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FROM Dy COMPOUND NUCLEI BY NEUTRONS AND PHOTONS
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Lawrence Radiation Laboratory
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January 7,. 1963

AB3TRACT

Excitation functions are presented for many heavy-ion-induced (HI)

149 1k

reactions that produce Dy 5 Dyl5o and Dyl5l. Projectiles were Cl?, N

.:le,.olé, 018, Fl9, and e of’hitq.lo.theV per -amu. The reactions

studied are .all of the type (HI,xn),.wﬁere x.rangeé from 3 to 9. A large
fraction‘of the -total reaction cross section is accounted for by these (HI,xn)
reactions— 9/10 at appfoximately 45 MeV to 1/2 at approximétely;lo5 MeV.

-An analysis to obtain the energy of the first‘neutron is presented. -Com-
parison of the results of this analysis to angular-distribution studies
suggests that each neutron removes 2 to h.h;unitswdf.angularvmomentum; ~We:
obtain the'relatioqship betweeﬁ averége—total photon energy gnd avefage
angular momentum removed by photons. Comparison with the average photon
energy from other work leads tp an average of 1.8 £ 0.6 1 for -the angular '

-momentum removed by each photon. The exc:‘.’(:ation.energy‘E'j of the. lowest-

‘1lying state .of spin J has been estimated.
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I. INlRUDUCTION

- Currently available beams of heavy ions (HI) make it possible .to
study compound nuclei over a wide range of excitation energy and angular
momentum. -Radiochemical studies are quite useful because they give in- ' .
formation about specific reactions; e.g., the (HI,5n) reaction can be studied
without interferencé from the reactions (HI,6n), (HI,pSn), ete. This
spec1f1c1ty is difficult to obtain by physical means because of complex
coincidence-detection requirements. The products Tblh9g, Dy. 5. and Dy 151
are particularly useful because they can be easily identified by their
characteristic alpha redicactivity. .

In previous studies we have presented recoil-range data that
give strong evidence that these products are produced by essentially pure
compound-~nucleus reactions.l’e’5 Also reported are angular-distribution
measurements from which it has been possible'to obtain the average totél
energies (Tn and Ty) of neutrons and photons.5

The experimental data reported here consist of ex01tat10n func-
tions for 26 reactions of type»(HI,xn)Dylug’ EHI n)Dy150 (HI n)ﬁy151
‘Compound nuclei of masses 154 to. 158 have been formed by various projectiles
and targets.

The éonventional treatment of excitatim-funétion data involves the

use of the statistical model with little, if any, allowance for the.effect
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of angular momentum. Thi; type of'treatment may be acceptable for reactions
“induced by-ﬁrofOns aﬁd‘heliumfioﬁs~bf.SeQeral tens -of MeV. However, it is
clearly~unsatisfactory for ‘reactions ‘between complex nuclei that involve
-angular mementa of éeveral.tens.of.ﬁ‘units.F

/*We analyze the results to obtain)the 5verage energy assoclated. with
.the first emitted neutron. Also, we have estimated the relationship between
average -total photon energy ana average angular momentbum removed by the
photons. ‘This relationship.aionglwith the average individual photon energy5
givesthe average angular momentum removed by each photon. By an approximate

-method we have estimated the energ'y-Ej of ‘the lowest level of spin J as a

funection .of J.
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II. EXPERIMENTAL PROCEDURES AND RESULTS

We have useq the stacked-foil technique to measure cross‘seétions
for 4.1-h Tblhgg (10% alpha) 7.4-min Dyl5o (l7.9%~alpha),and-17.9-min'Dyl5l
(6.2% alpha)'produqed by many reactions between complex nuclei. The experimental
conditions (targets, irradiations, counting technigues, etc.) have been
described previously.

The product atoms recoiled out of thin target layers (30 to 120, .
ug/cma) and were stopped in Al catcher foils of about 1.8 mg/cme. We
measured gross alpha reaiéactivity with 27 ionization. chambers. . Activation -
of impurities in the catcher foils was found to be negligible. Decay curves
were graphically aﬁalyzed into the three componénts above. At Fhe lower.: .

52

1
energies small amounts of 2.5-h Dy activity were observed. The presence

of Dy152 prevented us from measuring the very: small cross sections for Tblbr9

S 151
and Dy 2 at lower energies. Separation of the activities of 7.4-min Dy;59<

1
and 17.9-min Dy o1 by the decay analysis was usually quite clear. - However,.
for those cases in which the initial activity of either species was dominant
(ratio of approx lO:l),vthe determination of the weaker component was subject
to large error.
6
Various uncertainties have been discussed previously. In this- study
the only additional uncertainties are those:from-analysis of the ‘decay curves,
: . 150 101 oo _
and the decay properties of Dy and Dy. . The half-periods and alpha
. . 150 151 . | A 1
branching ratios for Dy - and Dy 7~ have been measured by Macfarlane..  The
half-periods are uncertain to approx * 3% and lead to negligible error in the

cross sections. The absolute uncertainties in the alpha branching ratios

are not known but are probably about * 10%.
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Resolution of the decay curves introdpcés no additional uncertainties
'lu . . . : .».' N . PR
for Dy 9 cross sections. For- those experiments in which the cross sections
150 2151 ) L N -
of Dy ' and Dy are approximately equal, standard errors from decay
A . 151 . 150 . -
analysis are about * 20% for Dy and about ‘* 10% for Dy ~ . For experiments
in which the ratio of these cross sections'is approx 8:1, the actifity measure-
ment for -the species of higher cross section has a gstandard error:of about’
+ 5%, and for the other -species has a standard error of approx * 50%.

