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'Acharge : mas and mean nurriber of nucleons emltted by each

The fJ.nal destlny of the d1551pated energy is determlned by mersur:mg
P - - the atonucmunber Jof, two co1nc1dent fragments thus obta.lmng the mlssmg

charge as a f\mctlon of bombardmg energy and the Q of’the reactmn.

The sequentlal flssmn probab111ty of the heavy rec011 1s establlshed as

a finction of the Z and klnetlc energy of the 11ght partner.»




the possibility of
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the same temperature and the1r neutron-to-proton ratic is at equ111br1um

Ag ¥ 20Ne at 158 75

SRR o In part three the study of" the reactlon

1s the study of sequentlal f1551on preAented 1n part four.

ab111ty of the heavy reco11 in the reactlon 1":’7Au+ 620 Mev -

. Kr. is
measured for each Z of the light partner as a functlon of the l1ght .’1 ‘

- _ partner kinetic energy8 From the dependence of the” flSSlO]’lab 11ty upon '\

atomc nutber: and energy, mFomatlm is obtained regardmg the exc1ta-

t1on energy and. the angular momentmn of the fissioning’ nucleus and thus '

rd

| on energy and angular monentum transfer, Interestlng 11ght on the ex1t
channel osc111at10ns of the 1ntermed.1ate complex and on the fragment

depolanzatlon is shed by the out -of- plane flssmn fragment angular

v‘ dlstnbutlons.i) oo " o : , S t

e

A more deta11ed 1nfomat1on on the equ111brat:|,on of the rotat1ona1

modes’ is obtamed through the measurement of the y- ray mult1p11c1ty as
9,10

- a fmet1on of Z and energy Examples of these experlments are presented ;

in part five. . In th1s part the problem of angular momentum a11gnment -

of- the fragnents Wlll also be dlscussed as well as the use ‘of the Z

' dependence -of, the Y ray mu1t1pl1c1ty as a tool to test the dlffusmn

e «‘-mechamsm along the mass asymnetry degree of freedom.

' 2 Th1s'*presentat1on is meant’ to be a br1ef ovemew oi' the heavy ion -




.7) - are :the macroscopic

“fransi-




the solution-is:

e . : = E C a2
o L 2 .. clh-h exp -ct/X]" ;
o 'd:_(h,t) = c1/~‘ 2'rr T (1 -exp- Z%) exp - - I ] - (5)
P e I s e ~¢.~.-'2T(1'ﬁ-em}-:2.c,t/1_('): Lo

- , : s R

' Where T 1s the temperature and K is the frlctmn coeffiélent. Also we - -
‘have;made use of the Emstem relatmn ulluz- -V! /2T where V is the !

foroe along ‘the mass. asymmetry coordJ.nate

’Ihe transiticm .probabilities .

, . ‘ .
From general phase -space conslderatlons one -can consuler the followmg e

i
ansatz for the tran51t10n probab111t1es E

w . R

A = kEexp - Vop/2r L8

t'7ji>‘ |
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~funct1cm of Z can be- wntten as

v(z2,8) = V() + v (z Z) + v cz z) Coul

where % is the total angular momentum, 1D represent the 11qu1d drop

energ1es “of the two fragments and me is the. nuclear mteractlon or.. ;"

¢ -
; C e . i ';'l

prox:mu.ty ene‘rgy 12' i R

. ' The total potentm v depends on the f1551onab111ty of the sys

. X, on 2, and on the dlstance between ceiiters D,






wr

;k1net1c energ1es as a functlon of angle assummg that all of the radlal S

. . T - T . . ' .
Results of the‘Cal"éula_tions T e e

- by our ansatz. I“t is. mterestmg to notlce ‘the rather mlld average
"average deﬂectlon flmctlon 15 shown Not1ce the well pronounced deep

