epÐdrash thc dom c twn purhnik¸n floi¸n apodÐdetai stouc upologismoÔc tou
GSM mèsw mÐac paramètrou, δε0, pou onom�zetai diìrjwsh floi¸n (shell correction)
kai isoÔtai me th diafor� thc peiramatik c tim c thc m�zac enìc pur na kai thc jewrhtik c
tim c thc m�zac ìpwc problèpetai apì to montèlo thc ugr c stagìnac. Aut  h par�metroc
upeisèrqetai ston upologismì thc paramètrou puknìthtac katast�sewn a kai thc prokaleÐ
energeiak  ex�rthsh (se antÐjesh me ta prìtupa pou proanafèrjhsan) ìpwc faÐnetai ston
tÔpo 2.38:

α = α̃[1 +
δε0

E ′ − Econd
f(E ′ − Econd)] (2.38)

ìpou α̃ h asumptwtik  tim  thc paramètrou a se polÔ uyhlèc enèrgeiec pou prosdiorÐze-
tai apì susthmatik    apì peiramatik� dedomèna [23]. H sun�rthsh f(x) = 1 − e−γx èqei
eisaqjeÐ gia na exasfalÐsei mÐa stajer  tim  gia thn par�metro a se polÔ uyhlèc enèr-
geiec ìpou ta fainìmena twn floi¸n den ephre�zoun thn puknìthta twn katast�sewn. H
par�metroc g onom�zetai � par�metroc exasjènishc � (damping parameter) kai prokÔptei,
apì jewrhtikoÔc upologismoÔc all� kai susthmatik  melèth peiramatik¸n dedomènwn, Ðsh me
γ = 0.40A−1/3MeV −1.

Ta jermodunamik� megèjh pou upeisèrqontai ston upologismì thc puknìthtac katast�sewn
metab�llontai, ìpwc proanafèrjhke, diaforetik� sthn k�je f�sh tou pur na:

• E ′ ≥ Ecr:

E ′ = αt2 + Econd (2.39)

S = 2αt (2.40)

σ2 =
6

π2
α2〈m2〉t (2.41)

D =
144

π
α3t5 (2.42)

ìpou 〈m2〉 to mèso tetr�gwno thc probol c thc stroform c twn monoswmatidiak¸n
katast�sewn kont� sthn enèrgeia Fermi kai dÐnetai apì ton tÔpo 〈m2〉 = (0.24 ±
0.01)A1/3. Stic exis¸seic autèc to a metab�lletai sunart sei thc enèrgeiac sÔmfwna
me ton tÔpo 2.38.
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• E ′ < Ecr:

E ′ = Ecr(1− φ2) (2.43)

S = Scr
tcr
t

(1− φ2) (2.44)

σ2 = σ2
cr(1− φ2) (2.45)

D = Dcr(1− φ2)(1 + φ2)2 (2.46)

ìpou oi posìthtec pou anafèrontai sthn krÐsimh jermokrasÐa upologÐzontai apì touc
tÔpouc 2.39- 2.42 jètontac t = tcr (sqèsh 2.37) kai α = αcr (pou prokÔptei apì th
sqèsh 2.38). H par�metroc puknìthtac katast�sewn sth f�sh tou uperreustoÔ eÐnai
stajer  kai Ðsh me thn αcr.

Ta fainìmena sullogik c kÐnhshc twn noukleonÐwn pou prokaloÔn aÔxhsh thc
puknìthtac katast�sewn, enswmat¸nontai ston upologismì thc r(E) analutik� kai ètsi
aut  dÐnetai apì to ginìmeno tri¸n paragìntwn :

ρ(E) = ρsp(E
′)kπερ(E

′)kδoν(E
′) (2.47)

ìpou

• ρsp(E ′) h puknìthta monoswmatidiak¸n katast�sewn 2.31 ìpwc prokÔptei apì to prì-
tupo pou akoloujeÐtai se k�je perioq .

• kπερ o par�gontac prosaÔxhshc thc puknìthtac katast�sewn se mÐa sugkekrimènh e-
nèrgeia lìgw thc peristrofik c sullogik c kÐnhshc twn noukleonÐwn. IsoÔtai me to
ginìmeno J⊥tg(E), ìpou (1) J⊥ h k�jeth rop  adr�neiac ston �xona peristrof c tou
pur na, (2) t h jermokrasÐa tou pur na kai (3) g(E) mÐa empeirik  sun�rthsh pou ek-
fr�zei th stadiak  exaf�nish twn fainomènwn peristrof c se polÔ uyhlèc enèrgeiec
tou pur na (bl. [33] gia upologismì thc sun�rthshc aut c).

• kδoν o par�gontac prosaÔxhshc thc puknìthtac katast�sewn tou pur na lìgw thc
donhtik c sullogik c kÐnhshc twn noukleonÐwn. IsoÔtai me exp(δS − δE

t
), ìpou δS

kai δE oi allagèc sthn entropÐa kai thn enèrgeia tou purhnikoÔ sust matoc lìgw
twn donhtik¸n diegèrsewn. Oi allagèc autèc upologÐzontai jewr¸ntac aèrio Bose
([30, 23]).

'Opwc kai sta prohgoÔmena prìtupa h katanom  sta J dÐnetai apì thn kanonik  katanom ,
dhlad  apì ton tÔpo

f(J) ≈ J(J + 1)

2σ2
exp(−J(J + 1)

2σ2
) (2.48)

ìpou σ2 h � par�metroc apokop c twn stroform¸n � (spin cut-off parameter) h opoÐa sto
GSM metab�lletai me thn enèrgeia, diaforetik� gia tic dÔo energeiakèc perioqèc (2.41, 2.45).

Gia paramorfwmènouc kai axonik� summetrikoÔc pur nec h r(E,J) prokÔptei
apì tic 2.47, 2.31, 2.48 Ðsh me

ρ(E, J) ≈ 1√
2πσ‖

eS√
D

(2J + 1)

2
exp(−J(J + 1)

2σ2
⊥

)kπερ(E
′)kδoν(E

′) (2.49)
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ìpou oi par�metroi apokop c twn stroform¸n σ‖ kai σ⊥ sundèontai me thn par�llhlh kai
k�jeth sunist¸sa thc rop c adr�neiac wc proc ton �xona peristrof c tou pur na antÐstoiqa
mèsw twn sqèsewn:

σ2
‖ = J‖t (2.50)

σ2
⊥ = J⊥t (2.51)

Oi sunist¸sec autèc thc rop c adr�neiac dÐnontai apì touc tÔpouc:

• Gia E ′ ≥ Ecr, ìpou ta fainìmena sÔzeuxhc noukleonÐwn exasjenoÔn shmantik�:

J‖ ≈
6

π2
〈m2〉(1− 2

3
ε) (2.52)

J⊥ ≈
2

5
m0r

2
0A

5/3(1 + 1/3ε) (2.53)

ìpou e h par�metroc paramìrfwshc tou pur na.

• Gia E ′ < Ecr, dhlad  sthn uperreust  f�sh tou pur na exart¸ntai apì thn enèrgeia
diègershc sÔmfwna me tic sqèseic:

J‖ = J cr‖
tcr
t

(1− φ2) (2.54)

J⊥ = Jg.s.⊥ + (J cr⊥ − J
g.s.
⊥ )

tcr
t

(1− φ2) (2.55)

ìpou Jg.s.⊥ h k�jeth rop  adr�neiac ston �xona summetrÐac kat� thn peristrof  tou
pur na sth basik  tou kat�stash. E�n den up�rqei peiramatikì dedomèno mporeÐ na
ektimhjeÐ sÔmfwna me empeirik  ektÐmhsh apì th sqèsh Jg.s.⊥ = J cr⊥ /3. 'Opwc faÐnetai
apì tic exis¸seic 2.54 kai 2.55 jewreÐtai ìti se aut  thn kat�stash peristrèfetai mìno
gÔrw apì �xona k�jeto ston �xona summetrÐac tou.
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Kef�laio 3

JEWRHTIKH MELETH THS
ANTIDRASHS 197Au(n, 2n) ME
QRHSH TOU KWDIKA STAPRE-F

3.1 Qarakthristik� tou k¸dika STAPRE-F

O k¸dikac STAPRE-F [7] sqedi�sthke apì ton V. M. Maslov kai eÐnai basismènoc ston paliì-
tero k¸dika tou 1976 tou M. Uhl, STAPRE [6]. O k¸dikac STAPRE upologÐzei energeiak�
oloklhrwmènec energèc diatomèc (kai di�forec �llec sqetikèc posìthtec) antidr�sewn pou
èqoun proklhjeÐ apì swmatÐdia kai sunodeÔontai apì ekpomp  swmatidÐwn (n, p, a , d) all�
kai aktÐnwn g me b�sh thn paradoq  thc diadoqik c � ex�tmishc � (evaporation) tou sÔnjetou
pur na, ìpwc aut  ulopoieÐtai ston formalismì Hauser-Feshbach (bl. kef. 2). Ston k¸dika
STAPRE-F èqoun prostejeÐ ta ex c stoiqeÐa se sqèsh me ton arqikì k¸dika:

1. To kan�li thc sq�shc wc pijanì kan�li exìdou thc antÐdrashc.

2. O upologismìc thc puknìthtac katast�sewn sto suneqèc twn pur nwn gÐnetai me b�sh
to Prìtupo tou Genikeumènou UperreustoÔ (Generalized Superfluid Model-GSM) (bl.
enìthta 2.2.4) se antÐjesh me Prìtupo tou AerÐou twn FermionÐwn (Fermi Gas Model-
FGM) pou qrhsimopoieÐtai sto STAPRE.

3. Sth sunolik  puknìthta katast�sewn prostÐjentai kai h puknìthta eswterik¸n ka-
tast�sewn me b�sh to prìtupo tou aerÐou tou Boltzmann kai katast�seic lìgw yeu-
doswmatidiak¸n diegèrsewn (quasiparticle effects) sthn kat�stash isorropÐac, kaj¸c
kai paramorf¸sewn lìgw tou diploÔ dunamikoÔ (saddle deformations) gia thn perioq 
twn aktinÐdwn.

Oi jewrhtikoÐ upologismoÐ ekteloÔntai wc ex c (bl. sq ma 3.1):

Ean i eÐnai o sÔnjetoc pur nac pou èqei proèljei apì thn ekpomp  tou πi−1 swmatidÐou apì
ton i-1 sÔnjeto pur na, h arqik  puknìthta katast�se¸n tou exart�tai apì thn enèrgeia,
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Sq ma 3.1: Sqhmatik  anapar�stash tou trìpou jewrhtik¸n upologism¸n twn puknot twn
katast�sewn ston k¸dika STAPRE mèsw diadoqik c apodiègershc twn sÔnjetwn pur nwn
lamb�nontac up' ìyin wc dunat� kan�lia exìdou mìno thn ekpomp  netronÐou kai thn ekpomp 
aktinobolÐac g.

thn stroform  I kai thn omotimÐa p kai eÐnai WBi(E, I, π). Dhlad  to arqikì pl joc kata-
st�sewn me enèrgeiec se èna di�sthma DE gÔrw apì mÐa tim  E, me stroform  I kai omotimÐa
p eÐnai WBi(E, I, π)∆E. Sth sunèqeia up�rqoun dÔo pijanoÐ trìpoi apodiègershc:

1. Apodiègersh g proc tic kat¸terec energeiak� st�jmec tou i pur na, dhmiourg¸ntac
puknìthta katast�sewn WBi(E, I, π) (sto ex c oi puknìthtec katast�sewn pou sum-
bolÐzontai me WB ja èqoun proèljei apì apodiègersh g tou Ðdiou tou pur na). To
pl joc katast�sewn WBn

i (E ′, I ′, π′)δE ′ pou prokÔptei gia ton pur na i sthn enèrgeia
E' met� apì n diadoqikèc apodiegèrseic g upologÐzetai apì thn anadromik  sqèsh:

WBn
i (E ′, I ′, π′)δE ′ =

∑
Iπ

∫ Emax

E′
dEWBn−1

i (E, I, π)
Γγ(E, I, π;E ′, I ′, π′)

Γi(E, I, π)
ργ(E

′, I ′, π′)∆E ′

(3.1)
ìpou Γγ

Γi
o lìgoc thc ekpomp c thc aktÐnac g πi proc to sunolikì pl�toc apodiègershc

( �lìgoc diakl�dwshc - branching ratio �) kai ργ h puknìthta katast�sewn tou pur na
i sthn enèrgeia E'. Gia apodiegèrseic g metaxÔ twn stajm¸n sto diakritì tou pur na
qrhsimopoioÔntai oi peiramatikoÐ lìgoi diakl�dwshc pou eis�gontai apì ton qr sth.
To pl joc WBi(E

′, I ′, π′) pou prokÔptei apì ìlec tic pijanèc apodiegèrseic g dÐnetai
apì ton tÔpo 3.2:

WBi(E
′, I ′, π′)δE ′ =

∞∑
n=0

WBn
i (E ′, I ′, π′)δE ′ (3.2)

2. Apodiègersh mèsw ekpomp c swmatidÐou ston pur na i+1, dhmiourg¸ntac puknìthta
katast�sewn WBi+1(E, I, π). 'Eqoume:

WBi+1(E ′, I ′, π′)δE ′ =
∑
Iπ

∫ Emax

E′+Qπi

dEWBi(E, I, π)
Γπi(E, I, π;E ′, I ′, π′)

Γi(E, I, π)
ρπi(E

′, I ′, π′)∆E ′

(3.3)
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ìpou
Γπi
Γi

o lìgoc diakl�dwshc ( � branching ratio �) gia thn ekpomp  tou swmatidÐou
πi kai ρπi h puknìthta katast�sewn tou pur na i+1 sthn enèrgeia E'.

Sth sunèqeia stic puknìthtec katast�sewnWBi(E
′, I ′, π′) kaiWBi+1(E ′, I ′, π′) efarmìzetai

me ton Ðdio trìpo o formalismìc thc ex�tmishc, en¸ se k�je b ma ikanopoieÐtai h arq 
diat rhshc thc stroform c kai thc omotimÐac.

Apì thn tim  WBi(E
′, I ′, π′) upologÐzetai h energìc diatom  mÐac antÐdrashc, h epoÐkhsh

isomer¸n stajm¸n kai �lla sqetik� megèjh gia ton pur na i.

O k¸dikac mporeÐ na sumperil�bei stouc upologismoÔc mèqri kai 6 diadoqik� ekpempìmena
swmatÐdia, en¸ o arijmìc twn aktÐnwn g pou ja ekpemfjoÔn exart�tai apì to energeiakì
plègma pou qrhsimopoieÐtai gia ton qwrismì tou suneqoÔc (kai epilègetai apì ton qr sth).

Gia ìlouc touc pur nec pou summetèqoun sthn diadoqik  apodiègersh tou arqikoÔ sÔnjetou
pur na, me to STAPRE mporoÔn na upologistoÔn oi akìloujec posìthtec:

1. H energìc diatom  energopoÐhshc mèsw mÐac antÐdrashc.

2. H epoÐkhsh twn isomer¸n stajm¸n.

3. H energìc diatom  paragwg c aktÐnwn g apì qamhloenergeiakèc diegermènec st�jmec.

4. To energeiakì f�sma ìlwn twn ekpempìmenwn swmatidÐwn.

5. To energeiakì f�sma twn ekpempìmenwn aktÐnwn g.

Gia na gÐnei o jewrhtikìc upologismìc thc energoÔ diatom c mÐac antÐdrashc me qr sh tou
statistikoÔ protÔpou Hauser-Feshbach qrei�zontai sumplhrwmatik�, ìpwc èqei proanaferjeÐ
(bl. kef. 2):

1. Kat�llhlo prìtupo optikoÔ dunamikoÔ gia thn allhlepÐdrash swmatidÐwn-pur na kai
kat�llhlec paramètrouc gia autì gia thn k�je perÐptwsh antÐdrashc oi opoÐec prokÔ-
ptoun apì prosarmog  se peiramatik� dedomèna (bl. [23]). Apì autì ja upologistoÔn
oi swmatidiakoÐ suntelestèc dièleushc tìso gia to kan�li eisìdou ìso kai gia ìla
ta pijan� kan�lia exìdou (bl. ex. 2.22). Ston k¸dika STAPRE-F (ìpwc kai ston
paliìtero STAPRE) o qr sthc parèqei touc suntelestèc dièleushc se arqeÐo eisìdou
se sun�rthsh mìno thc enèrgeiac kai thc stroform c thc sqetik c kÐnhshc.