Isotopically enriched materials were used for targets of Ndlua, Ndlhh, Celho

r
3?0 pa237

, and Bal5 . The isotopic composition of these materials is
given:.in Table 'I. In the table wé make a note of those isotopes for which
corrections were applied in the calculation of.the’cross sections. It is
'important that these corrections be precise for an analysis such as that
Apresented in the next section.:

The cross-section results are presented in Table II. In Fig..l we
show some typical excitation functions (plotted as fractional cross section
c/qR against excitation energy E). This figure shows data for two sets of

56

reactions that produce.the compound nucleus Dyl The beam energies were

Q .
calculated from range-energy curves of Northcliffe” and the initial energy

k9
k9

of -10.38 MeV per amu. The cross sections given for Dyl were measured by

observation of h.l-h'Tblu9ga The values listed for Dyl actually include

any 4.1-h Tblu9g~formed directly by (HI,pxn) reactions. Also, that fraction
of the Dylﬁ9 that decayed to 4-min Tblu-9m was not observed, and therefore is

not included-in the listed values. .Our estimate is that the direct production

1L . . .
of ToI*98 ig negligible and that -about 2/3 of the Dy:*) decays to To o

5'the

k9

and is not observed. The former estimate was discusséd»previously;

latter -is based .on the fact that the fractional cross sections for Dyl
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T o 150 - o L
are all about 1/3 those for Dy 2 , or Dy151 from similar reactions (see
Fig. 1). ‘Relative values of the cross sections for Dyl ? require only that

the first estimate be correct; absolute values require a measurement of the

: : 14
branching ratio of Dy ? to Tb149g.

i

More detailed studies of the decay .
properties of .each of these nuclides would make the interpretation of these

data‘mpre@definitg.
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IIT. AN ANALYSIS TO OBTAIN THE AVERAGE ENERGY

OF THE FIRST EMITTED NEUTRON

In this work we have measured excitation functions for-a number of
o oW1l o .. .
different reactions of the type (HI,xn) that lead to Dy, py~> , and Dy -
.Let us consider the relationship between two of these reactions that lead .

to the same product, say (HI,6n)Dy150 and (HI,5n)Dy150

,Awhere‘target and
projectile in the two reactions are different. It is élear.that if atomic
and’mass numbers, (Z and A) and excitation energy (E) were fhe only variables,
then we ceuld hope to unfold the energy spectrum of the first neut?oﬁ emitted
in the(HI,6n) reaction by comparing the two excitation functions. This
unfolding process would be rather. tedious and would reQuire very accurate
date; therefore, we attack the more modest goal of extracting the avérage
energy (el) associated with the first emitted neutron (fhe average‘kiﬁetic
egergy (kl)'of the first neutron plus the average total photon énergy (71)
dissipated before emission of the second neutron) It is generallj believeg
that the photon energy (yl) is very small.u

Tet us defiine Fx as the fraction of those reactioné in which no
charged particle is emitted that lead to a specific product by an (HI,xn)
reaction. The fraction of all reactions in which no charged particles are
emitted is denoted by f . For various excitation energies (E) we have
measured the cross section o for a specific product, and we can calculate

9

thé total reaction cross section o... Therefore we have

R

F (BE) = — (1)
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and
.
max
> Fo(E) = 1. (2)

Now let us define the quantity (E)x, the averagé excitation energy associated

with the reaction (HI,xn):

[o.9]

(E) FX(E) dE

<E‘>x = 0;o

_[FX(E),dEJ

: o)
These

(E)x quantities can be obtained from experimental excitation functions

provided fn can be determined.
‘Let us derive the relationship:between‘(E)X and <E>x¥l; The distri-
bution of energieS‘(el) associated with the first emitted neutron is denoted

by P(el). Neglecting thekeffect of aﬁgular momentum, we have

€

max
‘FX(E) =6/;>(el) Fx_l(E-Bl-el) de) » (%)
b'e ,
where € = E-¥ B, and B, is the separation energy of the ith neutron..
max joq 1t i - ’

Normalization of P(el) such thatojf;(el)del = 1 leads to the result
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J P (B)aE » J F (E)aE. | (5)

Substituting Eq. (4) into Eq. (3), we obtain

€ _.
max

j(E) l € )F, -('E_B'l-el)de‘l.dE, - : -
(®, = . o (6)
ﬁx(E)dE

If e .. is large with respect to (e );then'iticanAbe replaced . with small

error, by ». The order in integration of Eq. (6) can be changed then,

.provided we assume . that P(e ) dees not vary with.E over .-the region of interest

f (e;) IE) F (E-Bl-el)‘dE del

(8), = Tt , (7)
. ﬁ‘x(E)dE_ o S
[¢] \
The quantity in the square bracket is simply
(<E)x-l + B+ el)'F‘x_l(E)dE .
g
Therefore, we have o , 7 L :
IP(el) (E) + Bl +e (E)dB de .
(), = — - (8)

ﬁ«;wm

e}
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Finally,.Eq. (8) can be reduced fo
<E>X = <E>X-l + Bl 3+ (el)..‘ C (9) .