: N‘bombardmg energy mcreases. The 600 MeV curve pred]:ctlng a rambow ’

where m and “’Ri ' are the two 11m1t1ng orbltal angular veloc1t1es corres-

pondJ.ng to sl1d1ng and stlck;mg. e

The consta.nt- y 1s’chosen such as to apprommately reproduce the mean g

energy 1s lost

The mteractlon tmes calculated for the reactlon Aug + Kr at three
> -\

energ:L"s are shown in flg. laas a funct1on of angular momentmn There

‘15 good expenmental eV1dence for the angular mmentmn dependence pred1cted *

S 3

1ncrease 1n 11fet1me w1th mcreasmg bombardmg energy. In F1g 1b the

A T

: 1ch moves from pos1t1ve to negatlve angles as the

'angle of about 50° is m excellent ag; ement mth exper1ment. The '






1. MA‘SSES, CHARGES AND PARTITION OF‘EXCITATION BERGY BETWEEN FRAGENTS.

kX 3

,r','\.,r’ L

Ve have already d1scussed the fact that the fragment charge-to-mass
rat1o, belng essent1a11y a Elcollect1ve mode should have h1gh frequency
and should qulckly equ111brate. We have also commented on the fact that
the kmetlc energy assoc1ated w1th the relatlve motlon is rap1dly dJsslpated

It :..s mterestmg to aetermme whether the Z/A ratlo of the em1tted T -

' fragments does 1ndeed correspond to a relatlve minimum. J.n the potent1a1 energy at

flxed mass asymmetry and whether the excitation energy of the fragments
‘ corresponds to thermal equilibrium or 1sotherm1c1ty

After the break-up of the intermediate complex, the fragments are

- h1ghly exclted and. are- expected to emit neutrons protons and o partlclss
through “the evaporatlon process. A deta11ed mves tlgatlon of the charges
and masses: of the fragments as well as the1r charge and mass. loss through
, evaporatmn allows us to learn about the fragment neutron—to proton ratio’

and the sharmg of the exc1tat1on energy between the two fragments A
coincidence experiment was performed on the system Vpr + Ag at 340 Mev .
bombarding energy in which the measurement of the Z of the 11 Zht fragment,

along w1th the energles and angles of both fragments permits the

detenm.natlon of the masses before evaporatlon and some 1n51ght in the.
evaporatromproce_s_e, 6 N | ' .

40Ar beam

AR £

the SuperHILAC Wlth an energy of 340 MeV. was used . -

| to bombard a nati‘xral self—supportmg, 350 ug/cm Ag target. Two detectors
: measured the'llgﬂit and hea.vy fragment energl es and angles m coincidence, '
’The 11ght fragment detector, which con515ted of an 1onlzat1on chamber
telescope, measurmg both energy (EB) and the atomlc number (23) , was 5’_

- 'placed at 42" from the beam direction.

.
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In the case of a bmary breakup of the 1ntermed.1ate complex, the

COI)SGI’V&th’l of lmear momentum and mass, can be expressed through the

follow1ng set of equatlons in the LAB sYstem.,

o E. A, = A E ; : 1s)
- - 3% TR T2 o : -
. , . - .sin _Foslf‘v%)‘ AR .
’ ko ; S‘inz' 93 i
E, A =A E - - (16)
474 171 2 :
. ~ -sind ,(93 + 0‘4)‘ : )
sAg By = A E A, a”n
» : : "".,

The energy E of a pr].mary fragment of mass A becomes on ﬂ’

average after evaporatlon of Vi T nucleons of mean energy n

(18) :

b ,;r.,

The second term of the inner. brackets represents ‘the recoll correctlons

whlch are small (6%) in our experlment.' To f1rst order equatlon (18) can

* : Vi SR
be wrltten -asz, B 1+ Byl TR

£ e, define:







,‘fragment._‘ In l=ig 6 such a shift has’ been appl1ed thus generatmg "

o B - a contlnuous “curve.” Evaporatlon calculat1ons pred1ct an average of

-

Jis not ‘nec ssarllv val1d Instead we' can u.,e'the conservatlon of the

. energy in the laboratory system, assumlng agam a bmary spllttmg of -

- -

LT e e system. The conservatlon of energy can be expressed as: s

20

. * %k e * ®£.c.F T T - T
_‘E‘_’. * E4:-B(A3, Z) + B(AysZ,) +Ep + Ep +E, 4E
, - where. 3 and E can be calculated :From Eq (18), B (A "’) 15 the

b1nd1ng energy of a fragment of mass A _and- charge Z before evaporat1on.