2. Kat�llhlo prìtupo gia ton upologismì twn suntelest¸n dièleushc gia ta kan�lia a-
podiègershc mèsw aktÐnwn g. AutoÐ sundèontai me tic � sunart seic isqÔoc � f (strength
functions) twn aktÐnwn g me analogik  sqèsh: 'Estw mÐa energeiak  apodiègersh apì
mÐa kat�stash enèrgeiac E se mÐa kat�stash enèrgeiac E ' me ekpomp  aktinobolÐac g
polupolikoÔ tÔpou XL. Jewr¸ntac ìti oi sunart seic isqÔoc f exart¸ntai mìno apì
ton tÔpo tou polupìlou kai thn enèrgeia thc aktÐnac g oi suntelestèc dièleushc dÐnon-
tai apì ton tÔpo: TγXL(εγ) = 2πε2L+1

γ fγXL(εγ), ìpou εγ = E−E ′. O upologismìc twn
sunart sewn isqÔoc sto STAPRE, gia aktinobolÐec g ìlwn twn tÔpwn ektìc thc E1,
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gÐnetai sta plaÐsia tou protÔpou tou Weisskopf pou basÐzetai sthn apl  monoswmati-
diak  ektÐmhsh kai tic jewreÐ anex�rthtec thc enèrgeiac. 'Olec oi sunart seic isqÔoc
kanonikopoioÔntai wc proc thn sun�rthsh isqÔoc E1. H teleutaÐa upologÐzetai me me-
galÔterh leptomèreia, me b�sh thn upìjesh Brink-Axel ( [34, 35]) kai kanonikopoieÐtai
gia na anapar�xei to peiramatikì mèso sunolikì pl�toc aktinobolÐac � average total
radiation width � sthn enèrgeia sÔndeshc tou netronÐou ston pur na ([6]).

3. Kat�llhlo prìtupo gia thn pr¸imh apodiègersh tou sÔnjetou pur na. Aut  lamb�-
netai up' ìyin mìno gia to pr¸to b ma ex�tmishc tou sÔnjetou pur na, dhlad  gia to
b ma pou odhgeÐ ston sÔnjeto pur na me i = 2, kai �ra sthn puknìthta katast�sewn
WB2(E, I, π), oi upologismoÐ gÐnontai me qr sh tou protÔpou twn exitonÐwn tou Griffin
(2.1.2) kai h suneisfor� apì thn pr¸imh apodiègersh prostÐjetai sthn energì diatom 
apì touc upologismoÔc Hauser-Feshbach :

WB2(E, I, π)∆E = (qpre
θσHFπ0π1(E, I, π)

θE
+
θσpreπ0π1

θE

θσHFπ0π1(E,I,π)

θE∑
I′π′

θσHFπ0π1(E,I,π)

θE

)∆E (3.4)

ìpou qpre eÐnai to posostì tou arqikoÔ plhjusmoÔ pou èqei apomeÐnei apì thn pr¸imh
apodiègersh tou pur na kai dÐnetai apì ton tÔpo 3.5:

qpre = 1−
k∑
k=0

∑
n

bk(n)
λe(n)

λ(n)
(3.5)

ìpou bk(n) oi pijanìthtec kat�lhyhc thc kat�stashc me n exitìnia met� apì k eswte-
rikèc metab�seic kai upologÐzontai apì thn epÐlush thc anadromik c sqèsewc 3.6. O
rujmìc apodiègershc λ(n) = λ−(n) + λ0(n) + λ+(n) + λe(n) perilamb�nei ìlouc touc
antagwnistikoÔc mhqanismoÔc apodiègershc, mèsw eswterik¸n metab�sewn me metabol 
tou arijmoÔ twn exitonÐwn kat� -2, 0 kai +2 antÐstoiqa kai mèsw ekpomp c swmatidÐou
(λe(n)) pou upologÐzetai me qr sh thc upìjeshc thc leptomeroÔc isorropÐac (bl. [6]).

bk+1(n) = bk(n+ 2)
λ−(n+ 2)

λ(n+ 2)
+ bk(n)

λ0(n)

λ(n)
+ bk(n− 2)

λ+(n)

λ(n)
(3.6)

To prìtupo twn exitonÐwn pou qrhsimopoieÐ o k¸dikac den lamb�nei up' ìyin spin kai
omotimÐa kai ètsi to posostì thc sunolik c trofodosÐac tou pur na me i = 2 pou
ofeÐletai sthn pr¸imh apodiègersh moir�zetai stic st�jmec tou pur na me ton Ðdio
trìpo pou moir�sthke kai to posostì lìgw apodiègershc mèsw tou mhqanismoÔ tou
sÔnjetou pur na. Aut  h prosèggish jewreÐtai ftwq  kai ja apoteloÔse prìblhma
se antidr�seic me kurÐarqh th suneisfor� thc pr¸imhc apodiègershc.

4. Kat�llhlo prìtupo gia ton upologismì thc puknìthtac katast�sewn gia k�je pur -
na. 2.2. Sthn perioq  tou diakritoÔ h puknìthta katast�sewn r dÐnetai apì ton tÔpo
2.23. O qr sthc promhjeÔei ton k¸dika me tic enèrgeiec Ei, ta spin Ii kai tic timèc thc
omotimÐac πi ìlwn twn stajm¸n tou diakritoÔ. Amèswc met� thn teleutaÐa st�jmh tou
diakritoÔ xekin� h perioq  tou suneqoÔc thn opoÐa o k¸dikac qwrÐzei se energeiak�
tm mata metablhtoÔ pl�touc DU to opoÐo kajorÐzetai apì ton qr sth kai gia k�je
tm ma tou suneqoÔc upologÐzetai mÐa � mèsh enèrgeia � sthn opoÐa anafèrontai oi upo-
logismoÐ. Sta plaÐsia tou STAPRE-F de gÐnetai k�poia exom�lunsh kat� th met�bash
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apì to diakritì sto suneqèc. To suneqèc tou k�je pur na qwrÐzetai se treic perioqèc
ìpwc faÐnetai sto sq ma 3.2, analìgwc me th drastik  enèrgeia diègershc tou pur na.

Sq ma 3.2: O qwrismìc thc puknìthtac katast�sewn tou k�je sÔnjetou pur na se energeia-
kèc perioqèc sta plaÐsia tou k¸dika STAPRE. To suneqèc xekin� amèswc met� thn teleutaÐa
st�jmh tou diakritoÔ pou èqei eisaqjeÐ apì ton qr sth.

Sthn perioq  pou xekin� amèswc met� to pèrac tou diakritoÔ mèqri kai thn enèrgeia
Em pou onom�zetai � enèrgeia sÔndeshc �(matching energy) h puknìthta katast�sewn
upologÐzetai me b�sh to Prìtupo Stajer c JermokrasÐac, CTM (2.2.2). Sthn perio-
q  me drastik  enèrgeia Em < E ′ < Ecr efarmìzetai to Prìtupo tou Genikeumènou
UperreustoÔ - GSM (2.2.4) en¸ sthn perioq  me E ′ ≥ Ecr o pur nac brÐsketai sth
reust  morf  tou kai qrhsimopoieÐtai o formalismìc tou aerÐou tou Fermi ìpwc autìc
efarmìzetai sta plaÐsia tou GSM.

Oi upologismoÐ thc puknìthtac katast�sewn gÐnontai stic uporoutÐnec ZSTDE kai
DICHTY.

AkoloujeÐ èna sqedi�gramma twn upologism¸n pou ekteleÐ h uporoutÐna ZSTDE gia
k�je enèrgeia diègershc (dhlad  energeiakì tm ma tou suneqoÔc) tou pur na.

• Dèqetai wc paramètrouc eisìdou apì ton qr sth ton mazikì arijmì A, thn a-
sumptwtik  tim  thc paramètrou a, α̃, ton ìro diìrjwshc δshift, thn par�metro
diìrjwshc floi¸n δε0 thn par�metro paramìrfwshc e kai thn enèrgeia sÔndeshc
Em.

• UpologÐzei thn krÐsimh jermokrasÐa tcr me b�sh th sqèsh 2.37.

• LÔnei arijmhtik� thn exÐswsh 2.38 jètontac α = αcr kai brÐskei mÐa tim  gia to

αcr. Stamat� touc upologismoÔc ìtan isqÔei |αcr−AK1|
αcr

< 0.0001. H tim  AK1
eÐnai Ðsh me α̃ + δε0.

• UpologÐzei thn enèrgeia sumpÔknwshc Econd apì th sqèsh 2.35.
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• UpologÐzei thn par�llhlh kai k�jeth probol  thc rop c adr�neiac wc proc ton
�xona peristrof c tou pur na, gia E ′ > Ecr pou dÐnontai apì tic sqèseic 2.52,
2.53.

• UpologÐzei ta jermodunamik� megèjh sthn krÐsimh jermokrasÐa.

• Analìgwc me thn perioq  sthn opoÐa brÐsketai h enèrgeia diègershc tou pur -
na efarmìzei ton antÐstoiqo formalismì gia ton upologismì thc enèrgeiac, thc
paramètrou puknìthtac katast�sewn, twn jermodunamik¸n megej¸n kai twn su-
nistws¸n thc rop c adr�neiac tou pur na, me qr sh twn exis¸sewn thc 2.2.4.

• UpologÐzei ton par�gonta kδoν lìgw thc donhtik c kÐnhshc tou pur na.

• Epistrèfei tic timèc: Arijmìc energeiakoÔ tm matoc tou suneqoÔc (KL), thn prag-
matik  enèrgeia diègershc (UM), th drastik  enèrgeia diègershc (UX), thn α̃
(AP), thn tim  thc paramètrou a sto sugkekrimèno energeiakì tm ma (APU), thn
αcr (AK), thn puknìthta katast�sewn ρsp(E ′)kδoν(E ′) (ZST), to 1

2σ2
‖
(SIGK) kai

to 1
2σ2
⊥
(SIGR).

Aut  h diadikasÐa epanalamb�netai gia ìlec tic enèrgeiec apì thn uporoutÐna ZST-
DE. H uporoutÐna DICHTY kaleÐ thn ZSTDE kai oloklhr¸nei ton upologismì thc
puknìthtac katast�sewn me ton upologismì thc f(J) kai thc kπερ gia k�je enèrgeia
diègershc.

O upologismìc thc f(J) gÐnetai gia ìlec tic epitreptèc timèc tou J, analìgwc me th
summetrÐa tou pur na. Gia sfairikoÔc kai axonik� summetrikoÔc pur nec efarmìzetai

o tÔpoc f(J) = (2J+1)
2

exp(−J(J+1)

2σ2
⊥

).

Oi timèc twn paramètrwn sto arqeÐo eisìdou tou k¸dika ja analujoÔn sth sunèqeia.

3.2 Perigraf  arqeÐwn eisìdou tou k¸dika STAPRE-

F

O k¸dikac qrei�zetai dÔo arqeÐa eisìdou, to basikì arqeÐo me ìlec tic paramètrouc eisìdou
kai èna bohjhtikì arqeÐo me touc suntelestèc dièleushc gia thn allhlepÐdrash ìlwn twn
swmatidÐwn me touc pur nec pou ja sumperilhfjoÔn stouc upologismoÔc. AkoloujeÐ h
perigraf  twn paramètrwn pou qrhsimopoi jhkan.

Sth melèth thc antÐdrashc 197Au(n, 2n)196Au epilèqjhke na lhfjeÐ up' ìyin o antagwnismìc
an�mesa se dÔo mìno pijan� kan�lia exìdou, thn apodiègersh me ekpomp  netronÐou kai thn
apodiègersh me ekpomp  aktÐnac g giatÐ h ekpomp  mèsw fortismènou swmatidÐou empodÐzetai
apì to fr�gma Coulomb kai jewreÐtai amelhtèa se aut  thn perioq  pur nwn ìpou to Z eÐnai
meg�lo. Epomènwc h diadoqik  ex�tmish tou arqikoÔ sÔnjetou pur na 198Au periorÐzetai se
pur nec qrusoÔ, kai pio sugkekrimèna stouc 197Au ((n,n) kan�li), 196Au ((n,2n) kan�li),
195Au ((n,3n) kan�li). Ta kan�lia apodiègershc me ekpomp  perissìterwn netronÐwn den
ephre�zoun to (n,2n) kan�li afoÔ gÐnontai energeiak� epitrept� gia enèrgeiec netronÐwn
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megalÔterec apì 25 MeV. To pl�toc twn energeiak¸n tmhm�twn sta opoÐa ja qwristeÐ to
suneqèc twn sÔnjetwn pur nwn, DU, epilèqjhke Ðso me 0.250 MeV.

Oi enèrgeiec tou netronÐou gia tic opoÐec ja gÐnei o jewrhtikìc upologismìc eis�gontai
analutik� sto arqeÐo eisìdou kai anafèrontai sto sÔsthma tou ergasthrÐou. Gia na melethjeÐ
pl rwc h energìc diatom  thc antÐdrashc (n,2n) pou odhgeÐ ston sqhmatismì thc 196Aug+m1

kai thc 196Aum2 all� kai o antagwnismìc apì ta �lla kan�lia epilèqjhke meg�lo energeiakì
eÔroc, apì 2.2 MeV mèqri 25 MeV.

'Opwc proanafèrjhke to STAPRE-F lamb�nei up' ìyin th pr¸imh apodiègersh (me qr sh
tou protÔpou twn exitonÐwn) mìno gia thn apodiègersh tou pr¸tou sÔnjetou pur na, dhlad 
tou 198Au. H stajer� FM (pou kajorÐzei to tetragwnikì stoiqeÐo pÐnaka thc eswterik c
met�bashc - ex. 2.14) tèjhke Ðsh me 200. H Ðdia tim  eÐqe qrhsimopoihjeÐ kai sthn [36]
gia ton jewrhtikì upologismì thc 191Ir(n, 2n)190Irm2 me qr sh tou k¸dika STAPRE-F
kai apodeÐqjhke ikanopoihtik . Epilèqjhke arqikìc arijmìc exitonÐwn Ðsoc me 3, dhlad  2
swmatÐdia kai 1 op  kai sumperil fjhke stouc upologismoÔc twn eswterik¸n metab�sewn h
apagoreutik  arq  tou Pauli.

Gia k�je pur na oi enèrgeiec, oi stroformèc kai h omotimÐa twn stajm¸n tou diakritoÔ touc
proèrqontai apì ta Nuclear Data Sheets [37] . Stic st�jmec gia tic opoÐec den up rqan
peiramatik� dedomèna gia th stroform   /kai thn omotimÐa ègine ektÐmhsh apì tic geitonikèc
st�jmec kai stic st�jmec ìpou up rqan perissìterec timèc stroform c ègine mÐa epilog 
¸ste na sumperilhfjeÐ poikilÐa tim¸n stroform c sto diakritì tou k�je pur na. Gia ton
196Au oi pr¸tec 90 st�jmec sumperil fjhsan sto diakritì, mèqri ta ∼ 0.8 MeV.