 From Eq;‘(9):one can determiné the average energy (el) associated
with the first neutron if Z, A, and E are the only variables.  Even' if the:
values. of (E}A YaryLWith angnlar momentum, Eq (9) can bLe useful. It may be
possible -to calculate or measure the change  -in angular»momentum, AN Jl’
associated with the emission of the first, neutron. If one knows experimentally
.jthé‘dependence of the (E)X values on~angu1arjmomentuﬁ, then valuesgof,(E)xﬂ.
and <E>x—l can be .chosen corresponding to J values that differ by the AJl.Q
associated with the first neutron. Alternatively, if one knows (€I>’ he
may he able to obtain _AJ.l . .
. In the next section we present values of £ and~(E)X obtained ffrom,
the excitation functions. .We discuss the dependence of (E)X on-angular .

momentum and the significance of the application of Eq. (9).
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IVv. DISCUSSION

This work and previous studieszlL establish the necessity for  -ineclud-

-ing angular-momentum effects in a meaningful .analysis of cross-section data.
The description4of the dependence of nuclear -level density on angular
‘momentum requires two parame’t:ers:LL (a) the nuclear moment of.inertia
(possibly dependent on.E and J) and (b) the excitation ene'rgy'of-'E'j of ‘the
lowest excited state of spin J.. We have not attempted to deliﬁit these
quantities by fitting calculated excitation functions to our data. .Instead,
we use Eq. (9) from the previous section to gain information:abouf‘theifirSt
~step in the evaporétion cascade, and we use a simplé-approximation4to estimate
EJ as a function of J.

.We compare -these results With average energies of the neutrons and
photons obtained from angular distributions5 and try to-drrive at an energy
.and angular-momentum balance. Findlly, we obtain a relationship bet&een

total photon energy and angular momentum removed by photons:.

A. General Relationsiip of These Results to Other -Studies

In a previous study6 we huve presented cross-scction data for
reactions of the type (HI,xn)Tbl&9g. The results were compared with’the
data for (HI,xn)Dy reactions. These two reaction types show large differences
‘in the magnitude -of the peak cross sections. .We can explain these differénces
by assuming that only those Tb compound systems of low spin (<7.5 % 1.5)
contribute to the (HI,xn)Tbll@g:reactions.6 o

Also we have compared angular-distribhtion measurements for -the -two

150 151

reaction types (HI,xn)Tblh9gand (HI,xn)Dylu9, (HI,xn)Dy ~",. (HI,xn)Dy .This

comparison leads us to conculde -that an increase in angular momentum leads to an



-11- UCRL-10541

increase in the amount of eﬁergy dissipaﬁedAbyvphoton emission.5 Additionél
evidence for this cdnplusion is given by the fact thét the excitétioﬂlfﬁnc—
tions for (HI,xn)Tblu9g reactions i)eak at 3 to 3.5 MeVAperA' emitted neutron
compared with 5 to 6 MeV per émitted neutron for the (HI,xn)Dy reactions
(see Fig. 2 of reference.6). V o

Mollenauer has studied the photonslemitted'in various nuclear regctions
induﬁed by HelL and 012.5 His reéuits indicate that total photon energ§.‘
increases with increasing angﬁlaf momentum. TFor all the.reactions studied
the average individual photon energy was between 1.0 and 1.6 MeV (1.1 MeV
for Te + 110-MeV Cle and 1.2 MeV for Ho + 110-MeV Clg). His measurements
of photon yields at 45 and 90 deg give evidence for quadrupole radiation in
several reactidns induced by ClE,,with the. notable exception of Te + .110-MeV
¢'®. Ae chown in Sec. IVB the (HI,xn)Dy reactions account ror approx 1/2 .
toi9/10 of the calculated reaction cross éections. Since these cross .
sections are such a'substantial p%rt of all the reactions, it .is reasonable
to assume that the average photon energy for (HI,xn) reactioné is very. nearly
the same aé that measured by Mollenauer.5 Therefore frém Mollenauer's™

results it is reasonable to expect for (HI,xn)Dy reactions a value of. 1.2 .

0.3 MeV for the average individual photon energy.

B. The Fractidn of the Reactions in Which No Charged Particle Is Emitted

Tn Table II, cross-section data are given for reactions of the -type
(HI,xn)Dy. Hoﬁ does the probgbility for>these reacfions vafy“with type and
energy of the projectilé? .We need this information to describe the quantity
fn (the fraction of the reactiéns in which no charéed particle is emitted).
We can expect that the probabilities for neutron evaporation from each bf

the Dy compound nuclei (A = 154 to 158) will have very similar dependence
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on excitation energy (Efﬁ However, we do not know how the- probabllity fer
compound-nucleus formation depends dn type -and energy of the projectile.

‘The - simplest assumptions that we can make are as follows: (a) The projectile

type (Clg,iNlu,.etc.)‘is not important; (b) The energy dependence .of f can

be described in terms of the.initial excitation energy of the compound nucleus.

.We show values of fn plotted against excitation energy in Fig. 2.

The values ofkfn shown correspond to excitation energies for equal cross

sections of Dyl5o and Dyl5l. At this energy we approximate fn as

+ 0 + 8o : :

= =
£ o~ 151 150 149 , (10)
n o Ip . /

where o denotes cross section with numlerieal subscripts for the mass number

.of the product. The last -term <801h9) in Eq. (10) is a crude estimate of

the sum of the cross sections for Dylsg‘and Dylh9. (We estimate that the
L9

149 . .
absolute crosg sectlon for Dy is three times the measured cross section;

_see Sec. -II.) The magni%ude of this term.is not. large as shown by the

arrows -in Fig. 2. The absolute values shown are uncertain by approx.i 20%,

but the relative values have standard errors of approk + 10% (see reference 6).
We have used a single relationship for qR/nR2 for -all reactions. ?his.

9

relationship was obtained from the cadlculations by Thomas” for -reactions of

heavy ions with Prlhlq The values of‘dR/nR%wafeAgiven<in Table IIi,:where

-they are compared to the classical result

g
<
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The sum of the radii of target and projectile is denoted by R, Coulomb barrier

by V, and center-of-mass energy by E, . - The energy dependence ofvdR from

v

«Eq. (11) and from square-well calculations is very similar for Eé m /V

1.10. We conclude that the relative values of ¢

R for'EC.m'/V > l.lQ are

quite reliable.
We have drawn a single curve in Fig. 2 for all‘projectiies'and”targets,

namely -

(B - 35)/65
. =<£| )/

2)

This equation fits all the measurements within the experimental errors.

