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We have studied the production of 4.l-hr %8, 7.4 min Dy3.'5o
and l’? 9 min Dy~ 151 by measurements of "heir o radlat’ions wi*i,h 2x donization

ehamber_s. ”hef‘e nuclides were pmdnced. by two c:y‘pes of rcacx,ioas involving

heavy lons (HI): - (a) (HI, ) %11#9,,, with ==3to8 (b) (&I, :m)Dym?,
- C‘ '
Dy lbo Dyl) with x = 3 to 9. The heavy lons employed were Blo 5 Bll s

e, mlb”, o, 72 ana 120,

Three kind of measurements have been mde: (a) +the range dis-

.

T tribution from thin target layers in thin Al catcher foils (b) excitation |

 functions by the stacked foil method (c) ar@.ﬂ.&r afstribution from thin

./' ﬁarge‘t layers. The obgec ives of thesc_ e.,cperira,nba were to test the ccmsistené:f
: vwitlja the co&moundmueleu_s and statistical models and to determine the effects
of & AY momen“cuzﬁ and excitation energy on neuuon enlssion. :

.- I will now show ‘some typicalﬂ ‘-.exaperimenital regults. First we will
'coneiaer measm*emgnts o;f' v"ch.éf average range RO‘ The first figure (Lfrom

' isreviously z'éfpcr‘ted. *wo:r'k')"‘L shcwé the average range of 53‘012&98 produced in a
'large nurbey of .differén"t‘ ie,ac*i:ions. These valuns of" RO follow & con-
SiC'ELnu trend vhen pla‘t‘i.cd ag,ainst the recoll energy h‘R calenlated by assuning
compound nucleus formation. In the second :E'ie;ure ve present similar resulis '
for 1}yl5°and Dyl5 prcduct" ’Ehc overall congistency of these data give

swonrf evn.dence for compound nuclcus i‘ormation for all uheee reaccmns.

R



- total reaction cross section o

Wi o We can compare the decay of a compound nucleus, such as Dy

frix'r

St angles (9 ) and (QL )

2w

-In Fig. 3 we shov measured c¢ross section o divided by calculated

R’

2 for many reactions of type (BI, xn)Tb

1&9@

Note that the peak cross sections are rather low and that they decrease with

increasing x.

x. It is interesting to compare an excitation function for (HI, yn)”b

Average anguler momentum of the compound nuclei increases with

1 with that for a typical (HI, xn)Dy

150

thg

reaction. This comparison, given in

ig. &, shows that the latter reaction has & much larger cross section and

peaks at a much higher energy.

or Dylsl

shown in Fig.4kamem¢friﬁurédﬁ to the undbserved 4.0 min Tb

(HI xn)Dy Lk

3

spin.

1
s DY 59

This 18 a general feature of the reactions

a3 indicated in Fig. 5.

\

The’striking differences

lugm.of higher

6 .

formed thh aifferent projectiles and therefore different average anéular .

shown in Fig.

6.

4&

smomenta. A comparison of the reactions C 12 + Nd and e ~ + Ba

20 36_ is

“he latter reactions lead to broeder excitat on'functions

and displacement toward higher excitation energies.

We have measured angular distrlbucions for geveral of these reactions'g o

at various energies.’

distribution is showm in Fig. 7.

1/2

The effect of targét thilckness on a measured angular
For the average value of the laboratory_

1 is possible to correct for ﬁarget thickness

by extrapoleting to zero target thickness as shown in Fig. 8. Thus we cen .

characterize each angular distribution by the average squared angle (QLZ) .

fThese various measurcments can be used to obtain information about

(a) the effects of angular momentum

neutronsg and photons

(v) the average total energies of

Y

(c) the nuclear temperature as a function of ex-

citation energy and (a) the average angular momenta removed by neutrons

and photons.



As previously stated the avez'aga range data give evidence thst
these neutron emdtting reactiong proceed through a compound nuclcus

‘

; meclmﬁism;l )
From comparicons of the exc”“atwn :ﬁ‘tmcc.ucme for (HI, }:n)"‘b 1h9 g
reactions with those for (HE, :m)Dy reactions, we can infer that only
| éompommd systens of anguiar momen.tum‘ less than 7.5 # con‘i:ribu’cé %o the
‘ fqrm,ef reactions,h The con_pound nuclei of higher spin decay prefevcnmal_ly
to 4.0 min ‘I'D?'Ll'gm.

| If the neutron emission is i.aot ~opic the average. sqm.roé anble (9 )
-can be related to thesaverage total kinetic energy, (Tn) of the enitted ._
neu-trons.s The ave:mge total photon energy T‘y can ‘then be obtained'{:?mm.i o

+Q, T =E -!-Q,T.

the uow.l avallable energy E c o ,y c.m

I‘or reactions of X% = 3 to 7 we show in Fig. 9 the va.'lues'of T'y
_ deducec?‘-.v from (O 2) )as a function of available energy. There is a striking
L

difference be‘i:'emen the reactlms (uz, Jm)‘.w 249g involving ccn“"pound nuclci

'-1 ‘

L -
of low spin and the "normal reaction® (HI, im)Dyl'S, Dy 50, or Dyl) 1 For

a the latter reactions T’Y incmasco rapidly with available energy from als nost
0 o about 30 MeV. Another wey of presenting the results is in "cems of
the average ,kﬁ.nefcic energy Tn/x of "ché'neu'trons es shm«m in Fig. 10.