Oi lìgoi apodiègershc (branching ratios) gia thn apodiègersh metaxÔ stajm¸n tou diakritoÔ
me ekpomp  aktÐnwn g den paÐzoun rìlo sta apotelèsmata, opìte ìlec oi st�jmec jewr -
jhke ìti apodiegeÐrontai kat� 100% proc th basik  st�jmh tou antÐstoiqou pur na ektìc
apì th metastaj  m2 tou 196Au, sthn opoÐa o lìgoc apodiègershc tèjhke Ðsoc me 0, tim 
pou dhl¸nei sto prìgramma ìti prìkeitai gia metastaj  st�jmh. 'Opwc proanafèrjhke h
pr¸th metastaj c tou 196Au sta 84.7 keV lìgw tou mikroÔ qrìnou hmizw c thc den mporeÐ
na diaqwrisjeÐ peiramatik� apì thn 196Aug, sunep¸c o lìgoc apodiègers c thc jewr jhke
ìti eÐnai 100% proc th basik  st�jmh. EpÐshc eis qjhsan peiramatikèc par�metroi pou pro-
èkuyan apì an�lush twn netronik¸n suntonism¸n ston k�je sÔnjeto pur na ìpwc oi timèc
twn spin kai thc omotimÐac gia ton suntonismì s-kÔmatoc (s-wave) kai ta peiramatik� � mèsa
pl�th aktinobolÐac g� (average total radiation width - PÐnakac 3.2), me b�sh th biblioj kh
paramètrwn RIPL-2 [23]. EpÐshc epilèqjhke to prìtupo Weisskopf gia ton upologismì twn
sunart sewn diègershc M1, E2, M2 kai E3, oi opoÐec kanonikopoioÔntai me b�sh thn E1.

Tèloc gia k�je pur na eÐnai aparaÐthtec oi par�metroi gia ton upologismì thc puknìthtac
katast�sewn me qr sh tou protÔpou GSM. AkoloujeÐ sÔntomh perigraf  tou trìpou epi-
log c twn paramètrwn pou qrei�zontai me b�sh tic exis¸seic thc enìthtac 2.2.4. Oi timèc
tou telikoÔ arqeÐou eisìdou paratÐjentai ston pÐnaka 3.2.

• α̃: Gia thn eÔresh thc paramètrou aut c qrhsimopoi jhke h susthmatik  pou proteÐne-
tai sthn [23], sel.102. Proèkuye me qr sh twn hmi-klasik¸n sqèsewn α̃ = αA+βA2/3

kai γ = γ0
A1/3 (A o mazikìc arijmìc tou pur na), kai qr sh thc tim c δε0 pou proteÐnetai
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apì touc Myers-Swiatecki sthn exÐswsh 2.38, kai prosarmog  me th mèjodo elaqÐstwn
tetrag¸nwn sta peiramatik� dedomèna thc paramètru a sthn enèrgeia sÔndeshc tou
netronÐou ston ek�stote pur na. Me ton trìpo autì proèkuyan oi akìloujec timèc
twn paramètrwn a,b,g:

α = 0.103± 0.004, β = −0.105± 0.014, γ0 = 0.375± 0.015 (3.7)

Me b�sh tic timèc autèc proèkuyan oi timèc α̃ gia k�je pur na (bl. pÐnaka 3.2). Sthn
Ðdia biblioj kh paramètrwn perièqetai peiramatik  tim  gia to α̃ tou pur na 198Au, Ðsh
me 17.94± 0.15MeV −1 h opoÐa ìmwc de qrhsimopoi jhke giatÐ jewr jhke protimìtero
na akoloujoÔn ìloi oi sÔnjetoi pur nec pou upeisèrqontai stouc upologismoÔc thn
Ðdia susthmatik  sumperifor� wc proc thn puknìthta katast�sewn. H tim  tou g
den perilamb�netai sto arqeÐo eisìdou tou k¸dika. Gia ton pur na 196Au h tim  thc
paramètrou aut c prokÔptei, me b�sh thn Ðdia susthmatik , Ðsh me 0.0645, kai h tim 
aut  qrhsimopoi jhke gia ìlouc touc pur nec.

• ∆0: H sun�rthsh susqetismoÔ lìgw sÔzeuxhc twn noukleonÐwn (bl.2.2.4) upologÐsth-
ke me b�sh th sqèsh ∆0 = 12A−1/2 gia k�je pur na. Sto arqeÐo eisìdou apaiteÐtai
h energeiak  metatìpish n∆0 (bl. sqèsh 2.34, opìte gia th sugkekrimènh perÐptwsh
n = 2 gia touc sÔnjetouc pur nec 198Au, 196Au, 194Au (perittoÐ-perittoÐ pur nec), kai
n = 1 gia touc sÔnjetouc pur nec 197Au kai 195Au (perittoÐ-�rtioi pur nec).

• δε0: Wc tim  thc diìrjwshc floi¸n qrhsimopoi jhke aut  pou basÐzetai ston formali-
smì Myers-Swiatecki ([38]), ìpwc upologÐsthke apì ton A. V. Ignatyuk kai perièqetai
sth RIPL [23]. 'Opwc èqei proanaferjeÐ oi timèc autèc proèrqontai apì peiramatik� de-
domèna thc m�zac twn pur nwn kai ta sf�lmata pou problèpontai gia autèc kumaÐnontai
apì 10 mèqri 25% (gia ton 198Au kai ton 195Au antÐstoiqa).

• Em: H enèrgeia aut  upologÐzetai sto STAPRE mèsw tou tÔpou 10.72−n∆0−0.028A.
Me b�sh ton tÔpo autì proèkuyan oi timèc pou faÐnontai ston pÐnaka 3.1. Me autèc
tic timèc ìmwc den mporoÔse na leitourg sei swst� o k¸dikac kai, ìpwc diapist¸jhke
to prìblhma parousiazìtan ston upologismì thc tim c f (ex. 2.32) sthn perioq 
energei¸n me E ′ < Em, ìpou ginìtan h rÐza arnhtik  me apotèlesma na stamat� h
ektèlesh tou progr�mmatoc. Epeid  h Em eÐnai eleÔjerh par�metroc upologÐsthke
poi� prèpei na eÐnai h tim  thc ¸ste, me dedomèna ta α̃, ∆0, g kai δε0, na bgaÐnei to
upìrrizo ≥ 0, dhlad  Em+n∆0 ≤ Ecr, sqèsh h opoÐa met� apì pr�xeic katal gei sthn
Em ≤ αcrt

2
cr+ 3

2π2αcr∆
2
0−n 12√

A
. Me b�sh aut  th sqèsh upologÐsthkan oi telikèc timèc

tou Em ìpwc faÐnontai ston pÐnaka 3.1.

PÐnakac 3.1: Arqikèc kai telikèc timèc thc Em
198Au 197Au 196Au 195Au

Em arqikì (MeV) 3.470 4.349 3.518 4.401
Em telikì (MeV) 2.578 3.700 3.058 4.129

• ε: H par�metroc paramìrfwshc tou pur na tèjhke Ðsh me thn par�metro tetrapolik c
paramìrfwshc (an¸terhc t�xhc paramìrfwsh de l fjhke up' ìyin) tou k�je pur na
kai eÐnai aut  pou problèpetai apì ton formalismì twn Myers-Swiatecki ([38]) kai
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perièqetai sth RIPL-2 ([23]). Oi timèc pou qrhsimopoÐhjhkan faÐnontai ston pÐnaka 3.2.
To arnhtikì prìshmo deÐqnei pur nec me sq ma elleiyoeidèc ek peristrof c gÔrw apì
ton mikrì �xon� touc (oblate spheroidal shape). EpÐshc h mikr  tim  thc paramìrfwshc
dhl¸nei ìti ta isìtopa tou qrusoÔ èqoun sq ma sqedìn sfairikì. Pr�gmati, ìpwc èqei
proanaferjeÐ, diafèroun kat� 3 prwtìnia apì ton sfairikì Pb.

• δshift: O diorjwtikìc autìc par�gontac (ex. 2.34) tèjhke Ðsoc me 0, ìpwc problèpei h
prosarmog  thc susthmatik c sta peiramatik� dedomèna (bl. [23, sel.101]).

• Jg.s.⊥ : H k�jeth rop  adr�neiac ston �xona summetrÐac kat� thn peristrof  tou pur na

sth basik  tou kat�stash prosdiorÐzetai me b�sh thn empeirik  sqèsh Jg.s.⊥ ≈ J cr⊥ /3, me
J cr⊥ pou upologÐzetai apì ton tÔpo 2.52 kai prokÔptei perÐpou Ðso me 100 (MeV −1), �ra
gia ìla ta isìtopa tou qrusoÔ qrhsimopoi jhke Jg.s.⊥ = 33. H tim  aut  diapist¸jhke
ìti eÐnai se sumfwnÐa me thn tim  pou prokÔptei gia thn Jg.s.⊥ twn geitonik¸n isotìpwn
196Pt kai 196Hg, met� apì an�lush twn zwn¸n peristrof c twn jemeliwd¸n stajm¸n
touc. Apì tic enèrgeiec (E) kai tic stroformèc (J) twn stajm¸n thc k�je z¸nhc
peristrof c dhmiourgeÐtai mÐa grammik  sqèsh E = KJ(J + 1) (sthn opoÐa h stajer�
analogÐac K sundèetai me thn k�jeth rop  adr�neiac J⊥ mèsw thc sqèshc K = ~2

J⊥
.

Me aut  thn an�lush oi timèc pou prokÔptoun eÐnai ≈ 37MeV −1 gia to 196Pt kai
≈ 33MeV −1 gia to 196Hg.

PÐnakac 3.2: Par�metroi arqeÐou eisìdou gia ton upologismì thc puknìthtac katast�sewn
kai thc apodiègershc mèsw aktinobolÐac g

Par�metroi 198Au 197Au 196Au 195Au Anafor�
α̃ (MeV −1) 16.827 16.736 16.645 16.554 [23]
n∆0 1.706 0.855 1.714 0.859 [6]
δε0(MeV ) -4.392 -3.580 -2.931 -2.292 [23], [38]
ε -0.131 -0.131 -0.139 -0.139 [39]
Enèrgeia sÔndeshc netronÐou (MeV) 6.45 8.07 6.64 8.38 [40]
Mèso pl�toc aktinobolÐac g (MeV) 128 120∗ 93∗ 70∗ [23]

Sto bohjhtikì arqeÐo eisìdou perièqontai, ìpwc proanafèrjhke, oi suntelestèc dièleushc
twn netronÐwn gia thn allhlepÐdrash tou netronÐou me ìlouc touc sÔnjetouc pur nec pou
qrhsimopoioÔntai stouc upologismoÔc. O upologismìc ègine me qr sh tou k¸dika ECIS03
([41]) kai lìgw thc polÔ mikr c paramìrfwshc twn isotìpwn tou qrusoÔ qrhsimopoi jhkan oi
par�metroi optikoÔ dunamikoÔ twn Koning kai Delaroche ([42]) pou basÐzontai sth je¸rhsh
sfairikoÔ optikoÔ dunamikoÔ kai èqoun genik  isqÔ se mÐa eureÐa perioq  pur nwn. To arqeÐo
eisìdou paratÐjetai sto par�rthma kai perièqei touc suntelestèc dièleushc gia troqiakèc
stroformèc apì l = 0 mèqri l = 11 gia enèrgeiec mèqri kai 27 MeV.

∗
Αυτές οι τιμές δεν συμπεριλαμβάνονταν στις παραμέτρους των s- και p- κυμάτων που προέκυψαν από

πειραματική ανάλυση νετρονικών συντονισμών από τον A. V. Ignatyuk ([23]), και εκτιμήθηκαν από τις τιμές
των γειτονικών πυρήνων.
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3.3 Apotelèsmata jewrhtik¸n upologism¸n

Sthn prohgoÔmenh par�grafo analÔjhkan oi par�metroi eisìdou gia thn an�lush thc an-
tÐdrashc 197Au(n, 2n)196Au. 'Opwc proanafèrjhke to prìgramma STAPRE-F mporeÐ na
d¸sei wc èxodo thn energì diatom  sqhmatismoÔ opoioud pote apì touc sÔnjetouc pu-
r nec sumperilamb�nontai stouc upologismoÔc, kaj¸c kai opoiasd pote isomeroÔc st�j-
mhc. Allagèc èginan ston k¸dika ¸ste na dÐnei wc èxodo thn olik  energì diatom  a-
porrìfhshc tou netronÐou apì ton pur na 197Au, kaj¸c kai thn energì diatom  twn an-
tidr�sewn 197Au(n, γ)198Au, 197Au(n, n′)197Au, 197Au(n, 2n)196Au, 197Au(n, 3n)195Au kai
197Au(n, 4n)194Au. Gia to (n,2n) kan�li zht jhke epiplèon h energìc diatom  sqhmatismoÔ
thc 196Aug+m1 kaj¸c kai thc 196Aum2. Ta apotelèsmata twn jewrhtik¸n upologism¸n tou
STAPRE-F me b�sh to parap�nw arqeÐo eisìdou perièqontai sta sq mata 3.3, 3.4, 3.5, mazÐ
me ta peiramatik� shmeÐa pou qrhsimopoi jhkan gia sÔgkrish me touc jewrhtikoÔc upolo-
gismoÔc, pou brèjhkan sth biblioj kh peiramatik¸n dedomènwn EXFOR [43], kaj¸c kai ta
peiramatik� dedomèna thc 197Au(n, 2n)196Au pou metr jhkan apì thn om�da Purhnik c Fusi-
k c tou E.M.P ([4],[5]) sta plaÐsia thc oloklhrwmènhc peiramatik c kai jewrhtik c melèthc
thc en lìgw antÐdrashc.

Sq ma 3.3: Ta apotelèsmata twn energ¸n diatom¸n tou k¸dika STAPRE-F gia ìla ta
pijan� kan�lia exìdou pou perièqoun netrìnia   g. Pio sugkekrimèna parousi�zontai ta
apotelèsmata gia ta 197Au(n, n′)197Au, 197Au(n, 2n)196Au, 197Au(n, 3n)195Au kaj¸c kai h
olik  energìc diatom  thc 197Au + n. To kan�li 197Au(n, 4n)194Au den èqei anoÐxei akìmh
stic enèrgeiec mèqri 25MeV. Gia sÔgkrish perièqontai kai ta peiramatik� shmeÐa thc energoÔ
diatom c thc 197Au(n, 2n)196Au pou metr jhkan apì thn om�da Purhnik c Fusik c tou EMP,
kaj¸c kai dedomèna thc energoÔ diatom c thc 197Au(n, 3n)195Au pou brèjhkan sth biblioj kh
EXFOR [43].