) , for 45<E <105 MeV. (12)

- We conclude that a very substantial fraction of the total cross -
‘section leade to (HI,zn)Dy redctions. Also the variations between different
projectiles are probably less than approx..10%. Note that for the é¢alculation

of (E)X , errors in f. .and cé tend to compensate.

C. Values of the Average Excitation Energy (E) for (HI,xn) Reactions

In Sec. IT we hdve defined the average excitation energy (E)X'énd
discussed the relationship of this quantity to the average energy (el)
associated with the first neutron. The value of (E)X~is determined by the

ratio of two integrals over excitation energy, as given in Sec. III

=]

(E) = f (E) F, () dE/c/FX(E) aE . (13)

[¢]

A graph of & typical pair of these integrands. is shown in Fig. 3. ‘The

integrations were performed graphically with a plaﬁimeter..-Values'of‘(E)x'
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150
have been determined for 26 reactions of type.(HI,xn)Dy%h?,‘(HI,XQ)Dy.? s

151

or (HI,xn)Dy -The results are given in Table IV. Cross-section data in

Table -IT were used with £ values from Eq. (12) and g, values from Table III

R
(colqmn 2). .The firstycolgmn gives the reaction,-the seéond the value of -
<E)x' In the third column is given (E)X _'§1 B,, where B, is the separation
energy Qf the ith neutront; =

Tt is important to remember that only relative values of o, the
-product fn O and the masses are important for the determination of the
relative values ofA(E)X.. We are interested in the dillerences between valuee
of (E)x, and therefore relative values-aré’of"much‘more concern than the

absolute values. -Masses of target and Dy nuclel were taken from Seeger's

mass formula.lo_ The absolute values of the atomic masses from Seeger's,
' 10-12

'_Cameronfs,Aand<Levy's formulae may differ by several Me but the relative

values agree to about 0.5 MeV. A major source of error in.the relative
R e S ;
values of KE)X.- = B, may be the day-to-day variation in initial energy of
i=1 ' ’ .
the beam from the Hilac. There has been no detailed study of this question,

-but we estimate a standard error of about * i MeV tor the relative values
of (E)x.' In-the -last column is given the -average angular momentum (J) that
corresponds to each value of (E)X. These-values have-been calculated from

‘the classical approximation,
1/2 : 1l/2 .
(82 r(m, . - )Y
(I)= " » (1k)

where p is the reduced mass, and ‘R is the sum of the radii of the collisién
partners (see Egq. 20).

. < '

The values of'(E)k - ZIBi are..plotted against average angular

. i=1 -
momentum (J) in Fig. k. .From-the data for reéactions with x ranging from 4
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to 7, we.can establish thatvincreésing <f> increéses (E)x -.%iB;. A linear
dependence of (E)x -.g,Bi on {(J» with slope 0.47 £ 0.2-MeV i;-consistent
with all the data. ;;ihed-lines of the same slope are.-indicated for the
other reéctions.

‘'In order to use Eq. (9) f)f Sec. IT to extract the avefage energy
assoclated with the first neutron,'wé must ﬁnow'the-average éhangé zle in
angular momentum due to the emiésion of the first néutron. Pik-Pichak has
calculated AJi ~ 1/2-for a nuclegs of ‘mass 5Owhaving4£hé moment of inertia-
of a rigid sphgre; ahd aﬂgulaf momenta and excitation eﬁergy comparable to
the Dy nuclei formed in this study’.15 Thomas has obtained B similar result
" for a nucleus of mass 209.1h AIf no photons accompany the first neutron and
if AJ, = 1/2, we have ‘ |

(el) = (kl)=- d, +0.23 Mev, ' (15)

vwhere 4  is the displacement between the lines for (HI,xn) and [HI,(x-1)d]
reactions. The plaéement of'each'line-is uhce}tain'by about % lvMeV and
th; extrapolation of several of the lines leads to.aaditional uncertainty.
We can.expect an overall standard error of about * 1.5 MeV in the values of
dx' | |

The value of (kl) can -a1so Be: inférred - from angular-distribution measure-
ments.5 A éompariéon of ihe (kl)‘quantitieg from'tﬂe“two independent sfudies
is ihteresting. Aﬁgular-distriﬁutién data have been used to obtain the
average total energy Tn of the ne;troné. Vélues'of‘Tn from reactions of
X = 3% to 7 are apprbximately.pfoportional'to the squafe root of the excitation

energy or to the squaré root of x. Tt is therefore reasonable to assume that

the average value (kl) will also bé'prbpérfional to Wx.. Using the results
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of reference 3 to obtain the proportionality constant, we have
(k) = 1.74x MeV. | (16)

This evaluation refers to the excitation energy (E)x for each'reaction.
Experimental sources give nise to errors ot about * 10% in the proportionality
constant 1.7. The assumptionmof isotropio emission of neutrone if in error
makes the values of (k ) from Eq. (16)'too small.”

In Tdble V we list the values of (k )from.Ehs (15) and (16).‘»A150‘
we give their ratio. Even though the uncentalnties are rather-large,.it is
interesting that ell values derived fnom excitation functions are smaller than
those from anguler distributions. It is certainly possible that thereﬂis
some systematic error of which we are not aware. One possibility is that
the lines in Fig. 2 have a slope x 0.2 MeV rather than.0.47 MeV. This
would require that the errors in ('E)~ - Z B, be somewhat larger than we

1=

estimate.

has been estimated incorrectly-.