Bl ET 'E‘I‘ ET‘

n’ _p,’ _U.”-' 'Y‘ ‘
: nents in the evaporatlon of neutrons pmtons alpha part1cles and

are the total exc1tat10n energles released by the frag-

‘s

e

- rays respect1vely ‘ h ,‘

Usmg Eq ('70), along w1th Eqs. (15) to (18) 1.n wh1ch now one must
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3

.. . 'The following first order expressioncontains contribiitions from both

S I
+ fragments: T ‘ o = -
- g R L Y T S
. O = 7 —FF |
' ) This equation reduces to ‘
': . 1. R v T+ G -‘.r.

% =T et

“ . Py By

.‘ ) ."'* ‘ . ! R ' ‘ *. — )
1f we assume that the nuclear temperatu.res of the fragments are the same T
These calculatlons are compared to the exper:unental values 1n f1g 8







detector and a SOlld state E det Ptor.

The gas cotmters were operate"‘

detected charges. For the 158 and 343 MeV 1ab energ:tes, measure nts“were

A taken only at symnetrlc angles. e

In flg 9 the Z d15‘Lr1but10n for flxed Z is plotted for varlous

cuts in the total lab kmetlc en 1

-

smce 1t is most closely related to the exc1tat10n energy The FWHM of

ET "The total’ energy was chosen

the dlstrlbutmns is 1arge (w4 5 charge unlts), and is approxmately
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extenswe evaporatlon has occurred p’-*rhaps via a em:lssmn, Whl\.ﬂ te

to 1mpart hlgh reco1l momentum. The correlatmn data can also be used-

- to estlmate the total evaporated mass. S1mple calculatlons y1e 15 = 3

" units of evaporated mass. The large ‘error 1s due ’to meertamtleS' :|.n the

-angles assocmted w1th the large angular acceptance. *['hls result is’ -
cons1stent w1th pre11m1nary data.on llght charged part1c1es (p S, d's ’on"s)'f L
" vhich were detected in a third telescope (28 um AE, 8 mm E) - :
EO PR - In f1g 12 the average AZ is plotted Vvs. EI‘ for the three bombardJ.ng ’
energ1es. Agam the angles have teen chosen at the peak of the correla-
tion for symmetrlc d1v1510n. The gross trend fa‘vormg h1gher AZ for o
’ bombardJ.ng energy is, perhaps, to be expected for the resultmg h.1gher

- Arv,»;,kfexc1tat10n energ1es. ’ _ ; ‘ ‘

B S I’ 15’ 'nore mportant to note that the average AZ mcreases monotom—

. _;cally w1th bombardlng energy ThlS observatlon is -strong ev1dence that ST

' the incident energy is themuahzed over a broad range of bombardmg

. energles. Wh11e such behav10ur is, perhaps not unexpected at 1ow

energles it is not obv10us that th15 should be the case at h.1gh

energies. Another mlmedlate consequence of this data is . that DIC are.”

- - essent1ally blnary over a very broad energy range.

-

Yet another mterestmg feature is man1fest 1n thlS data-f the

. pronounced d1p in the 158 MeV curve . and the cl:mge of slope it mterme— v
‘ -‘[dlate Ertfor 252 and 343 MeV data. We bel1eve that this e° tect is due G

to. the"

mpet1t1on between p, o and n em15'51on. For ]ow temperature
A . 1

- z_the dltference :|.n the effect1ve barr1ers between ‘the var1ous decay modes
can enhance a partlcular decay Smce the effect1ve AZ/AE is d1fferent
& i for ‘the var1ous channels “(e.g. AZ 0 for n decay) the slope of the .