Sto sq ma h 3.3 perièqetai h energìc diatom  ìlwn twn antagwnistik¸n kanali¸n kaj¸c kai
h olik  energìc diatom  thc antÐdrashc 197Au+ n, mazÐ me ta peiramatik� shmeÐa thc om�dac
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Sq ma 3.4: H jewrhtik  kampÔlh thc energoÔ diatom c paragwg c thc basik c kai thc pr¸-
thc metastajoÔc st�jmhc tou 196Au mèsw thc antÐdrashc 197Au(n, 2n)196Au (σg+m1) pou
upologÐsthke apì to STAPRE-F sto energeiakì eÔroc 8-25MeVmazÐ me peiramatik� shmeÐa
pou brèjhkan sthn EXFOR kai thc om�dac Purhnik c Fusik c tou E.M.P. EpÐshc perièqon-
tai ta antÐstoiqa apotelèsmata twn jewrhtik¸n upologism¸n apì touc k¸dikec EMPIRE
2.19 kai TALYS 1.2. Gia lìgouc eukrÐneiac h jewrhtik  kampÔlh tou STAPRE-F èqei sqe-
diasteÐ me diakekommènh gramm  ¸ste h jewrhtik  kampÔlh tou EMPIRE 2.19 na xeqwrÐzei
apì th gramm  tou TALYS 1.2.

tou E.M.P. gia thn antÐdrash 197Au(n, 2n)196Au, kaj¸c epÐshc kai peiramatik� shmeÐa gia
thn antÐdrash 197Au(n, 3n)195Au ([43]), h opoÐa gÐnetai shmantik  gia enèrgeiec eiserqìmenwn
netronÐwn megalÔterec apì 16 MeV, kai dr¸ntac antagwnistik� wc proc th (n,2n) afaireÐ
energì diatom  apì thn teleutaÐa. Gia ton lìgo autì se ìlec tic prosp�jeiec pou èginan gia
beltÐwsh twn jewrhtik¸n upologism¸n l fjhke up' ìyin kai to (n,3n) kan�li. AntÐstoiqa,
gia enèrgeiec qamhlìterec apì 11 MeV paÐzei antagwnistikì rìlo to kan�li (n,n’), ìmwc
stic enèrgeiec autèc ta diajèsima peiramatik� dedomèna gia thn 197Au(n, 2n)196Aug+m1 eÐnai
poll�, me mikrèc apoklÐseic metaxÔ touc, opìte jewroÔntai apì mìna touc axiìpista.

Sto sq ma 3.4 perièqetai h jewrhtik  kampÔlh thc energoÔ diatom c gia thn antÐdrash
197Au(n, 2n)196Aug+m1 (σg+m1) pou proèkuye apì to STAPRE-F proc sÔgkrish me ta peira-
matik� shmeÐa pou brèjhkan apì thn EXFOR kaj¸c kai thc om�dac Purhnik c Fusik c tou
E.M.P [3]. Sto Ðdio di�gramma perièqontai kai ta apotelèsmata twn jewrhtik¸n upologism¸n
apì touc k¸dikec EMPIRE 2.19 kai TALYS 1.2, pou ìpwc proanafèrjhke, èginan par�llhla
me autoÔc tou STAPRE-F, me skopì th sÔgkrish twn tri¸n kwdÐkwn wc proc thn ulopoÐhsh
tou protÔpou GSM. Perissìterec leptomèreiec gia touc k¸dikec autoÔc kai gia to arqeÐo
eisìdou pou epilèqjhke perièqontai sthn diplwmatik  ergasÐa [1].

Sto sq ma 3.5 parousi�zontai oi jewrhtikèc kampÔlec thc energoÔ diatom c thc antÐdrashc
197Au(n, 2n)196Aum2, σm2, apì touc treic k¸dikec mazÐ me ta peiramatik� dedomèna pou brèjh-
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Sq ma 3.5: H jewrhtik  kampÔlh thc energoÔ diatom c paragwg c thc deÔterhc metastajoÔc
st�jmhc (12−)tou 196Au mèsw thc antÐdrashc 197Au(n, 2n)196Au (σm2) pou upologÐsthke apì
to STAPRE-F sto energeiakì eÔroc 8-25MeVmazÐ me peiramatik� shmeÐa pou brèjhkan sthn
EXFOR kai thc om�dac Purhnik c Fusik c tou E.M.P. EpÐshc perièqontai ta antÐstoiqa
apotelèsmata twn jewrhtik¸n upologism¸n apì touc k¸dikec EMPIRE 2.19 kai TALYS
1.2.

kan sthn EXFOR, kaj¸c kai aut� thc om�dac Purhnik c Fusik c tou E.M.P [3]. Gia lìgouc
eukrÐneiac, sto sq ma 3.6 parousi�zetai kai h perioq  energei¸n 8.5 me 11 MeV, sthn opoÐa
ta mìna peiramatik� dedomèna pou up�rqoun eÐnai aut� pou perièqontai se mh dhmosieumènh
ergasÐa ([43]) sthn opoÐa den anafèrontai basikèc leptomèreiec gia tic sunj kec diexagwg c
tou peir�matoc, kai ta dedomèna pou proèkuyan apì thn om�da tou E.M.P., ta opoÐa parou-
si�zoun shmantik� mikrìtero sf�lma tìso sthn tim  thc energoÔ diatom c (10-11% gia tic
metr seic sta 10.0 kai 10.5 MeV se sÔgkrish me 20% sta �lla peiramatik� dedomèna sto
Ðdio eÔroc), ìso kai sthn enèrgeia. Gia ton lìgo autì kat� th sÔgkrish twn jewrhtik¸n
upologism¸n me ta peiramatik� dedomèna dìjhke megalÔtero b�roc sta shmeÐa aut�.

Apì th sÔgkrish twn jewrhtik¸n upologism¸n thc energoÔ diatom c tou kanalioÔ 197Au(n, 2n)
me ta up�rqonta peiramatik� dedomèna diapist¸nontai ta ex c:

1. 'Opwc faÐnetai sto sq ma 3.4 ta apotelèsmata kai apì touc treic k¸dikec anapar�goun
ikanopoihtik� thn peiramatik  kampÔlh thc σg+m1. Sth qamhloenergeiak  perioq , 8-11
MeV, ìpou ta diajèsima peiramatik� dedomèna parousi�zoun mikrèc apoklÐseic metaxÔ
touc, ta apotelèsmata twn tri¸n kwdÐkwn sugklÐnoun kai sumfwnoÔn me ta peiramatik�
dedomèna. H kampÔlh tou STAPRE-F parousi�zei perÐpou 400 mb megalÔterh tim 
apì tic kampÔlec twn EMPIRE 2.19 kai TALYS 1.2 sthn perioq  tou megÐstou, h
apìklish ìmwc twn peiramatik¸n dedomènwn eÐnai tìso meg�lh sthn perioq  aut  pou
den mporeÐ na bgei asfalèc sumpèrasma gia thn orjìthta   mh twn apotelesm�twn twn
kwdÐkwn. Tèloc, sthn perioq  twn uyhl¸n energei¸n, dhlad  gia enèrgeiec netronÐwn
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Sq ma 3.6: H jewrhtik  kampÔlh thc σm2 apì to STAPRE-F kai ta EMPIRE 2.19 kai
TALYS 1.2 sto energeiakì eÔroc 8.5-11 MeV mazÐ me peiramatik� shmeÐa pou brèjhkan se
autì to energeiakì eÔroc.

megalÔterec apì 20 MeV, oi treic k¸dikec parousi�zoun apìklish kai wc proc tic timèc
kai wc proc th morf  thc kampÔlhc. Autì ofeÐletai (a) ston diaforetikì trìpo me ton
opoÐo oi treic k¸dikec ulopoioÔn to prìtupo twn exitonÐwn gia thn pr¸imh apodiègersh
tou pur na, h opoÐa gÐnetai shmantik  gia uyhlèc enèrgeiec diègershc: to STAPRE-F
kai to TALYS 1.2 moir�zoun th sunolik  trofodosÐa apì ton mhqanismì thc pr¸imhc
apodiègershc me ton Ðdio trìpo pou moir�sthke kai to posostì lìgw apodiègershc
mèsw tou mhqanismoÔ tou sÔnjetou pur na en¸ to EMPIRE 2.19 qrhsimopoieÐ ton
k¸dika DEGAS ([8]) pou perièqei anex�rthto upologismì thc katanom c twn spin gia
thn pr¸imh apodiègersh tou pur na kai (b) sto STAPRE-F parakoloujoÔntai mìno
ta kan�lia exìdou mèsw ekpomp c netronÐwn kai g en¸ stouc �llouc dÔo k¸dikec
parakoloujoÔntai kai kan�lia exìdou mèsw ekpomp c fortismènwn swmatidÐwn. Pio
sugkekrimèna gia to EMPIRE 2.19 l fjhkan up' ìyin kai ta kan�lia exìdou (n,p)
kai (n,a) gia thn apodiègersh tou pr¸tou sÔnjetou pur na (198Au) en¸ to TALYS
1.2 parakoloujeÐ ìla ta energeiak� epitrept� kan�lia exìdou mèqri tèlouc, proc th
dhmiourgÐa nèwn pur nwn sth basik  touc st�jmh   se metastaj  (-eÐc).

2. 'Oson afor� sthn σm2 (sq mata 3.5, 3.6), ta apotelèsmata tou STAPRE-F kai tou
EMPIRE 2.19 brÐskontai se sqetik  sumfwnÐa metaxÔ touc sqedìn se ìlo to energeia-
kì eÔroc. Mèqri thn perioq  twn 16 MeV perÐpou brÐskontai se mÐa sqetik  apìklish
apì ta peiramatik� dedomèna pou mei¸netai ìso aux�netai h enèrgeia, anapar�gontac th
morf  thc peiramatik c kampÔlhc. Gia enèrgeiec megalÔterec apì 16 MeVìmwc ta jew-
rhtik� apotelèsmata twn dÔo kwdÐkwn uperektimoÔn thn energì diatom  kat� ≈ 100mb,
par� tic meg�lec abebaiìthtec pou parousi�zoun ta peiramatik� dedomèna se aut  thn
perioq . Ta apotelèsmata tou TALYS 1.2 upoektimoÔn thn energì diatom  se ìlo to
energeiakì eÔroc, k�ti pou èqei xanadiapistwjeÐ sto pareljìn, se melèth uyhloÔ spin
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metastaj¸n (bl. [44]) sthn metabatik  perioq  pur nwn Os-Pb. EpÐshc, oi jewrhtikèc
kampÔlec kai twn tri¸n kwdÐkwn emfanÐzoun mègisth tim  se enèrgeia ≈ 18MeV,
en¸ h kampÔlh twn peiramatik¸n dedomènwn, par� tic meg�lec abebaiìthtec pou aut�
parousi�zoun, faÐnetai na emfanÐzei mègisto sta ≈ 16MeV. Apì ta parap�nw gÐnetai
safèc ìti gia k�poio lìgo ta jewrhtik� apotelèsmata apì touc treic k¸dikec me qr sh
tou GSMgia thn energì diatom  thc uyhloÔ spin metastajoÔc m2, den anapar�goun
ikanopoihtik� ta antÐstoiqa peiramatik� dedomèna. K�ti tètoio den parathreÐtai apì thn
anaparagwg  thc σg+m1, thn opoÐa, lÐgo èwc polÔ petuqaÐnoun kai oi treic k¸dikec.
Gia autì ton lìgo jewreÐtai, ìpwc èqei proanaferjeÐ, ìti h anaparagwg  thc energoÔ
diatom c tètoiwn uyhloÔ spin isomer¸n stajm¸n prosfèrei polÔ kalì èlegqo thc axio-
pistÐac tìso twn protÔpwn pou qrhsimopoioÔntai gia touc jewrhtikoÔc upologismoÔc
ìso kai twn kwdÐkwn pou ta ulopoioÔn.

Sta plaÐsia thc paroÔsac ergasÐac èginan poll� test me skopì th beltÐwsh thc energoÔ dia-
tom c thc 197Au(n, 2n)196Aum2. Ta test aut� èginan kurÐwc me qr sh tou k¸dika STAPRE-
F, kaj¸c autìc dÐnei ston qr sth eleujerÐa qeirismoÔ poll¸n paramètrwn apì to arqeÐo
eisìdou. AntÐjeta, to EMPIRE kai to TALYS diab�zoun autìmata tic aparaÐthtec para-
mètrouc apì biblioj kec dedomènwn, me apotèlesma na eÐnai men pio gr gora ston qeirismì,
all� na parousi�zoun megalÔterh duskolÐa sthn allag  twn paramètrwn aut¸n. Sto e-
pìmeno kef�laio parousi�zontai oi prosp�jeiec pou èginan gia beltÐwsh twn jewrhtik¸n
apotelesm�twn.
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Kef�laio 4

PROSPAJEIES
TROPOPOIHSHS THS
JEWRHTIKHS KAMPULHS THS
197Au(n, 2n)196Aum2 ME QRHSH
TOU STAPRE-F

Skopìc twn prospajei¸n pou èginan me to STAPRE-F  tan na beltiwjeÐ h anaparagwg  twn
peiramatik¸n dedomènwn apì th jewrhtik  kampÔlh thc energoÔ diatom c thc 197Au(n, 2n)196Aum2

(bl. sq ma 3.5 ), qwrÐc na ephreastoÔn (  toul�qiston ìqi proc th l�joc kateÔjunsh) oi
jewrhtikèc kampÔlec thc energoÔ diatom c thc 197Au(n, 2n)196Aug+m1, kaj¸c kai tou ka-
nalioÔ (n,3n) pou, ìpwc faÐnetai sta diagr�mmata 3.4 kai 3.3, anapar�goun ikanopoihtik�
ta peiramatik� dedomèna. H jewrhtik  kampÔlh thc 197Au(n, 2n)196Aum2 èqei qamhlìterh
tim  apì thn peiramatik  gia enèrgeiec mèqri ta 14MeV perÐpou kai megalÔterh tim  gia tic
uyhlèc enèrgeiec, me mÐa diafor� pou ft�nei kai ta 100mb. EpÐshc to mègisto thc jewrhti-
k c kampÔlhc deÐqnei metatopismèno se sqèsh me thn peiramatik  kampÔlh proc uyhlìterh
enèrgeia, perÐpou kat� 2MeV. Apì prohgoÔmenec ergasÐec èqei diapistwjeÐ ìti oi par�metroi
pou ephre�zoun shmantik� thn energì diatom  antidr�sewn stic opoÐec oi sÔnjetoi pur nec
brÐskontai diegermènoi sto suneqèc touc eÐnai h par�metroc puknìthtac katast�sewn a, h
k�jeth rop  adr�neiac ston �xona summetrÐac (giatÐ ìpwc èqei proanaferjeÐ ephre�zei thn
par�metro apokop c twn stroform¸n), to sq ma kai h summetrÐa tou pur na, kaj¸c kai to
posostì thc pr¸imhc apodiègershc. Ektìc apì to suneqèc, gia thn trofodosÐa thn meta-
staj¸n stajm¸n uyhloÔ spin, ìpwc h m2 tou 196Au pou melet jhke sthn paroÔsa ergasÐa,
polÔ shmantikì rìlo diadramatÐzoun epiplèon �llec st�jmec tou diakritoÔ me uyhlì spin
pou endeqomènwc na brÐskontai se uyhlìterh enèrgeia. H epÐdrash ìlwn aut¸n twn para-
gìntwn sthn energì diatom  thc 197Au(n, 2n)196Aum2 exet�sthke sta plaÐsia thc paroÔsac
ergasÐac.
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4.1 Allagèc sthn par�metro puknìthtac katast�-

sewn a

H par�metroc puknìthtac katast�sewn upeisèrqetai ston upologismì thc enèrgeiac kai ìlwn
twn jermodunamik¸n megej¸n sta plaÐsia tou GSM, me apotèlesma na ephre�zei shmantik�
thn puknìthta katast�sewn sto suneqèc kai �ra thn energì diatom  antidr�sewn pou pro-
kaloÔn diègersh twn pur nwn sthn perioq  aut . 'Opwc faÐnetai ston tÔpo upologismoÔ tou
a, ex. 2.38, apì ton opoÐo upologÐzetai to a se ìlo to energeiakì eÔroc, drastik  allag 
se autì mporeÐ na epèljei me allag  thc α̃.