Another possibility is that the 83y

If -AJ were 3, then Eq. (15) would read

(k + (1.4 % o.é) MeV. (17) |

l> - dx
In this case the degree of con31stency would be much greater. Preliminary
calculatlons by Thomas indicate that a moment of 1nert1a (approprlate to the
nuclear -level dens1ty) of about 1/h that of a rlgld sphere is required to
give th;s resnlt.lu Theoretlca;.argumentsbhaye been glven to show that the
appropriate moment ofhlnertla 1s not expected to be less than that of a rigid

13,15

sphere. Addltlonal experlmental ev1dence 1s certalnmy requlred to
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determine how much anguiar momeutum is tsken é&ay by the neutrohs: However,
these fssults seem to suggest that AJi 235 compared fo theoreticai estimates
of AT x 1/2. o | |

From the values (E)xzit'is psssible fo'obsaiu'the relationship
between average -total photon energj and averags tofal.sngular momentum
removed by photons. Us1ng Eq. (16) as'the most reliable estimate of average
neutron Pnergy, we can oubtraut fldm each value ot (L§ the sum of the bind-
-ing and average kinetic energles of each neutron. The remalnlng energy (T )
must be dissipated By.photons, Slmllarly, we must subtract from the values
of (J) the.sumbof the énguiar momenta removed by the neutrons. 1In the _ ‘V
precéding ﬁaragraph-we'gsve evidence that suégested rather large vaiuss of
AJjj Let us consider the-classical approkimatisn for the sverage orbital
angular‘mumehtum Zn of the emitted neutrons. If ths'airsstions of these
angular momenﬁa Zn are parallel to J, then we have

1/2R ) 1/2

b= AR - ’ | (18)

where Rc-isvthe radius of the emitting nucleus. This relationship‘combined
with Eq. (16) leads to A&J values of 2 to 4. If we subtract from the vaiues
of (J) the values of AJ from Eq. (18) for each successive neutron, we might
expsct to arrive<at a lower limit for the angular momentum removed by
photons. However,_there is evidence that the values of (7)Y from Eq. (14)
probably overessimate the'averags angular momenta of the compound nuclei.l’16
Noncomppund nucleus reactions occur and probably deplete ths number of comppund
nuclei of higher,spius. Therefore, the use of Eg. (14) for (J) and Eq. (18)
for AJ probably leads to a reassnéble;esﬁimgtelfpr the total average angular

‘momentum removed by photons.
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In Fig. 5 we show the results obtained by the pro;edure,ﬁmt‘daxrﬂfd.the
that each experimental point in Fié.'5 was qbtained from values éf <E>x,aﬁd
{J) and therefore represents an avérage ovér all energies for a given reaction.
(Roughly speaking, each point is from the peak of an excitation function.)
There afe several interesting featufes of thié graph. First; all the different
measurements from reactions of x = 3 to 9 give é consistent trend - namely,
a roughly linear increase of (TY) with averagé angular'mdmeﬁtuﬁ, .Second,
the slope of the line is 0.46 * 0.15 MeV/n-essentially the same as that in
Fig. L. Combinipg Flg. 5 with Mollenauer 's measurement éf 1.2 % 0.3 MeV
per photonS, we obtain aﬁ average of 1.8 * 0.61 for thevanguiar momentum
removed by each photon. This result is in accord with fhe number of photons
per reaction that Mollenauer observed fo? Té + C12. But it is surpriéiﬁg

' 12
that Mollenauer's relative photon yields at 45 and 90 deg (for Te + C™ )

5

indicated dipole radiation.
The plot'shown in Fig. 5 15, of course, intimately related to the
dependence of Ej (the energy of thg lowest state.of spin J) on J. For each
J, the total photon energy (Ty) must be greater than the energy Ej by
approximately the separation energy of a neutron.h Therefore, the trend in
Fig. 5 implies that £, varies almost linearly with J.
Throughout this discussion we have assumed that in the firet step:
of the evaporétion cascade essentially no energy ié dissipated by photon
emission--that is le) ~ 0. There is no direct evidence that this assumption
is strictly correct. >However, the cross-secfion and éngulaf—distfibuﬁion
results do indicate that the photon energy (yi) decreases with increasing
number x of emitted neutrons. .This conculsion is based on two resulfs:

(a) The values of the quantity ((E)# -3 Bi)/x are all 5.0 to 6.4 MeV per
. i=1 :

neutron and do not show a trend that inéreases with x, and (b) The values
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Tn/x do increase with x,3 and thus wé infer that (kl) increases with x (see

Eq. 16). The comparison of these two results gives evidence that the ratio

(ki)/(yl) increases with x.

D. . An Estimation of the Dependence: of Ej on J

A complete'anainis of the resﬁlts presented here-requirés a ra£her‘
diffiecult calculation. One must consider the distribution in angular.momén£um
of the initial compound nuclei. Then fhe'distributions in enefgy, éngular
momentum, and type of émitted particle must be'considered for each step ~r-
:d&{‘tﬂiélueanaporation cascade. Such a célculation is beyond the scope of
this paper. ,Howe?ef, with a number of’simplifying.aséumptions énd apﬁréximations
we can arrive ét an estimate of the dependeﬂce of éj on J. Tﬁe éssential
fe&turesluf bhié‘analysié were suggésted fo us by br. J.'Robb Grévef of
Brookhaven National Laboratory. | |

The assumptidns made are: (a) The distribﬁtion funétion'P(J) that
describes the initial‘spectfum of angular momenta is given by the classical

sharp-cutoff approximatidn;

P(J)adg = _(2J/Jmax AT for J < J ax? (;9)
P(J)daJ = 0 for J > I o’ (20)
and
2 vl 2. o ‘
= 2u(Ec.m.—V)R 5 (21) —