V. . ~:

IN



http://excitationenergi.es

igh temperatures




" a maximm cross sectlon at an angle where the deep- 1ne1ast1c target 11ke

t11e is dampened mto mternal degrees of freedom A rotat1ng 1ntermed1ate

“ lighter. proJect1le at a lower bombardmg energy and to explore in more

heavy fragment or one o:E 1ts secondary f1551on fragments was detected in,

-23-

V. ,SEQUENTIAL FISSION* N DEEP mELAsrrc REAC’I‘IONS

A recent study of the system 979 MeV 6Xe + 197, 15 produced ev1dence -
of substant1a1 secondary fission. of the\ target l1ke fragments formed m .
deep inelastic COlllSlOIlS. These secondary f1551on eventSs were charac-

ertzed by an atomc number 2 of approx:.mately one half that of the target,

products would peak and a substantlally larger than Coulomb energy for
angles near thls max1mum These observatlons are con51stent W1th a

i

b1nary react1on process where1n the 1n1t1al kmet1c energy of the prOJec-

complex is formed and nucleons are exchanged between the two exc1ted
fragments - 'The 1ntermed1ate complex Lmdergoes decay and the two fragments
separate "At a later tJme when the exc1ted heavy fragment has left the
nuclear f1eld of the 11ght fragment, 1t may undergo flssmn., To 1nvest1-4

gate whether secondary fission of the Au-11ke products occurs w1th a-

detail the dependence of the f1s51onab1l1ty on the atomic number and the

exc1tat1on energy of the heavy fragment we performed a comc1dence study

I -
of deep :melast1c products from the react1on 620 MeV 86Kr + }97}\11.8 .

w oy

A self-supportmg target of 197Au was, bombarded w1th a 620 MeV 86

Kr

; beam from the SuperHILAC and the lrght and heavy react1on products were

detected 1n comc1dence on oppos1te 51des of the beam.‘ _A

lab angle e and the energy E3 of the ‘fragment The complementary S Ee

LR :
-
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drama 1ca11y w1th the exc1tatlon energy of the heavy fragment. In flg. 15

th15 leIlt 15 better 111ust1:ated Decreasmg the E energy by 140 MeV
caﬂses the probablllty that the Z =77 fragment will undergo seconda:ry
‘ f1551on to increase 09 to 93

The extremely hlgh values of the f1551on probab111t1es seem to

z

requ1re a 51zab1e depressmn of the f1551on barrier due to angular

momentum. ln other WOIdS f1551on occurs malnly for the heavy rec01 5

R

whlch have the largest angular momentum, and does not sample the #rgular

m)mentum dlstnbutlon un1form1y. ThlS is mrportant for the J.nterpretatlon

t 'gular dlst iBut

~as a functlon of the number of charge unts transferred to or from the

targe:t,;. ‘By mtegratmg over E for each Z for both the singles and - . e
- '1‘19n'£1551v91¥¥ng, coincidence events an experimental value of the fission. : Cas -
‘probabil'ity was determined. In ﬁg 16 thi’s ratio is plotted vs the Z of

the 11ght fragment As protons are. transferred to the ta.rget (A < 35),

the probab111ty of the heavy fragment undergomg secondary flssmn "




gular diﬁtri—
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fragment. By couplmg thls angular monentum in quadrature with the :

angular momentum arlsmg from the appro:cunately rigid rotatlon of the

complex Ing we- obtaJ.n

S ) . ThlS is expected to be so- whether ‘the fragment is f1551om.ng or, decaymg
. by partlcle and Y-ray.emlssmn. In other Words the effect arlses from the -
‘:".mechanlsm of deep melastlc scatter:mg “This effect by 1tse1f seems to

- -account; for. the overall out -of-plane dlstrlbutlon of the f1551on fragments.

One 15 them 1ed to the tentatlve conclusmn that,. because of the f1551on
K.«

'angular mmentmn selectlon, 1—9-— is small and that the out of-plane
ri

"dlstrlbutlon .arises from the very deep melast:.c procass as.a fragment

depolarlzatlon, rather than from the- fluctuatlons of’ the angular momentum
-proeJctlon on the sequentlal‘ f15$1on axls.