Arqik� ègine allag  tou α̃ entìc twn orÐwn pou problèpoun ta sf�lmata twn paramètrwn thc
susthmatik c pou akolouj jhke (ex. 3.7), dhlad  ± 5%. H allag  aut  prok�lese anepaÐ-
sjhth metabol  twn energ¸n diatom¸n. AkoloÔjwc brèjhke sthn RIPL02 ([23, sel.103]) ìti
sthn perioq  pur nwn me A ∼ 200 h apìklish metaxÔ twn tim¸n thc a pou prokÔptoun apì th
susthmatik  pou epilèqjhke sthn paroÔsa ergasÐa kai twn antÐstoiqwn peiramatik¸n tim¸n
pou prokÔptoun apì thn an�lush twn apost�sewn twn netronik¸n suntonism¸n ft�nei mèqri
kai to 20%. EpÐshc, apì thn Ðdia phg  (sel. 101) diapist¸netai ìti sthn perioq  pur nwn me
A ∼ 200, sthn opoÐa kleÐnei purhnikìc floiìc, to a (sthn enèrgeia sÔndeshc tou netronÐou)
mei¸netai apìtoma ìso aux�netai to A, en¸ h susthmatik  problèpei antÐjeth sumperifor�.
Autèc oi sumperiforèc pou basÐzontai se peiramatik� dedomèna perièqontai sthn eikìna 4.1
kai exet�sthkan ektenèstera.

Diapist¸jhke ìti h meÐwsh thc α̃ gia ìlouc touc sÔnjetouc pur nec prokaleÐ aÔxhsh thc
σm2 se ìlo to energeiakì eÔroc, aÔxhsh thc σg+m1 mèqri ta 14MeV kai meÐws  thc se
megalÔterec enèrgeiec (me tautìqronh aÔxhsh thc energoÔ diatom c tou (n,3n) kanalioÔ).
Sta sq mata 4.2, 4.3, 4.4 gÐnontai emfan  ta sumper�smata aut� gia susthmatik  meÐwsh
thc α̃ kat� 20% se ìlouc touc emplekìmenouc sÔnjetouc pur nec. EpÐshc diapist¸netai
ìti en¸ me mÐa tètoia allag  sto suneqèc trofodoteÐtai perissìtero h m2 (me apotèlesma h
kampÔlh thc σm2 na sugklÐnei sta peiramatik� sto qamhloenergeiakì komm�ti), trofodoteÐtai
perissìtero kai h g+m1, me apotèlesma h kampÔlh σg+m1 na apoklÐnei apì ta peiramatik� stic
antÐstoiqec enèrgeiec, en¸ sto uyhloenergeiakì komm�ti h meÐwsh thc α̃ prokaleÐ apìklish
thc jewrhtik c σ(n,3n) apì ta peiramatik� dedomèna.

Gia k�je om�da tim¸n thc α̃ (aut  pou problèpei h susthmatik  -Pin. 3.2 kai aut  pou
prokÔptei an meiwjoÔn oi timèc thc susthmatik c kat� 20%) exet�sthke kai h � anastrof 
� twn tim¸n ¸ste na parousi�zoun meioÔmenh t�sh me thn aÔxhsh tou A. Oi jewrhtikèc
kampÔlec pou proèkuyan apì aut  th dokim  den sumperilamb�nontai sta diagr�mmata giatÐ
den parousÐazan diafor� me tic antÐstoiqec arqikèc. Epiprosjètwc èginan dokimèc me allag 
twn tim¸n α̃ me � strathgikì � trìpo, dhlad  auxomei¸nontan oi α̃ twn sÔnjetwn pur nwn
198Au−195 Au gia na anadeiqjeÐ o tropoc me ton opoÐo ephre�zoun tic jewrhtikèc kampÔlec.
Diapist¸jhke ìti ìtan mei¸netai h α̃ enìc sÔnjetou pur na mei¸netai h energìc diatom 
tou antÐstoiqou kanalioÔ (p.q. tou (n,2n) gia ton sÔnjeto pur na 196Au ) en¸ aux�netai
h energìc diatom  twn antagwnistik¸n kanali¸n (dhlad  sth sugkekrimènh perÐptwsh twn
(n,n) kai (n,3n)). Oi parap�nw dokimèc èdeixan ìti den paÐzei tìso shmantikì rìlo h apìluth
tim  thc paramètrou puknìthtac katast�sewn, all� h sqetik  diafor� twn tim¸n twn a
metaxÔ dÔo geitonik¸n sÔnjetwn pur nwn pou summetèqoun stouc upologismoÔc.
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Sq ma 4.1: P�nw: Oi timèc thc paramètrou puknìthtac katast�sewn a (peiramatikèc kai
timèc pou èqoun prokÔyei apì susthmatik  Myers-Swiatecki me b�sh to GSM) sthn enèrgeia
sÔndeshc tou netronÐou Bn [23] gia eureÐa perioq  mazikoÔ arijmoÔ pur nwn A=20-250. Sth
metabatik  perioq  pur nwn me A∼200 emfanÐzetai apìtomh meÐwsh thc puknìthtac kata-
st�sewn lìgw thc stadiak c sumpl rwshc diploÔ kleistoÔ floioÔ. K�tw: H diafor� pou
parousi�zoun oi timèc pou èqoun prokÔyei apì h susthmatik  me tic antÐstoiqec peiramatikèc
timèc. H diafor� aut  ft�nei mèqri kai to 20% gia A ∼ 200.
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Sq ma 4.2: Ta apotelèsmata twn energ¸n diatom¸n gia ta kan�lia exìdou 197Au(n, γ)198Au,
197Au(n, n′)197Au, 197Au(n, 2n)196Au, 197Au(n, 3n)195Au gia jewrhtikoÔc upologismoÔc pou
èginan me meiwmènh thn par�metro α̃ kat� 20% se ìlouc touc emplekìmenouc sÔnjetouc
pur nec

Sq ma 4.3: Ta apotelèsmata thc σg+m1 apì upologismoÔc pou èginan me meiwmènh thn par�-
metro α̃ kat� 20% se ìlouc touc emplekìmenouc sÔnjetouc pur nec
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Sq ma 4.4: Ta apotelèsmata thc σm2 apì upologismoÔc pou èginan me meiwmènh thn par�metro
α̃ kat� 20% se ìlouc touc emplekìmenouc sÔnjetouc pur nec.

Se ìlec tic parap�nw dokimèc �llazan me ton Ðdio trìpo h σg+m1 kai h σm2. H allag  thc
paramètrou puknìthtac katast�sewn loipìn den eÐnai aut  pou qrei�zetai gia na anapara-
qjoÔn swst� ta peiramatik� dedomèna thc σm2 kaj¸c h par�metroc aut  ephre�zei sunolik�
thn energì diatom  tou kanalioÔ (n,2n) kai ìqi mìno th dhmiourgÐa thc metastajoÔc m2.

4.2 Allagèc sthn par�metro apokop c twn stro-

form¸n

H par�metroc apokop c twn stroform¸n σ2, kai pio sugkekrimèna h σ2
⊥ ephre�zei shmantik�

thn katanom  twn stroform¸n se k�je enèrgeia diègershc tou pur na (ex. 2.49). 'Oso pio
mikr  eÐnai aut  tim  tìso pio sten  eÐnai h katanom  twn J gia k�je enèrgeia ìpwc faÐnetai
sto sq ma 4.5, ìpou èqei sqediasteÐ h katanom  sta spin gia treic enèrgeiec tou suneqoÔc
tou 196Au, apì to arqeÐo exìdou tou STAPRE-F. 'Oso aux�netai h enèrgeia diègershc aux�-
netai kai h par�metroc σ2 me apotèlesma na gÐnetai pio fardi� h katanom  sta spin, en¸ to
kentroeidèc thc kampÔlhc metatopÐzetai proc uyhlìtera spin. Gia tic qamhlèc enèrgeiec tou
suneqoÔc h pio pijan  tim  tou J eÐnai gÔrw sto 7, en¸ ta spin pou ja trofodotoÔsan me
meg�lh pijanìthta th m2 (spin 12−), dhlad  spin me tim  megalÔterh tou 10, èqoun mikr 
pijanìthta na emfanistoÔn. 'Oso aux�netai h enèrgeia aux�netai kai h pijanìthta gia kata-
nomèc spin me meg�lec timèc tou J , sunep¸c h m2 anamènetai na trofodoteÐtai kurÐwc apì to
uyhloenergeiakì mèroc tou suneqoÔc tou pur na 196Au. An me k�poio trìpo meiwjeÐ h tim 
thc σ2

⊥ anamènetai na trofodothjeÐ ligìtero h metastaj c m2 kai ètsi na meiwjeÐ h tim  thc
energoÔ diatom c σm2.
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Sq ma 4.5: Oi katanomèc twn spin sto suneqèc tou pur na 196Au gia trÐa energeiak� tm mata
tou suneqoÔc, pou antistoiqoÔn se 1) E=0.040MeV kai σ2 = 23, 2) E=11.24MeV kai σ2 ≈
84 kai 3) E=16.36MeV kai σ2 ≈ 100. Shmei¸netai ìti k�je mÐa apì autèc tic timèc thc
enèrgeiac antiproswpeÔei èna energeiakì tm ma tou suneqoÔc. O k¸dikac xekin� na diamerÐzei
to suneqèc apì to tèloc tou diakritoÔ pou eis�gei o qr sthc, opìte h enèrgeia diègershc tou
pur na gia k�je mÐa apì tic parap�nw timèc prokÔptei an prostejeÐ se autèc to energeiakì
eÔroc tou diakritoÔ.
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Drastik  allag  thc σ2
⊥ gÐnetai, sta plaÐsia tou GSM, me meÐwsh thc k�jethc rop c a-

dr�neiac ston �xona summetrÐac, ìpwc faÐnetai stic sqèseic 2.50 kai 2.51. Gia drastikèc
enèrgeiec diègershc megalÔterec apì   Ðsec me Ecr aut  eÐnai stajer , Ðsh me thn tim  thc
sthn krÐsimh enèrgeia J cr⊥ kai exart�tai apì thn par�metro paramìrfwshc e (ex. 2.53). Gia
drastikèc enèrgeiec diègershc mikrìterec apì Ecr exart�tai apì thn k�jeth rop  adr�neiac
thc basik c st�jmhc, Jg.s.⊥ kai apì thn tim  thc k�jethc rop c adr�neiac tou pur na J cr⊥ sthn
krÐsimh enèrgeia. Exet�sthke h epÐdrash twn paramètrwn aut¸n sthn energì diatom  σm2:

• Jg.s.⊥ : Apì thn exÐswsh 2.55 faÐnetai ìti ìtan aux�netai to Jg.s.⊥ , gia stajerì J cr⊥ ,

aux�netai to J⊥ gia ìlec tic enèrgeiec diègershc me E < Ecr, �ra aux�netai h σ2
⊥ kai

anamènetai na auxhjeÐ h σm2. Eginan tètoiec dokimèc gia J
g.s.
⊥ = 20 kai Jg.s.⊥ = 70 en¸ h

arqik   tan Jg.s.⊥ = 33. Ta apotelèsmata parousi�zontai sto sq ma 4.6. FaÐnetai ìti,
par� th drastik  allag  sthn tim  thc Jg.s.⊥ h tim  thc σm2 metab�lletai mèqri 5%. H
σg+m1 den ephre�zetai kajìlou apì autèc tic drastikèc allagèc thc Jg.s.⊥ .
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Sq ma 4.6: Ta apotelèsmata thc σm2 apì upologismoÔc pou èginan gia treic timèc thc Jg.s.⊥
pou deiqnoun ìti h allag  thc paramètrou aut c den all�zei drastik� th σm2.

• J cr⊥ : H k�jeth rop  adr�neiac ston �xona summetrÐac gia E ≥ Ecr eÐnai stajer  kai Ðsh
me J cr⊥ kai ephre�zei, ìpwc faÐnetai sthn exÐswsh 2.55, kai thn k�jeth rop  adr�neiac
ston �xona summetrÐac gia E < Ecr, �ra me allag  aut c thc paramètrou ephre�zetai
se ìlo to energeiakì eÔroc h J⊥ kai sunep¸c h σ2

⊥. Gia autì kai h J cr⊥ onom�zetai kai
� drastik  rop  adr�neiac � (effective moment of inertia). Se prohgoÔmenec melètec
energoÔ diatom c paragwg c isomer¸n stajm¸n uyhloÔ spin sthn Ðdia perioq  pur nwn
[36, 45, 46, 47] anadeÐqjhke h an�gkh drastik c meÐwshc thc J cr⊥ ¸ste na anaparaqjoÔn
ta peiramatik� dedomèna thc energoÔ diatom c paragwg c thc st�jmhc aut c. Pio sug-
kekrimèna, me qr sh tou BSFGM gia ton upologismì thc puknìthtac katast�sewn èqei
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protajeÐ susthmatik  gia ton upologismì thc meiwmènhc tim c J cr⊥ se sqèsh me thn ti-
m  thc rop c adr�neiac sumpagoÔc s¸matoc pou peristrèfetai gÔrw apì ton �xona
peristrof c tou [48],gia isìtopa me 20 ≤ A ≤ 110, h opoÐa èqei apodeiqjeÐ idiaÐtera
ikanopoihtik  gia ton jewrhtikì upologismì energ¸n diatom¸n paragwg c metastaj¸n
stajm¸n se mÐa eureÐa perioq  pur nwn, akìma kai meg�lou mazikoÔ arijmoÔ, ìpwc ta
isìtopa tou Hg kai tou Au [45]. Me qr sh tou GSMgia ton upologismì thc pu-
knìthtac katast�sewn sthn metabatik  perioq  pur nwn Os-Pb mìno mÐa prohgoÔmenh
ergasÐa up�rqei [36] gia thn energì diatom  thc antÐdrashc 191Ir(n, 2n)190Irm2, ìpou
se antistoiqÐa me thn paroÔsa ergasÐa h paragìmenh metastaj c tou 190Ir èqei uyhlì
spin (11−) se sqèsh me thn antÐstoiqh basik  st�jmh (4−). Sthn ergasÐa aut  krÐjhke
anagkaÐa h meÐwsh thc J cr⊥ sto 75% thc rop c adr�neiac tou sumpagoÔc s¸matoc gia na
anaparaqjoÔn ta peiramatik� dedomèna thc energoÔ diatom c thc 191Ir(n, 2n)190Irm2 .
To BSFG kai to GSM problèpoun Ðdia morf  katanom c sta spin gia tic st�jmec tou
suneqoÔc ìpwc faÐnetai sto sq ma 4.7, ìpou èqei sqediasteÐ h katanom  sta spin gia
mÐa tim  thc paramètrou apokop c twn spin gia ta dÔo prìtupa. H meg�lh diafor� stic
apìlutec timèc twn katanom¸n sta spin gia ta dÔo prìtupa ofeÐletai sth diaforetik 
stajer� analogÐac gia tic dÔo katanomèc (bl. exis¸seic 2.25 kai 2.48).

Sq ma 4.7: H katanom  twn spin gia ta prìtupa BSFG kai GSM gia σ2 ≈ 44 me b�sh tic
exis¸seic 2.25 kai 2.48.