(b) There are only small changes in P(J) as a result of the evaporation of

8

neutrons; (c) The distribution of:the total énergy'T,n;--of-_x~ne,utr:m_s‘;-:;is..;zj@pnes;ent_ed,¢,

as
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1 2x-1
PO, = mrmx Ty | oe(-T/1d, (22)

where T is a huclear temperature parameter. This exp?ess}op,brigingteg from
the constant-nuclear-temperature approximation developed by JacksonL17 In
this approximation Tn/x = 2t. Thus we thain‘a:yalue of ‘1 for each value of
E frgm the T Yalues given.in‘referencg 5;,(@) The dependence of E; on J is
given by
E,=c¢ J S (&)

or . ' '

| | Ey=c, a5 (2b)
and (e) Neutron emission takes place if the excitation energy exceeds the
sum of Ej and thé-separation energy of ‘a neutron. The phygiqal consequences
of this assumption are described by a very illustrative graphical represen- .
tation in reference kL. .,

We will deVelép an‘appfpximate relationsbip between the constants
e, or c, and the values of fractional‘cross sections Fx for the reactions
(HI,xn), (see Eq. 1). Let ;s consider initial excitation energies 10 to 0.
MeV less than (E)x+l-—in other words, the leading edge of the excitation
function for the reaction:[HIy(x+l)nJ.

After the emission of x neutrons, we require assumption (e), above,

that another neutron will be emitted only if -

) (25)

- >E_ + B
,Mx ?nf' Ej X+l

where

M =E_-§B, (26) .
X, -i=‘l ST,
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and Bi is the separaﬁion enefgy of the ith neutron. Then we have

x+l/ ' :
x =1 T | S
r : O[. exp. -;Q) d {nj-ay - ‘
x+l Z2x 15 T T 4 (27)
X X&) Z2x )' ' T s [Ty Ty
‘ _E exp [.-Bl a | B|dF
‘ T T T

The limit J, is:obtained from Eq. (2%) or (24) and Eqg. (25). Hence,

o= Oty - 1)y 28)
or _ _ : :

3P - T/ (29)-

e U x+l o onttee : s

Expressions similar to Eys. (do) and (29) can be wrltten for the 1limit J X’
which, with these assumptions, determines the d1v1s1on between the reactions
(HI,xn) and [HI,(x—l)ﬁ]. The expressions fer Jc'and Jx depend strquly on
assumptien (v), namely that P(J) ie essenfially unchanged by the evaporation
of neutrons. .- We expect that this assumption is reasonable for the smaller

J values6 (e.g., J < 25), but it may be very poor for the higher values of
J. (See‘the discussion in thevpreceding section.) Therefore we confine
this treatment to a portion of the leading edge of the excitation function

for the [HI;(x+1l)n] reaction. In.this region, typical values of F range

xX+1

ranges from about 0.4 to

from about 0.02 to 0.25, Fx is about 0.5, and Fx-l

0.2. Therefore, values of J are not very large (Jc < 25), and the values
: A _ S >V

of Jx approach Jmax' In this energy regien we do not lean very heavily on
assumption (b) for the higher J values because the value of JX is not critical.

For simplicity we eliminate JX from the formulation by the following

approximation. In the denominator of Eq. (27) we extend the integration
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over J from the limit JX to Jmax » and we extend the integration over Tn
from M to . These new limits make a smal]__: additional contribution to the

integral; thls addltlon depends on 1n1t1al energy E approx1mately as does

Fx-l; With these considerations we changeAEq (27) to read
| o ‘ : x+l
‘ ) ' Tn 4T \‘
F 1 ' J I exp (- — d( o aJ
P N x+1 . 2x-1) ! ! !
+1 7 F._ +F _+F ~ 1 ' 2x 1 - 3
* l x-1 X x+l (ox-iyr [ mex = Ty T} [Fud
‘ VJ — exp -—ld|—] 4J
S g ¥ T Ti .
(30)

The denominator of Eq. (30) is simply. Jmax2/2 , and the numérator: can be

expressed in the terms of the incomplete gammai function

. Yy
! +1l) = [
o -
Integrating and solving for ’c‘l or 02, ve obtain‘
r 2
.2 1 X+1 o x+l
¢ . = — T .1 (2x) - .1 (2x+1)
1 41 max [ (2x-1) Mx+l'r (2x- 1 17
AT2 . K ' .
2x-1)! I_‘M 1 (2x+?) (52)
; S ¢ S '
or
; M N
1. oox¥l (og) L T L ,
@ = o) ! - Y F -1 (EX) - T - " r -1 (2X+1) .
2 Fx+lJmax i (2x-1) /Mx+l'r“ . ..2x )M T e §

(33)
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One cannot expect this itreatment to'Belvery éccurate. We can expec£ only
to_obtain the trend of the Ej values within about a factor of two..

The application of Eq. (32) yields values of al from 0.10 to 0.27 .
MeV. Values ofzdé from Eq. (55) range from 0.0025 to 0.015-MeV. ‘The former
result is indicated in Fig. 5 by the solid line, -the latter result by the.
dashed line. Both the dashed and the solid lines. are consistent with the trend
indiuapcd by the values ot (Ty) shown in Fig. (5). .As stated ﬁreviously, the
average total photon energy (Ty)‘is expected to be greater than,Ej by about
the separaﬁion energy of the neutron. The variation in.dl and c2 values .is .
large enough that there is a considerable region of overlap .of these .two .

representations. The .range.of values obtained for c. is more limited than

1
that of 62, which may indicate that Ej is better represented by a linear
than a quadratic dependence on J.