For the "normal :z'esac'tions“'aVerage neutron energy increases slovly wiéh i
avalleblie energy. We rg—:call from Fig. 5 that the "normal reactions” peak -
at ~ 5.5 to 6 Mev per neutron., Thus in Fig. 10 by couparison of the different B
reactiong at a value of (E .t Q)/x of ~ 6 MeV per neutron, an inci-ease
of average noutx'on encfgy wi th x is epparent. This reflects a nuclo'*'* tem-

pex*ature that inc:ceases_ with excitation energy.



b

The excitation functions cen be used to obtain a quentity <E>x’

defined as follows

|  EF_(E) 4B
0 . .
By =73
FX(E)- dE |
O . ' ’

The fracﬁion of ihe reactions in which only neutrons are emitted in denoted
by F . We show the differences between (E)x end the sum of the neut;on.
binding energieé in Fig. ll; An increase with average angular momentum
~can be seen. By comparing the displacemenﬁs of the lines in Fig, ;l with
the values of Tn/g, an i@ication ié given that the average angular
momentum removed by eaéh neutron is ~ 3 h.6' An overall anguler momentum
and energy balance leadg)io 1.8+ 0.6 4% fof the averagé angular momentum

6,7

removed by each photon.
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MO-2p787  Piz. 1. Average range o8 6 functlon of calculated W‘u,.?._m enargy Lo
reactions lesding o %.l-hw Tb™ 7. The symbols ere so followat
¢?, O, O w2, p s 0%, Ay o8, Vs 79, Q™ Os
He ", O. Four bas:s are for &ctions formmrf compound nuclel fox.
7 = 69; three bar rs for % = 68; “g;wo bars for % = 67; cne var for % = 66;
no bars for 4 = 6;. ' ' ' |

MI-26039  Fig. 2. Average yenge Ry in AL vs the cc«{cu.a ted recoll encrgy LP
' Symbols are s follows: Dy 51 s oy 20 AW w‘““""’ (s pen.

L_ - m:z.lu 16 G

ﬁz/:nbols are for the '*accionu c H ClGuC’Q, for O <Co™ 7,

Dhe 62007 ‘a curve is from referenca :l'._

-

MUB-1809 ‘F'ig.f 5 Cross sceticm 111 di*vchcd by caloeuiated total reac tlon ¢ros

- . 1ko .
section oy (reterence 2) for (AI,mn)To 98 peactions. The various
p**ogecﬁiles s targets, and rcactions exe indicated. Excitation
energies were celculoted fron Sceger 's nass formula; P.A. Seeger,

lmel. Phys. 25, 1 {1961).

MI-28507  Fige 4. Cross section g divided by total reaction cross section. O
{reference 2) versus availzble encrgy per cnitied neutyon

' (Ec n.t Q)/z for two (ﬁﬁ«ﬂ) yeact :E.orvs,
® ® .

5

MU-DO0LD.  Fig. 5. Praction of the calcawisted yeactlon crons section \:3
avelleble energy per emitted neutron, The oymbols:are as+in Fig. 2.
Total ~eacti6n cross sections are from reference 2. . .
MIB-15T5 Fig. 6. Aeo@urca cross section ¢ divlded by calculated total reaction
' ‘eross section 6., as & function of excitation encrgy B.

MI-26037 Fig. 7. The effect of torget uL.LCLaGfB on observed anguler-distels
v v ' ‘ iste N
bution. The target thickness W is dencted for eac‘r: curve in ue/cn®,

1«33@ . s 2‘ 9

fThese data ere for the reaction N + 123-McV C -y Dy 7 & e

M-26038  Pig. 8. The dependence of (o) the average Q'w,gle ;) and {b) the
root-lican-sguare angle (ﬁ%“)l/ on ‘mw & thlcknoess W, wves A

"o
ere for the reoeltion N A 4+ 10hMe¥ B“ ‘:‘Ll e, 8n;
N oer lg pm a l.‘»"9 Pe
B for & : 4+ 1234V ¢ - Dy . “+ Mg
o :
G Zox 5}01204* 13G-20cY G 6 y"ﬁ"‘ Tas end .
D for Ce o T1-HeV o, oy %% 7a.

The mm’be“s m parentheses denote the siopes of the curves in

2
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MU-08%62 - M. 9. Total photon encvay vo tobal avallavle encway. Thae uppor
~ e . 133.%
curves axe for Th compound maclel end the product 5?:3 7S, Tha

- lower curves ore for Dy compound nuelel and producto Dy~ 7, D
15 l . ts <
end Dy 1o ™he nudber of enitied neulrons is Indicated Lo cach

cm‘;_. | Symbols &re as *ol,«y"”- SRR
.0' i . fRAASS
3 ‘,}.,{C 5 11}%1}‘1‘90 > qul 6( XOD r{q}i%l ngﬁ; @

v 3 I .
“al ”(5311 gImt 8 o matR(et?, mnyt
ma “("12 i )Dy“)o s iz‘w?ﬁ,‘”‘?ﬁém{‘n)mh‘") RS
T*“L?.‘!'ii”k((‘,““" 5n)Dy o1 X I\Idlp‘&(’“m s Gn)Dy SN 3
o :r?"””{c““, 'mw W9 5; e, minyt @
™ e A ™0, ™ s

MUB-1508  Fig. 10. f*.rerwre Lotal energy of photons (o.) and average energy of

neutrons (b) s am&labl@ encrgy per enitbad neutzon (T‘ .t Q)/xz
&

Lo o cactions in which x neubrons are emitted. Symbols ard ags in.
Fig. 9, . « :
520076 Fige. 11. The average excitation energy (E) minus the eun of the
inding energiles B of the neutrons as’ o function of the average

R4

anguler momentu (u)° Diz ».ce*ent Juools are uged for the different
'(Zfrﬁ,—:m) veachions Q, %= p, %= iz-, O, x=5; s v o s
COB,x=6; A, x=

; 75 @, x = 8 %};,Js.m% Open polnts ere for
(O I . 503
Dyl '%" 3 cloged for Dylsog ardhala. open for pyl5l
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