Me b�sh ta parap�nw anamenìtan parìmoia susthmatik  sumperifor� thc J cr⊥ sta plaÐ-
sia tou GSM gia thn perioq  pur nwn Os-Pb. Gia na eleqjeÐ aut  h idèa èprepe na
meiwjeÐ drastik� h J cr⊥ sto 75% me qr sh tou STAPRE. H metabol  thc parametrou pa-
ramìrfwshc e (bl. sqèsh 2.53) den anamènetai na mei¸sei shmantik� thn J cr⊥ . Pr�gmati
allag  thc e entìc 10 % den prok�lese kamÐa allag  stic energèc diatomèc σm2, σg+m1

kai stic energèc diatomèc twn �llwn kanali¸n exìdou ((n,n’),(n,3n). Gia drastik  al-
lag  thc J cr⊥ qrei�sthke epèmbash ston Ðdio ton k¸dika me eisagwg  pollaplasiastikoÔ
par�gonta sthn tim  pou upologÐzei gia thn J cr⊥ (ston k¸dika eÐnai h par�metroc Q).
'Etsi èginan jewrhtikoÐ upologismoÐ me meiwmènh thn tim  tou J cr⊥ kat� 25 kai 50% kai

46



ta apotelèsmata twn jewrhtik¸n upologism¸n gia th σm2 parousi�zontai stic eikìnec
4.8, 4.9 kai 4.10.

Sq ma 4.8: Ta apotelèsmata twn energ¸n diatom¸n gia ta kan�lia exìdou 197Au(n, γ)198Au,
197Au(n, n′)197Au, 197Au(n, 2n)196Au, 197Au(n, 3n)195Au gia jewrhtikoÔc upologismoÔc pou
èginan me meiwmènh thn tim  tou J cr⊥ kat� 25 kai 50% se ìlouc touc emplekìmenouc sÔnjetouc
pur nec.

'Opwc èqei proanaferjeÐ h meÐwsh thc J cr⊥ , dhlad  thc σ2
⊥ prokaleÐ meÐwsh thc σm2

kai antÐstoiqh aÔxhsh thc σg+m1, kaj¸c, mei¸nontac thn σ2
⊥ gÐnetai pio sten  kai me-

tatopismènh proc tic qamhlìterec timèc h katanom  sta spin mei¸netai h pijanìthta
emf�nishc meg�lwn tim¸n spin sto qamhloenergeiakì suneqèc me apotèlesma na mei¸-
netai h trofodosÐa thc m2, kai na aux�netai h trofodosÐa twn stajm¸n me qamhlì
spin pou katal goun mèsw thc apodiègershc g sth basik  st�jmh. To prìblhma ìmwc
me tic jewrhtikèc timèc thc σm2 eÐnai ìti eÐnai  dh qamhlìterec apì tic peiramatikèc
kat� 30-50% gia enèrgeiec netronÐwn mikrìterec apì 14MeV kai ètsi mÐa meÐwsh touc
prokaleÐ peraitèrw apìklish apì thn peiramatik  � kampÔlh �. Epiplèon, ìpwc faÐnetai
kai apì thn eikìna 4.10, oi allagèc thc J cr⊥ den metakinoÔn to mègisto thc jewrhtik c
kampÔlhc (pou eÐnai metatopismèno kat� perÐpou 2 MeV). Apì ta parap�nw prokÔptei
to sumpèrasma ìti h meÐwsh thc J cr⊥ den faÐnetai na belti¸nei, ìpwc  tan anamenìmeno,
th jewrhtik  kampÔlh thc energoÔ diatom c σm2.

4.3 'Allec dokimèc beltÐwshc twn jewrhtik¸n apo-

telesm�twn

'Eginan kai �llec dokimèc me allagèc sta � mèsa pl�th aktinobolÐac g� (average total radiation
width), stic paradoqèc gia to sq ma kai th summetrÐa tou pur na, to δshift, kanèna ìmwc den
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Sq ma 4.9: H jewrhtik  kampÔlh thc σg+m1 gia jewrhtikoÔc upologismoÔc pou èginan me
meiwmènh thn tim  tou J cr⊥ kat� 25 kai 50% se ìlouc touc emplekìmenouc sÔnjetouc pur nec.

Sq ma 4.10: H jewrhtik  kampÔlh thc σm2 gia jewrhtikoÔc upologismoÔc pou èginan me
meiwmènh thn tim  tou J cr⊥ kat� 25 kai 50% se ìlouc touc emplekìmenouc sÔnjetouc pur nec.
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f�nhke na belti¸nei touc jewrhtikoÔc upologismoÔc.

Epiprosjètwc exet�sthke h epÐdrash thc pr¸imhc apodiègershc sthn σn,2n kai pio sugke-
krimèna sth σm2. H par�metroc FM (pou kajorÐzei to tetragwnikì stoiqeÐo pÐnaka thc
eswterik c met�bashc - ex. 2.14) eÐnai eleÔjerh parametroc tou protÔpou twn exitonÐwn
kai mporeÐ na metablhjeÐ sto arqeÐo eisìdou tou k¸dika. Ta apotelèsmata twn jewrhtik¸n
tim¸n thc σg+m1 kai σm2 gia di�forec timèc thc FM parousi�zontai stic eikìnec 4.11 kai 4.12.

Sq ma 4.11: Oi allagèc pou ufÐstatai h σg+m1 me drastikèc allagèc thc paramètrou FM
tou protÔpou twn exitonÐwn.

H arqik  tim   tan 200 en¸ gia aÔxhsh tou FM mèqri +200 den parathr jhke kamÐa allag 
stic σm2 kai σg+m1. EpÐshc h meÐwsh tou FM mèqri kai -100 den �llaxe sqedìn kajìlou tic
timèc twn energ¸n diatom¸n. Gia mikrìterec timèc h metabol  stic timèc thc energoÔ diatom c
�rqise na gÐnetai diakrit , kai diapist¸jhke ìti h meÐwsh tou FM, dhlad  tou posostoÔ twn
pur nwn 197Au pou dhmiourgoÔntai me ton mhqanismì thc pr¸imhc apodiègershc, epidr� stic
σm2 kai σg+m1 me ton Ðdio trìpo, dhlad  tic mei¸nei gia enèrgeiec mikrìterec apì ∼ 20MeV
kai tic aux�nei gia enèrgeiec megalÔterec apì aut  thn tim . Pio sugkekrimèna sthn tim 
FM = 50 prokl jhke metabol  thc t�xhc tou -1 kai -3% stic σm2 kai σg+m1 antÐstoiqa se
enèrgeiec mikrìterec twn 20 MeV. Se megalÔterec enèrgeiec ìpou o mhqanismìc thc pr¸imhc
apodiègershc eÐnai kurÐarqoc h metabol  èftase to +20% kai +7% antÐstoiqa stic σm2 kai
σg+m1. H aÔxhsh thc energoÔ diatom c gia to kan�li (n,2n) me th meÐwsh tou FM stic
uyhlèc enèrgeiec ìpou gÐnetai shmantikìc o mhqanismìc thc pr¸imhc apodiègershc deÐqnei ìti
h antÐdrash aut  pragmatopoieÐtai kurÐwc mèsw tou mhqanismoÔ tou sÔnjetou pur na.

ParathreÐtai ìti gia thn tim  FM = 10 h morf  twn jewrhtik¸n kampul¸n σg+m1 kai σm2

proseggÐzoun kalÔtera th morf  thc peiramatik c � kampÔlhc � se sqèsh me tic kampÔlec
pou proèkuyan gia FM = 200, Genikìtera ìmwc h allag  thc paramètrou aut c de lÔnei to
prìblhma thc meg�lhc apìklishc thc jewrhtik c σm2 apì ta peiramatik� shmeÐa se ìlo to
energeiakì eÔroc kai epÐshc de metatopÐzei thn kampÔlh proc th swst  kateÔjunsh.
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Sq ma 4.12: Oi allagèc pou ufÐstatai h σm2 me drastikèc allagèc thc paramètrou FM tou
protÔpou twn exitonÐwn.

4.4 Dokimèc me �lla prìtupa puknìthtac katast�-

sewn

Sta plaÐsia thc prosp�jeiac katanìhshc aut c thc metatìpishc pou parousi�zei h jewrhti-
k  kampÔlh epanal fjhkan oi jewrhtikoÐ upologismoÐ me to EMPIRE 2.19, all�zontac to
prìtupo puknìthtac katast�sewn sto suneqèc kai af nontac tic upìloipec paramètrouc Ð-
diec. Qrhsimopoi jhke to � Energeiak� Metatopismèno Prìtupo tou AerÐou twn FermionÐwn �
(Back-Shifted Fermi Gas Model -BSFGM) [49] kai to Prìtupo Gilbert-Cameron (bl. 2.2.3).
Perissìterec leptomèreiec perièqontai sthn [1], ed¸ parousi�zontai mìno ta apotelèsmata
sthn eikìna 4.13.

Diapist¸jhke ìti h energeiak  metatìpish thc jewrhtik c kampÔlhc proc megalÔterec enèr-
geiec eÐnai anex�rthth tou protÔpou puknìthtac katast�sewn. 'Opwc èqei proanaferjeÐ (eik.
3.5) eÐnai epÐshc anex�rthth tou tropou ulopoÐhshc tou GSM sta plaÐsia k¸dika afoÔ oi
jewrhtikèc kampÔlec thc σm2 kai apì touc treic k¸dikec pou qrhsimopoi jhkan, par� tic
diaforèc pou parousi�zoun, emfanÐzoun to mègisto thc kampÔlhc akrib¸c sthn Ðdia jèsh.
Ta parap�nw od ghsan sto sumpèrasma ìti gia aut  th metatìpish thc kampÔlhc eujÔnetai
k�ti pou up�rqei koinì kai stouc treic k¸dikec, kai den afor� stic paramètrouc puknìth-
tac katast�sewn, all� oÔte kai sto Ðdio to prìtupo GSM pou qrhsimopoi jhke, to opoÐo,
ìpwc èqei proanaferjeÐ, èqei qrhsimopoihjeÐ me epituqÐa sthn perioq  pur nwn Os-Pb. 'E-
tsi exet�sthke h pijanìthta pijan¸n elleÐyewn sto energeiakì di�gramma twn pur nwn pou
qrhsimopoi jhkan.
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Sq ma 4.13: H epÐdrash tou protÔpou perigraf c thc puknìthtac katast�sewn sto suneqèc
twn pur nwn ston upologismì thc σm2. Ektìc apì to GSM exet�sthkan ta eurèwc qrhsimo-
poioumena BSFGM kai Gilbert-Cameron. Oi upologismoÐ èginan me to EMPIRE 2.19 [1] en¸
oi upìloipec par�metroi eÐnai Ðdiec me touc upologismìuc tou GSM (eik. 3.5). To mègisto
kai twn triwn jewrhtik¸n kampul¸n eÐnai sthn Ðdia enèrgeia, 18 MeV.

4.5 Dokimèc allag c twn energeiak¸n diagramm�-

twn twn pur nwn pou summetèqoun stouc je-

wrhtikoÔc upologismoÔc

Exet�sthke h pijanìthta Ôparxhc stajm¸n uyhloÔ spin sta energeiak� diagr�mmata twn
pur nwn 196Au kai 195Au giatÐ ta energeiak� diagr�mmata aut¸n twn pur nwn ephre�zoun
shmantik� thn trofodosÐa thc metastajoÔc 12− tou 196Au (bl. eik. 1.5).

'Opwc èqei anadeiqjeÐ kai se �llec ergasÐec [50, 58] h epoÐkhsh stajm¸n uyhloÔ spin e-
xart�tai polÔ apì thn Ôparxh �llwn stajm¸n uyhloÔ spin tou diakritoÔ pou brÐskontai se
uyhlìterh enèrgeia kai thn trofodotoÔn, kaj¸c autèc sun jwc proèrqontai apì katanomèc
stajm¸n � eisbolèwn �(intruder states) kai ètsi oi geitonikèc touc st�jmec eÐnai sun jwc po-
lÔ qamhloÔ spin gia na tic trofodot soun. H metastaj c m2 tou 196Au proèrqetai apì thn
katanom  p h11/2 ⊗ n i13/2 [2]. 'Eqei protajeÐ h Ôparxh peristrofik c z¸nhc basismènhc se
aut  thn katanom  noukleonÐwn gia perittoÔc - perittoÔc pur nec ([51],[52]). Stic ergasÐec
autèc, ìpou proteÐnetai to montèlo SwmatidÐou-Rìtora gia thn perigraf  peritt¸n-peritt¸n
pur nwn sthn perioq  pur nwn me A∼190, anafèretai ìti kai to prwtìnio kai to netrìnio
thc katanom c aut c èqoun qarakt ra op c giatÐ kai ta dÔo troqiak� brÐskontai qamhlìtera
apì thn enèrgeia Fermi kai eÐnai teleÐwc eujugrammismèna me ton �xona peristrof c tou el-
leiyoeidoÔc ek peristrof c pur na (pou apoteleÐtai apì ta upìloipa A-2 noukleìnia- dhlad 
tou 194

Pt ), dÐnontac th mègisth tim  apì to dianusmatikì �jroisma twn gwniak¸n stroform¸n
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touc (11
2

+ 13
2

= 12). H z¸nh peristrof c pou anaptÔssetai p�nw se aut  thn katanom  nou-
kleonÐwn proteÐnetai na eÐnai tÔpou DI=2, ìpwc kai oi z¸nec peristrof c twn antÐstoiqwn
�rtiwn-�rtiwn pur nwn kai oi metab�seic mèsw ekpomp c aktÐnwn g an�mesa stic st�jmec
autèc na eÐnai E2 tÔpou. Sta plaÐsia tou protÔpou pou perigr�fetai sthn [52] problèpon-
tai me epituqÐa oi st�jmec thc z¸nhc peristrof c gia ton perittì-perittì pur na tou 198T l,
pou basÐzetai sthn katanom  p h9/2 ⊗ n i13/2 . Genikìtera sthn sugkekrimènh perioq 
twn pur nwn, pou brÐsketai kont� sto diplì kleÐsimo twn floi¸n pou sumbaÐnei ston 208Pb,
èqei anaferjeÐ meg�loc arijmìc zwn¸n peristrof c basismènwn se uyhloÔ spin troqiak� (
πh9/2, πh11/2, ni13/2) (bl. anaforèc sthn [52]), opìte anamènetai na dhmiourgoÔntai z¸nec
peristrof c basismènec sto dianusmatikì �jroisma tètoiwn troqiak¸n. Ex�llou gia touc
�rtiouc - �rtiouc pur nec pou eÐnai geitonikoÐ tou Au, Hg kai Pb èqoun anaferjeÐ z¸nec
peristrof c [53, 54, 55, 56, 57].

H pijan  Ôparxh mÐac z¸nhc peristrof c basismènhc sthn metastaj  12− pou ja trofodo-
toÔse mèsw apodiègershc g th st�jmh aut  ja aÔxane th σm2 se ìlo to energeiakì eÔroc,
opìte gia enèrgeiec netronÐwn mikrìterec apì 16 MeV ja odhgoÔse se kalÔterh anaparagw-
g  twn peiramatik¸n dedomènwn (meÐwsh thc σm2 gia En > 16MeV mporeÐ na epiteuqjeÐ kai
me th meÐwsh thc J cr⊥ , ìpwc anamenìtan exarq c). 'Eqei sumbeÐ se parìmoia perÐptwsh sto
pareljìn k�ti antÐstoiqo [58], ìtan epidi¸qjhke o jewrhtikìc upologismìc thc 179 Hf(n,2n)
pou odhgeÐ ston sqhmatismì thc metastajoÔc me 16+ tou 178Hf , me qr sh tou protÔpou
Hauser-Feshbach. Gia thn anaparagwg  twn peiramatik¸n dedomènwn thc energoÔ diatom c
dhmiourgÐac aut c thc metastajoÔc jewr jhke anagkaÐa h Ôparxh mÐac z¸nhc peristrof c
basismènhc se aut , oi st�jmec thc opoÐac brÐskontai mèsa sto suneqèc tou 178 Hf kai thn
trofodotoÔn. Aut  h z¸nh peristrof c brèjhke peiramatik� merik� qrìnia argìtera [59].