We might expect a "cold" spinning nucleus to give a reasonable model

of the states of highest angular momentum for a given excitation energy . . If

the cold nucleus has the moment of inertia of a rigid sphere of radius

b

1.2Al/ F, then Eq. (24) is appropriate with a ¢, value of 0.0084 MeV. This

model is not inconsistent with the apprbximaté analysis presented above.
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V. CONCLUSION.

A large body of cross-section data has been presentéd for reactions

-9 150 151. The fraction bf the

of type (HI',xn)lly«l,4 “, (HI,xn)Dy -, (HI,xn)Dy
total reaction cross section thatileads to thiese reactions varies with initial
excitation energy from about 9/10 at 45 MeV to about 1/2 at 105 MeV. An

analysis of ‘the "first moment" of the excitation functions has been presented.

This analysis of the cross-section data leads. to estimates of the energy of

the first emitted neutron. These energies are consistently smaller than

estimﬁteé-obtained from angular-distribution studies. ''he discrepancy
sugéests that the first neutron may remove rather large'amounts of_angulér
momentum (2 to L), A linear relationéhip has been obtained betwéen average
total photon energy and average total angular momentum removed:by the photons.
This relationship implies that the average ahgular momentum removed by each
photon is 1.8 * 0.6K. The dépendence of Ej on J has been roughly estimated

from the cross-section data.
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- Table'I. Isotopic composition of the thrgets.

Targét ] - | Mass nuﬁbef.anq éﬁuﬁdéﬁce.(%)~ﬁ*

nuclide ) 3 of the ‘isotopes

NdlL*2 97.45 1.0k 0.89 0.21 0.26 0.08 0.07

na 0.56 0.67 97.3 - 0.8 0.67 <0.05  <0.05

Celuo <0.01 .+ <0.01 o 99.65 ‘ 0.35
10 1 1k 135 136 1T 138

Ba156 <0.05 <0.05 <0.1 1.08 92.9 ‘ 1.77a L. oh®

a7 20.05  <0.03  <0.05 <0.1 0.6  81.9 17.4 2

Ba™20 ©0.02  0.02  0.05 0.15 0.26 1.5  48.0k

a . . . s
Corrections for these components were made in calculating the cross sections.
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Table II. Cross-section results. (Different experiments separated by dashed
lines). Lo N S SEE

(1) Gross section (un)
Spet) | Pziigﬂz | 12 PX;;; | g
| N+t oDy -
m6.5 109, 2kl

2.4 172. . .3h.é N

108.1 230, ~ 50.0

103.7 T D 92.8
©99.0 © uo8, 178.

O SRS 8.

‘89,5 o 381. 6h1. . “16.9
S | o3k, ~ 8s6. 100.
- 18.8 9%5.1 93%. . 178.
‘>73.o ’ 11}6_ . 709. 3235,

67.2- | S 262, . hks.

60.6 327

53.9 25.7

2.9 s2.5

118.6 9.3

1ik.2 | - 1k6.

110.2 22k,

85.8 297.

80.5 - o1ha,
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 Table II. (Cont'd). . ...

E_ T ____ Cross section (mb) f;
et E %@1 e %;50' =
, . Pr + N~ — Dy
128.8 85.7 13. :
122.9 151. 32,
116.6 ' 218. ~80.
110.5 C266. 176,
103.7 - 280. . 376.
96.7 197. 578. Yo b
89.5 83.0 6ho. 12k
81.3 - 12.3% 478. -282.
12.8 126. 325,
63.8 1138.
o8 wae o T
137.2 32;7‘
132.0 62.0
126.4 119.
120.8 179.
108.6. 509.
1375 sws
131.7 '66.1
125.7 124k.5
119.6 206.8 58.
113.0 289.8 153.
99.8 245.8 551.
92.0 135.7 648.
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Table IT. (Cont'd).

UCRL-10541

60.5

“;Eg R }Crbss-séétibnj(mb)' .
o) RN ——
- Pr1u1,+,N1h'_;by155
. 142.8 17.4 ~ B~ 3 i
13h.1 45.8- . 5.68
125.4 125. . ek,0
115.9 | 12é1.. - 87.2 )
109.2 270. . 205,
102.% 235, 37,

95.1 - 161. . 588. 343
87.2 Css2 6. 155,
| 79.2 3,1 316. 322,

7015 ‘ | 31.9 ' 282,

37.0
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Tabﬁé'illj'(Coﬁ?laij.,."....~” ce e

E .. Cor "?wjﬁfJ-CrOSSwsection (mb) A
MeV' o Co E »11.14"9' E 2150 | ..'D‘y15'l

gty 1L 156

'280. “:27h.

© 282.

11L.5 262. © 55l kg
110.5 C o, 705. 7.7
106.1 ‘149. 17 830. 1o,
1015 ' 82.0 783, ééé.
) '

O Y
Lo
Ut

o

=

N

)

92.0 - 10.

[0¢]
3
o]
\Jl
™
s
CN
=
N
\O
|.._I
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Table II.- (Cont'a)

UCRL-105k41

Cross section (mb)

'(§ZV) o EL
‘ Prlhl . Nl?aipyl56 : ,
i52.9 228. 169.

126. k4 - 243, 3Ll

11§.7 | 212. 538. g

113.0 143. 659. 1%0.

105.9 Th.2 618. 527.
98.1 <13. 393, 477,
90. 4 117, 489.

153.0 5 0 7

1h7.9 ' 87.0

142.8 133.

157.h 190

132.0 218.

126.3 23k.

115.1. k7.

1106.8 Th.1
ws.s &3 77
143.0 137.

137.3 190.
131.1 20k
115.2 166.
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. Table II. . (Cont'd) = .- . -.