We sha11 see. that y ray angularx dlstrlbutlons

. wmelastlc scattermg"strongly support such a view.
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the dnectlon of symmetry, but 1t 1ncreases dramatlcahy w1th mcreasmg

?R-wave-. ; In th1s way, only the lowest % waves can effectlvely populate

conf1gurat1ons w1th asymetues 1arger than the entrance channel asymmetry

_ 1f thJ.s is the correct explanatlon, the measurement of the Y-ray Xmu1t1p1
clty becomes a very penetratmg tool fOI' the study of the var1at]ons .1n k2
dlffusmn .rate along the’ mass asymmetry assoc1ated W1th Changes 1n the
P,-wave. .

s model: and the \expermental data 1s shom 111 f1g 18 TIhe calculatlon
assumes r1g1d rotatlon throughout whlch is certalnly not the case Kin, -

s . the v1c1n1ty of the PI‘OJeCtlle 'I'herefore We should expect a serious.

fallure in -thig: regmn IE However, a: few AT below the pro_]ectlle the

r1g1d rotatlon assmq)tlon should be adequate and the results Jmore

re11ah1e. It is: therefore mterestmg td" see that the calculatlon,

Just as the data, predlcts a 1eve111ng off of the Y ray mu1t1p11c1t1es :
. below the. proJectlle 2y w1thout renomcmg to-the: assumptlon of r1g1d

. »rotatlon. ‘A most- puzzlmg po:Lnt 1n 'thlS f1eld whlch at f1rst 51ght,i-

seems to destroy the va11d1ty of the whole 1nterpretat10n, 1s the
‘ 1sotropy ‘of the Y- ray em1551on w1thm 10% For stretched E2 rad1at1on;-,”4"
: emltted by an allgned system one would expect the followmg angular

d.‘LStl‘lbllthn. i

- Fa-wst @)



- the ‘second,.

echniqueis4in some way:,

asseSQiﬁg ‘the.dynamical *.




g R Y

cd(ICi,USION

From th15 brlef and sketchy presentatlon 1t is p0551b1e to- glmpse
the: great wealth of phy51ca11y mterest:.ng features assoc1ated w1th heavy
ian reactions. The fo1 tunate range of 11fet1mes of the 1ntermed1ate

’ complex offers the p0551b111ty of measurlng relaxatlon times assoc1ated

4w1th a varlety of degrees o{ freedom. This experlmental avai 1ab111ty glves

the dynam1ca1 and non- equ111br1um statlstlcal many—body aspects‘ .;f t}

nuclear matter “the rlghtfully promlnent phce they clearly deserve

¥ . - o .
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+ '6‘00 MeV Kr: (b) The dots are




Fig. 8

_Fig.-12

" Fig, 13

'Top. Standard dev1at10ns of the out- of-plane (Lab system) angular

. d15tr1but1ons of the heavy fragments. The dashed l1ne has been

" while the sol1d line has been ca]culated assummg the ”"evaporatlon

Lof the proper amount of neutrons protons and o part1c1es

' _The dashed line is calculated assummg the’ evaporatmn of neutrons,
i’f‘protons and o part1cles. The kmemat1ca1 bmadenmg due to the
,-fluctuatlon:. in kmet1c energy has' been mcluded

'F.ig?.-{Q :

Fig. 10

'»effectlve barner while 6 15 the dlfference between the neutron

V'and proton effec 've barr1er..m,

-
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calculated assummg “that’ all the Jevaporated partlcles are neut‘rons,

Bottom ! ‘Same as above for the m-plane angular drstnbutlons

.D15tr1but1on:. of: ZZ for 1= 16 for var1ous bins in total Llnetlc

‘energy. W*~'«””““ik*%- cfui L

%
"

Mlssmg charge as a flmctlon of total kinetic energy for varlous

values of Z1 and at varlous values of 62

Average mlssmg charge. as a functlon of total kmetlc energy . . e

A for three values of the out of-plane angle.

. Average missing charge as. a function of total"kinetic energy _

for three beam energles.

Calculated average charge of an. evaporated partlcle as a functlon

of temperature. A is' the dlfference between the u a.nd proton
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197Au‘ ;aekr‘ -
defl, functions

. 2/ 9 max -

" XBL778.9815 .
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. Fig. 1 i
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