Sth sunèqeia exet�sthke to energeiakì di�gramma tou 195Au, giatÐ eÐnai o pur nac pou dh-
miourgeÐtai apì to kan�li (n,3n), pou eÐnai to antagwnistikì kan�li thc (n,2n) gia enèrgeiec
netronÐwn megalÔterec apì 16 MeV. H pijan  Ôparxh stajm¸n me uyhlì spin sto energeiakì
di�gramma tou pur na autoÔ ja meÐwne thn trofodosÐa thc m2 tou 196Au giatÐ mèroc tou
suneqoÔc tou 196Au ja apodiegeirìtan proc tic st�jmec uyhloÔ spin tou 195Au. 'Etsi ja
meiwnìtan h σm2 se enèrgeiec megalÔterec apì 16 MeV. MÐa prosektik  exètash twn ener-
geiak¸n diagramm�twn twn peritt¸n isotìpwn tou Au 189Au, 191Au kai 193Au ([60, 61, 62])
anadeiknÔei st�jmec pou an koun se z¸nec peristrof c, pou emfanÐzoun mÐa susthmatik 
sumperifor� kai faÐnetai na leÐpoun apì to energeiakì di�gramma tou 195Au all� kai apì to
idiaÐtera ftwqì energeiakì di�gramma tou 197Au [63]. Ston pÐnaka 4.1 perièqontai oi st�jmec
pou brèjhkan.

Oi st�jmec autèc twn 189Au, 191Au kai 193Au an koun se z¸nec peristrof c me ∆J = 2,
emfanÐzoun band-crossing sthn st�jmh me spin 31/2− perÐpou kai emfanÐzoun susthmatik 
sumperifor�, dhlad  gia thn Ðdia st�jmh mei¸netai h enèrgeia ìso aux�netai to A. Ex�llou
anafor� se autèc tic z¸nec peristrof c perièqontai sthn ergasÐa [64] kai epÐshc anafor�
se z¸nec peristrof c gia isìtopa tou Au me A < 187, twn opoÐwn to sq ma eÐnai woeidèc
(prolate), sth [65].

Oi pijanèc st�jmec twn zwn¸n peristrof c twn pur nwn 196Au kai 195Au brÐskontai ener-
geiak� mèsa sto suneqèc twn pur nwn. Dustuq¸c kanènac apì touc treic k¸dikec pou
qrhsimopoi jhkan sth jewrhtik  melèth thc 197Au(n, 2n)196Au den prosfèrei th dunatìthta
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PÐnakac 4.1: St�jmec zwn¸n peristrof c gia ta peritt� isìtopa tou Au. Enèrgeiec se keV.
189Au 191Au 193Au 195Au

11/2− 247.2 266.2 290.2 318.6
15/2− 681.9 685.9 697.8 706.5
19/2− 1412.2 1411.1 1418.9 1425
23/2− 2205.6 2186.5 2172.7
27/2− 2554.5 2446.4 2377.7
31/2− 2555.0 2502.5 2476.4
35/2− 2989.0 2881.0 2700.9
39/2− 3560.0 3373.2 3154.9
43/2− 4254.0 4113.5 3895.9
47/2− 4904.0 4942.1
51/2− 5708.0 5455.3
55/2− 6306.0 6033.4
59/2− 6811.0
63/2− 7829.1

na eisaqjoÔn st�jmec sto suneqèc twn pur nwn. 'Etsi oi dokimèc thc upìjeshc elleipoÔc e-
nergeiakoÔ diagr�mmatoc èprepe na perioristoÔn sta ìria tou diakritoÔ, me qr sh tou k¸dika
STAPRE-F.

Katarq n exet�sthke h epÐdrash mÐac mìno st�jmhc uyhloÔ spin se enèrgeia megalÔterh apì
thn metastaj  (0.625MeV), h opoÐa jewr jhke ìti trofodoteÐ thn m2, gia na exetastoÔn oi
timèc tou spin pou trofodotoÔntai perissìtero apì to suneqèc tou 196Au, all� kai apì thn
apodiègersh tou 197Au. Ta apotelèsmata parousi�zontai sthn eikìna 4.14. Diapist¸netai
ìti ta spin pou eÐnai megalÔtera apì 12 den trofodotoÔntai sqedìn kajìlou afoÔ h σm2

paramènei sqedìn Ðdia me thn arqik  ( endeiktik� sto sq ma parousi�zetai h tim  thc σm2

gia mÐa epiplèon st�jmh me 12− -auxhmènh se sqèsh me thn arqik  kat� 5%, kai 14−-Ðdia me
thn arqik  σm2). Antijètwc trofodotoÔntai idiaÐtera oi st�jmec me J < 11. Sto sq ma
paratÐjentai endeiktik� oi timèc 11−, 9−, 8−. Parathr jhke ìti gia 9− h trofodìthsh thc
m2 gÐnetai mègisth, en¸ gia mikrìtera spin (mèqri kai J = 5 pou exet�sthke) mei¸netai
stadiak�, eÐnai wstìso shmantik . To apotèlesma autì sun�dei me thn katanom  sta spin
gia tic di�forec enèrgeiec tou suneqoÔc pou parousi�zontai sto sq ma 4.5.

Oi pijanèc st�jmec twn zwn¸n peristrof c sto diakritì twn pur nwn 196Au kai 195Au, me
spin megalÔtera tou 12 (12, 14, 16 klp) kai megalÔtera tou 23/2 antÐstoiqa, anamènetai na
brÐskontai mèsa sto suneqèc kai se uyhlèc enèrgeiec (bl. [51, 52] kai pÐnaka 4.1) kai ètsi na
trofodotoÔntai apì to uyhloenergeiakì tm ma tou suneqoÔc twn pur nwn. Sta plaÐsia twn
jewrhtik¸n upologism¸n me to STAPRE-F ìmwc den eÐnai efikt  h eisagwg  twn diakrit¸n
stajm¸n stic anamenìmenec jèseic touc mèsa sto suneqèc. Apì thn prohgoÔmenh suz thsh
me b�sh to sq ma 4.5 diapist¸netai ìti e�n eisaqjoÔn autèc oi uyhloÔ spin st�jmec sto dia-
kritì twn pur nwn pou brÐsketai polÔ qamhl� energeiak� (mèqri 0.82MeV kai 2.3MeV gia
touc 196Au kai 195Au antÐstoiqa), de ja epifèroun shmantikèc allagèc sth σm2 kaj¸c to
diakritì den trofodoteÐtai apì tic st�jmec tou suneqoÔc me meg�lo spin. Pr�gmati èginan
di�forec dokimèc me eisagwg  twn � anamenìmenwn � stajm¸n mèsa sto diakritì tm ma kai twn
dÔo pur nwn se di�forec energeiakèc jèseic, oi diaforèc ìmwc  tan el�qistec. Se mÐa pro-
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Sq ma 4.14: Dokimèc eisagwg c mÐac st�jmhc me di�forec timèc uyhloÔ spin se enèrgeia
megalÔterh apì thn metastaj  (0.625MeV), h opoÐa jewr jhke ìti trofodoteÐ thn m2 gia
na exetastoÔn oi timèc tou spin pou trofodotoÔntai perissìtero apì to suneqèc tou 196Au,
kai apì thn apodiègersh tou 197Au. 'Opwc faÐnetai h st�jmh me spin 9− trofodoteÐtai
perissìtero apì to suneqèc twn 196Au kai 197Au.

sp�jeia na elegjeÐ e�n h pijan  èlleiyh stajm¸n mporeÐ na ephre�zei th σm2 kai na eujÔnetai
gia thn apìklish thc jewrhtik c kampÔlhc apì ta peiramatik� shmeÐa eis qjhsan st�jmec
me � strathgikèc � timèc tou spin sto diakritì kai twn dÔo pur nwn, dhlad  timèc tou spin
pou ja prokaloÔsan parìmoia allag  sthn trofodosÐa thc m2 me aut  pou ja prokaloÔsan
oi uyhloÔ spin peristrofikèc st�jmec e�n mporoÔsan na eisaqjoÔn stic anamenìmenec jèseic
touc, dhlad  se uyhlèc enèrgeiec mèsa sto suneqèc. Pio sugkekrimèna, sto energeiakì di�-
gramma tou 196Au eis qjhsan 20 st�jmec me spin 12±, 13± kai 14± se enèrgeiec megalÔterec
apì thn m2 pou thn trofodotoÔn mèsw ekpomp c aktÐnwn g. To apotèlesma  tan mÐa aÔxhsh
thc σm2 kat� 10% se ìlo to energeiakì eÔroc qwrÐc na ephre�sei thn σg+m1 kai σ(n,3n). Sth
sunèqeia me autì to tropopoihmèno di�gramma tou 196Au dokim�sthke h eisagwg  perÐpou 10

stajm¸n me spin apì 17
2

−
mèqri 27

2

−
sto diakritì tou 195Au. 'Opwc anamenìtan h eisagwg 

stajm¸n me uyhlèc timèc spin ston 195Au aux�nei to kan�li (n,3n) eic b�roc thc trofodosÐac
proc th m2, gia enèrgeiec megalÔterec apì 16 MeV, stic opoÐec gÐnetai shmantikì to kan�li
autì. Ta apotelèsmata parousi�zontai sto sq ma 4.5.

Oi allagèc sto energeiakì di�gramma twn 196Au kai 195Au eÐnai h mình dokim  apì ìsec èginan
sthn opoÐa metakin jhke to mègisto thc jewrhtik c kampÔlhc proc th swst  kateÔjunsh.
Ta apotelèsmata eÐnai enjarruntik�, gia na exaqjoÔn ìmwc asfal  sumper�smata gia to an
oi elleÐyeic sta energeiak� diagr�mmata eÐnai h aitÐa thc apìklishc thc jewrhtik c kampÔlhc
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Sq ma 4.15: H epÐdrash sth σm2 eisagwg c (a) 20 stajm¸n me spin 12±, 13± kai 14±

sto diakritì tou pur na 196Au se enèrgeiec megalÔterec apì thn m2 pou thn trofodotoÔn
mèsw ekpomp c aktÐnwn g (gkri suneq c gramm ) kai (b) twn Ðdiwn stajm¸n sto diakritì tou

pur na 196Au kai 10 stajm¸n me spin apì 17
2

−
mèqri 27

2

−
sto diakritì tou 195Au (diakekommènh

gramm ).

thc σm2 apì ta peiramatik� dedomèna prèpei na gÐnoun dokimèc me thn eisagwg  twn stajm¸n
twn zwn¸n peristrof c pou proteÐnontai parap�nw stic anamenìmenec enèrgeièc touc, mèsa
sto suneqèc twn pur nwn. Autì mporeÐ na gÐnei me ton k¸dika GNASH [66], o opoÐoc
qrhsimopoi jhke kai sthn [58]. To prìgramma autì èqei  dh paraggeljeÐ ¸ste na gÐnoun oi
dokimèc autèc sto eggÔc mèllon. Akìmh ìmwc kai an oi elleÐyeic sta energeiak� diagr�mmata
den eÐnai o lìgoc gia th mh epituqhmènh anaparagwg  twn peiramatik¸n dedomènwn thc σm2,
me b�sh th susthmatik  thc perioq c oi st�jmec twn zwn¸n peristrof c pou proteÐnontai
gia touc 196Au kai 195Au eÐnai polÔ pijanìn na up�rqoun kai ja  tan polÔ endiafèron na
anazhthjoÔn.
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Kef�laio 5

SUMPERASMATA KAI
PROTASEIS GIA TO MELLON

Sthn ergasÐa aut  melet jhke jewrhtik� h energìc diatom  thc antÐdrashc 197Au(n, 2n)196Au
pou odhgeÐ ston sqhmatismì thc basik c st�jmhc tou 196Au (σg+m1) all� kai thc deÔterhc
metastajoÔc tou pur na autoÔ, me spin 12−, enèrgeia ∼ 0.5MeV kai qrìno hmizw c 9.6 h
(σm2) , gia enèrgeiec netronÐwn apì 8 èwc 25 MeV. H jewrhtik  melèth ègine sta plaÐsia
tou statistikoÔ protÔpou Hauser-Feshbach lamb�nontac up' ìyin to prìtupo twn exitonÐwn
gia ton mhqanismì pr¸imhc apodiègershc tou pur na me qr sh tou k¸dika STAPRE-F. Ta
apotelèsmata, se sunduasmì ,me ta jewrhtik� apotelèsmata apì dÔo �llouc eurèwc qrh-
simopoioÔmenouc k¸dikec, EMPIRE 2.19 kai TALYS 1.2 kai met� apì sÔgkris  touc me ta
up�rqonta peiramatik� dedomèna thc bibliografÐac all� kai me aut� pou metr jhkan apì thn
om�da Purhnik c Fusik c tou EMP gia enèrgeiec kont� sto kat¸fli thc antÐdrashc èdeixan
ta �kìlouja:

1. Oi jewrhtikèc timèc thc σg+m1 kai apì touc treic k¸dikec anapar�goun ta peiramatik�
dedomèna, qwrÐc idiaÐterh duskolÐa.

2. Oi jewrhtikèc timèc thc σm2 anapar�goun mìno th morf  thc peiramatik c kampÔlhc kai
parousi�zoun apìklish pou ft�nei kai to 50% gia enèrgeiec mikrìterec apì 16 MeV kai
�nw tou 50% enèrgeiec megalÔterec apì 16 MeV. Oi k¸dikec STAPRE-F kai EMPIRE
2.19 brÐskontai se sqetik  sumfwnÐa metaxÔ touc en¸ ta apotelèsmata tou k¸dika
TALYS 1.2 apotugq�noun na anapar�xoun ta peiramatik� dedomèna, gegonìc pou èqei
xanaparathrhjeÐ sto pareljìn gia thn anaparagwg  energ¸n diatom¸n metastaj¸n
stajm¸n apì ton sugkekrimèno k¸dika gia thn metabatik  perioq  pur nwn sthn opoÐa
an kei o Au.

3. H duskolÐa anaparagwg c thc peiramatik c kampÔlhc thc σm2 se sqèsh me th σg+m1

apodeiknÔei pwc h energìc diatom  paragwg c mÐac st�jmhc me uyhlì spin eÐnai èna
euaÐsjhto test gia ta statistik� prìtupa pou qrhsimopoioÔntai all� kai touc k¸dikec
pou ulopoioÔn touc upologismoÔc.

4. Oi dokimèc pou èginan gia th beltÐwsh thc jewrhtik c kampÔlhc anèdeixan to endeqìme-
no elleÐyewn stajm¸n me uyhlì spin pou an koun se z¸nec peristrof c sta energeiak�
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diagr�mmata twn pur nwn 196Au kai 195Au. To apotèlesma autì faÐnetai pijanì, me
b�sh th susthmatik  thc perioq c, gia na exaqjoÔn ìmwc asfal  sumper�smata gia to
an oi elleÐyeic sta energeiak� diagr�mmata eÐnai h aitÐa thc apìklishc thc jewrhtik c
kampÔlhc thc σm2 apì ta peiramatik� dedomèna prèpei na gÐnoun dokimèc me thn eisagw-
g  twn stajm¸n twn zwn¸n peristrof c pou proteÐnontai parap�nw stic anamenìmenec
enèrgeièc touc, mèsa sto suneqèc twn pur nwn. K�ti tètoio den eÐnai dunatìn me kanèna
apì touc treic k¸dikec pou qrhsimopoi jhkan.

ProteÐnetai sto mèllon h sunèqish peiramatik c kai jewrhtik c melèthc tètoiwn �zeug¸n� (i-
somer c uyhloÔ spin kai basik  st�jmh qamhloÔ spin) sthn endiafèrousa metabatik  perioq 
Os-Pb. EpÐshc gia th melèth poll¸n antidr�sewn pou perilamb�noun diègersh twn pur nwn
sto suneqèc touc krÐnetai skìpimh h qr sh k¸dika pou na epitrèpei thn eisagwg  diakrit¸n
stajm¸n sto suneqèc. Tèloc ja  tan polÔ endiafèrousa mÐa peiramatik  anaz thsh twn
stajm¸n uyhloÔ spin pou faÐnetai na leÐpoun apì ta energeiak� diagr�mmata twn 196Au kai
195Au.

57



BibliografÐa

[1] A. Tsigg�nhc, Jewrhtik  melèth thc antÐdrashc 197Au(n, 2n) me qr sh twn kwdÐkwn
EMPIRE 2.19 kai TALYS 1.2, Metaptuqiak  ErgasÐa, S.E.M.F.E., E.M.P. (2011).

[2] Yu. P. Gangrsky, N. N. Kolesnikov, V. G. Lukashik, L. M. Melnikova, ”Isomeric ratios
in reactions induced by gamma rays and fast neutrons in the isotopes of Re, Ir, and
Au”, Physics of Atomic Nuclei 67, No 7, 1227-1232 (2004).

[3] A. Tsinganic, M. Diakaki, M. Kokkoric, A. Lagogiannic, E. Mara, C. T. Papadopouloc,
R. Vlastou, Phyc. Rev. C 83, 024609 (2011).

[4] A. Tsigg�nhc, Melèth thc energoÔ diatom c thc antÐdrashc 197Au(n, 2n), Diplwmatik 
ErgasÐa, S.E.M.F.E., E.M.P. (2008).

[5] E. M�ra, Peiramatikìc prosdiorismìc thc energoÔ diatom c thc antÐdrashc
197Au(n, 2n)196Au, Diplwmatik  ErgasÐa, S.E.M.F.E., E.M.P. (2009).

[6] M. Uhl, B. Strohmaier, ”Computer Code for particle induced activation cross section
and related quantities”, IRK-76/01, IAEA, Vienna (1976).

[7] http://www.oecd-nea.org/tools/abstract/detail/nea-0461.

[8] M. Herman, R. Capote, B. Carlson, P. Oblozinsky, M. Sin, A. Trakov, V. Zerkin,
”EMPIRE-II, Nuclear Reaction Model code, version 2.19”, IAEA, Vienna (2005).

[9] A. J. Koning, S. Hilaire, M. Duijvestijn, ”TALYS-1.0”, International Conference on
Nuclear Data for Science and Technology, April 22-27, 2007, Nice, France (2008).

[10] Li-Tao Song, Xiao-Hong Zhou, Yu-Hu Zhang, Ying-Xiang Guo, Zhi-Yu Sun et al, Chin.
Phys. Let. 21, No 7, 1243 (2004).

[11] A. Ansari Phys. Rev. C 33, 1 (1986).

[12] E. Hagn, E. Zech, Nucl. Phys. A, 373 256-266 (1982).

[13] ” Table of Isotopes ”, E. Browne, J. M. Dairiki, R. E. Doebler. C. M. Lederer, V. S.
Shirley, Wiley, 7th edition, (1978).

[14] National Nuclear Data Center, Brookhaven National Laboratory, www.nndc.bnl.gov.

[15] A. J. Cole, Statistical Models for Nuclear Decay, Fundamental and Applied Nuclear
Physics Series (2000).

58



[16] Ge¸rgioc Perdik�khc, �Melèth antidr�sewn netronÐwn (n,2n) se pur nec thc perioq c
twn aktinÐdwn�, Ejnikì Metsìbio PoluteqneÐo, S.E.M.F.E. (2006).

[17] K. S. Krane, Introductory Nuclear Physics, Wiley (1988).

[18] S. Fernbach, R. Serber, T. B, Taylor, Phys. Rev. 75, 1352 (1949).

[19] J. J. Griffin, Phys. Rev. Lett. 17, 478 (1966).

[20] C. Cline, M. Blann, Nucl. Phys. A 172, 225 (1971).

[21] C. Kalbach, C. Cline, Nucl. Phys. A 210 590 (1973).

[22] W. Hauser, H. Feshbach, Phys. Rev. 87, 366 (1952).

[23] T. Belgya, O. Bersillon, R. Capote, T. Fukahori, G. Zhighang, S. Goriely, M. Herman,
A. V. Ignatyuk, S. Kailas, A. Koning, P. Oblozinsky, V. Plujko, P. Young, Handbook
for calculations of nuclear reaction data, RIPL-2, IAEA-TECDOC-1506, IAEA, Vienna
(2006), http://www.nds.iaea.org/RIPL-2/.

[24] National Nuclear Data Center, Brookhaven National Laboratory, www.nndc.bnl.gov.

[25] W. Hauser, H. Feshbach, Phys. Rev. 87, 366 (1952).

[26] H. A. Bethe, Reviews of Modern Physics, ” Nuclear Physics B. Nuclear dynamics,
theoretical”, Vol. 9, No 2, 69-244 (1937).

[27] A. J. Koning, S. Hilaire, S. Goriely, Nucl. Phys. A 810, 13-76 (2008).

[28] J. Bardeen, L. N. Cooper, J. R. Schrieffer, ”Microscopic Theory of Superconductivity”,
Phys. Rev. 106, 162-164 (1957).

[29] A. V. Ignatyuk, K.K. Istekov, G. N. Smirenkin, Sov. J. Nucl. Phys. 29, 450 (1979).

[30] A. V. Ignatyuk, J. L. Weil, S. Raman, S. Kahane, Phys. Rev. C 47, 1504 (1993).

[31] A. Bohr, B. R. Mottelson, Nuclear Structure Vol.1, Benjamin, New York (1969).

[32] J. Meyer-Ter-Vehn, Nucl. Phys. A, 249 111-140 (1975).

[33] G. Hansen, A. S. Jensen, Nucl. Phys. A, 406, 236 (1983).

[34] D. M. Brink, Nucl. Phys. 4, 215 (1957).

[35] P. Axel, Phys. Rev., 126, 671 (1962).

[36] N. Patronis, C. T. Papadopoulos, S. Galanopoulos, M. Kokkoris, G. Perdikakis, R.
Vlastou, A. Lagoyannis, S. Harrisopulos, Phys. Rev. C 75, 034607 (2007).

[37] Huang Xiaolong, Nuclear Data Sheets 108 2319 (2007).

[38] W. D. Myers, W. J. Swiatecki, Ark. Fizik 36, 343 (1967).

[39] P. Moller, J. R. Nix, W. D. Myers, W. J. Swiatecki, Atomic Data and Nuclear Data
Tables 59, 185-381 (1995).

59



[40] G. Audi, A. H. Wapstra, C. Thibault, Nucl. Phys. A 729, 337 (2003).

[41] J. Raynal, ”Notes on ECIS 94”, CEA-N-2772, CEA, Saclay (1994).

[42] A. J. Koning , J. P. Delaroche, Nucl. Phys. A 713, 231 (2003).

[43] Experimental Nuclear Reaction Data, www.nndc.bnl.gov/exfor/.

[44] V. Avrigeanu, S. V. Chuvaev, R. Eichin, A. A. Filatenkov, R. A. Forrest, H. Freiesleben,
M. Herman, A. J. Koning, K. Seidel, Nucl. Phys. A 765, 1-28 (2006).

[45] S. Sudar, S. M. Qaim, Phys. Rev. C 73 034613 (2006).

[46] M. Al-Abyad, S. Sudar, M. N. H. Comsan, S. M. Qaim, Phys. Rev. C 73, 064608
(2006).

[47] S. F. Mughaghab, C. Dunford, Phys. Rev. Lett. 81, 4083 (1998).

[48] S. I. Al-Quraishi, S. M. Grimes, T. N. Massey, D.A. Resler, Phys. Rev. C 67, 015803
(2003).

[49] W. Dilg, W. Schantl, H. Vonach, M. Uhl, Nucl. Phys. A 217, 269 (1973).

[50] S. M. Qaim, A. Mushtaq, Phys. Rev. C 38, 645 (1988).

[51] A. J .Kreine, M. Fenzl, S. Lunardi, M.A. Mariscotti, ” Rotational structures in doubly
odd 198 Tl ”, Nucl. Phys. A 282, 243-268 (1977).

[52] A. J. Kreiner, Particle-rotor model for doubly odd transitional nuclei of the Tl-region,
Z. Physik A 288, 373-381 (1978).

[53] E. F. Moore, M. P. Carpenter, Y. Liang, R. V. F. Janssens, I Ahmad, I. G. Bearden,
P. J. Daly, M. W. Drigert, B. Formal, U. Garg, Z. W. Grabowski, H. L. Harrington, R.
G. Henry, T. L. Khoo, T. Lauritsen, R. H. Mayer, D. Nisius, W. Reviol, M. Sferrazza,
Phys. Rev. C 38, 89 (1997).

[54] H. Hubel, Prog. Part. Nucl. Phys., Vol. 38, 89-96 (1997).

[55] G. D. Drakoulis, G. J. Lane, T. M. Peaty, A. P. Byrne, A. M. Baxter, P.M. Davidson,
A. N. Wilson, T. Kibedi and F. R. Xu, Phys. Rev. C 72, 064319 (2005).

[56] N. Fotiades, S. Harissopulos, C. A. Kalfas, S. Kossionides, C. T. Papadopoulos, R. Vla-
stou, M. Serris, M. Meyer, N. Redon, R. Duffait, Y. Le Coz, L. Ducroux, F. Hannachi,
I. Deloncle, B. Gall, M. G. Porquet, G. Schuck, F. Azaiez, J. Duprat, A. Korichi, J.
F. Sharpey-Schafer, M. J. Joyce, C. W. Beausang, P. J. Dagnall, P. D. Forsyth, S. J.
Gale , P. M. Jones, E. S. Paul, J. Simpson, R. M. Clark, K. Hauschild, R. Wadsworth,
J. Phys. G: Nucl. Part. Phys. 21, 911 (1995).

[57] N. Fotiades, S. Harissopulos, C. A. Kalfas, S. Kossionides, C. T. Papadopoulos and
R. Vlastou, M. Serris, J. F. Sharpey-Schafer, M. J. Joyce , C. W. Beausang, P. J.
Dagnall, P. D. Forsyth, S. J. Gale and P. M. Jones, E. S. Paul, P. J. Twin, J. Simpson,
D. M. Cullen, P. Fallon, M. A. Riley , R. M. Clark, K. Hauschild, R. Wadsworth, Z.
Phys. A, 354 (1996).

60



[58] M. B. Chadwick, P. G . Young, Nuclear Science and Engineering 108, 117-125 (1991).

[59] S. M. Mullins, G. D. Dracoulis, A. P. Byrne, T. R. McGoram, S. Bayer, W. A. Seale,
F. G. Kondev, Phys. Lett. B, 393, 279 (1997).

[60] S. -C. Wu, H. Niu, Nuclear Data Sheets 100, 1 (2003).

[61] V.R. Vanin, N.L. Maidana, R.M. Castro, E. Achterberg, O.A. Capurro, G.V. Marti,
Nuclear Data Sheets 108, 2393 (2007).

[62] E. Achterberg, O. A. Capurro, G.V. Marti, V.R. Vanin, R. M. Castro, Nuclear Data
Sheets 107, 1-224 (2006).

[63] H. Xiaolong, Zhou Chunmei, Nuclear Data Sheets 104, 283 (2005).

[64] Y. Gono, R. M. Lieder, M. Muller-Veggian, A. Neskakis, C. Mayer-Boricke, Phys. Rev.
Let. 37, 17 (1976).

[65] W. F. Mueller, H. Q. Jin, J. M. Lewis, W. Reviol, L.L. Riedinger, M. P. Carpenter, C.
Baktash, J. D. Garrett, N. R. Johnson, I. Y. Lee, F. K. McGowan, C. -H. Yu, Phys.
Rev. C, 59, No 4, (1999).

[66] P. G. Young, E. D. Arthur, ”GNASH: A Preequilibrium, Statistical Nuclear -Model
Code for Calculation of Cross Section and Emission Spectra ”, LA-6947, Los Alamos
National Laboratory (1977).

[67] W. F. Mueller, H. Q. Jin, J. M. Lewis, W. Reviol, L. L. Riedinger, M. P. Carpenter, C.
Baktash, J. D. Garett, N. R. Johnson, I. Y. Lee, F. K. McGowan C. -H. Yu, S. Cwiok,
Phys. Rev. C 59, 4 (1998).

[68] Richard B. Firestone, Nuclear Data Sheets 108, 2319 (2007).

[69] A.J. Koning, M.C. Duijvestijn, ”A global pre-equilibrium analysis from 7 to 200 MeV
based on the optical model potential”, Nucl. Phys. A, 744, 15 (2004).

[70] A. Gilbert, A.G.W. Cameron, Can. J. Phys. 43, 1446 (1965).

61


	Euqarist'ies
	Per'ilhyh
	Abstract
	EISAGWGH
	H ISOMERHS 12- TOU 196Au
	Qarakthristik'a ths metabatik'hs perioq'hs pur'hnwn Os-Pb
	Qarakthristik'a ths isomero'us 12- tou 196Au
	H ant'idrash 197Au(n,2n)196Au 

	JEWRHTIKA PROTUPA POU QRHSIMOPOIHJHKAN
	JEWRHTIKA PROTUPA MHQANISMWN ALLHLEPIDRASHS
	Mhqanism'os 'Ameshs Ant'idrashs - Optik'o Pr'otupo Purhniko'u Dunamiko'u
	Mhqanism'os Pr'wimhs Apodi'egershs tou S'unjetou Pur'hna - To pr'otupo twn exiton'iwn tou Griffin
	Mhqanism'os S'unjetou Pur'hna - To statistik'o pr'otupo Hauser-Feshbach

	JEWRHTIKA PROTUPA PUKNOTHTAS KATASTASEWN STO SUNEQES TWN PURHNWN
	To Pr'otupo tou Aer'iou twn Fermion'iwn - FGM
	To Pr'otupo Stajer'hs Jermokras'ias - CTM
	To Pr'otupo Gilbert-Cameron
	To Pr'otupo tou Genikeum'enou Uperreusto'u - GSM


	JEWRHTIKH MELETH THS ANTIDRASHS 197Au(n,2n) ME QRHSH TOU KWDIKA STAPRE-F
	Qarakthristik'a tou k'wdika STAPRE-F
	Perigraf'h arqe'iwn eis'odou tou k'wdika STAPRE-F
	Apotel'esmata jewrhtik'wn upologism'wn

	PROSPAJEIES TROPOPOIHSHS THS JEWRHTIKHS KAMPULHS THS 197Au(n,2n)196Aum2 ME QRHSH TOU STAPRE-F
	Allag'es sthn par'ametro pukn'othtas katast'asewn a
	Allag'es sthn par'ametro apokop'hs twn stroform'wn
	'Alles dokim'es belt'iwshs twn jewrhtik'wn apotelesm'atwn
	Dokim'es me 'alla pr'otupa pukn'othtas katast'asewn
	Dokim'es allag'hs twn energeiak'wn diagramm'atwn twn pur'hnwn pou summet'eqoun stous jewrhtiko'us upologismo'us

	SUMPERASMATA KAI PROTASEIS GIA TO MELLON
	BIBLIOGRAFIA