E, - i o “'Crdséfsgction (mb) . |
(Mev) Eziig | ;~-‘by15o py Lot
L ko, 016_;b§156""" .
i63.o 62.5 14.8
. 152.2 16k, - 65.8
110.8 290. pgp
132.6 6L, 512. .
124.6 180. o 6L5. iéé.
115.7 85.5 '690, 355.
106.9 | 12.5 '561. 4s8.
96.6 '<o.5 7%.6 ,h§9.
86.2 _ ' _ S _&2.8_. , 1109.“
4.7 | <1.5
wr.s a8 - wo.
1ko.2 2hg. 260
128.0 2ko. 612 87.1
119.5 1. 7u5f 220
110.7 47.9 651. 369
101.3% <3.5 274 622
90.6 <18.3 326
e T EPRR e T
151.7 162. 79.3
131.4 240. Ly, 47.5
113.8 51.5 Lo7. 349,

10L.2 255. 487.
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Table II. (Cont'd)

E S v Cross sectién (mb) : :
o TG ' : 150 oL
o (Mev)-- - Dy - oy ’ =

93.8 17.0 331
82.7 28.7
630 0 oseh T T TT TS
155.5 120
1&8,6f 222
1&1.5‘ 270
133,6 | 252
126.é 211




Table II. (Cont'd)
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: -Eb » __Cross. section (mb) f
(Mev) Dylug 0 Dyt
136 Lyl e
202.6 1.6 | 0.3
190.2 5.6 0.7
179.5 S 25.4 | 3.2
167.2 92.8 221 5.2
154.6 - 220. 4169. 13.3
146.8 233. ' 508. 635
126.7 96.3 607. 277.
111.2 6.1 210. 400.
ol 2.2 70.8
202.6 e T
184.8 10.1 0.2
172.3 8.l 7.3
159.8 159. 58.9 1.4
146. 4 o6, '309. 56.2
131.9 181. 610. 139.
116.6 " 28.0 k29, 36&.
99.8 26.0 '296.
81.8 | 2.3
9.6 250
126.6 '85.2
111.k 5.2‘
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Table II. (Cont'd)

‘Eb R, " Cross section (mb) -
(Mev)' : Dy1“9" ..ﬂ &15—1
""" oy Négqa:byl57 o
202.7 o .11.3' | u.;.. 3.0
189.1 S 39.8 - 12.6
175.0 . 117. ' 66.5
©160.0 . b7, 252, 335
Lh6 .7 102. . e, 121.
132.8 ' 23.6 ~ 310. 301.
118.0 | o ’ , . k6.6 -2k,
101.5 17.1
202.7 105 23
191.3 32.2 7.6
179.h o917 - 389 |
167.0 ~170. " 1b7. 36.3
A;5A.5 A71. 391, 69.7
.2 .89.1 Lgw. -256.
1gé.u - 9.3 252. - 287,
111k ) S 15.3 150.
95.0 0.5 2.2
1908 0.9 77
167.6 ‘ . 160.

1.2 ‘ 85.7
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Table II. (Cont'd)

E, o Cross .section (mb) .
(MeV) o pyt¥9 S py Pt
ok |18 Dy158

173.2 -127. {168. <2h.

165.8 " 150. 259. 35.9
1543 129, 459. 125.2
148.0 81.4 L483. o 206.8
135.0 "3k 381. ;ou.8
128.9 10.6 211. ' 410.7
119.9 BRI 3.3 291.

110.2 , | 90.2
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Table II. (Cont'd)

E, B _ . "',qfqéé section (mb) ]
(tev) ot oy oyt
o pal39 F19_%.Dy158
192.9 1.9 AT
179.6 ‘ 107. 77.6
169;9 1b2, _ i89.
| 159.8 1hl, ” 351, 66.1
149.2 , 95.9 ‘ 152, 168. |
138.1 ‘ . 3h.8 351, _ 353.
.126.0 6.9 136, .. 3h1.
114.8 8.3 1k1
101.1 k.9
192.9 wo -
182.4 - 87.5
170.8 157
160.7 1h2.
1k9.7 97.6
192.9 3o
183.2 86.5
173.1 135
162.3 154
139.8 6.5
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Table IT. (Cont'd)

E, ~ Cross section (mb)
(Mev) L = L
Ba138 +'Ne2O¢; Dy158.
187.2 11k. - 9k.6
171.2 152, o shg. 1 50.3
153.8 . 7.4 | 66, . 255.
.1k0. 4 135 ous, 400.
125.6 <5.5 26.5 o1
110.6 1.9 8.6
e T g T
188.8 95.4
175.6 152
- 162.0 122.
148.0 L
2028 o T

154.8 67.1




Table IIT:. Calculated total reaction cross sections.,

-ho-

UCRL-105k41

1.00
1.05

1.20

1.20
1.25
1.30
1.40
1.50
1.60
1.70°
1.80
2.00
2.20

2.40

R

ﬂR2

Square_wella .

0.022
0.030
0.054
0.084
0.116
0.146
0.175
0.201
0.2h9
0.292
0.333
v 0,375
0.h412
- 0.455...
0.495
0.532

Classicalb
0.
0.

0.

000

000

o48
091 -

130

.200
231

.286

375
-500.

.545
.583

.167 s

.355..»

12

RVES

a
See reference: 9.

qu. 11 in text.
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Table IV. Average energies and angular momenta.

Reaction - - (E)x (MeV) | <Eﬁé'i§1§i (MeV) 3y
lL‘e(c 3n)Dy151 | 45.4 18.7 . 21.1
Nd l42( ,lin ) Dy~ 59.8 F - 25.2 | 29.5
wat¥2(c12 5n)py 49 75.6 30.8 36.7
lb’l( 1k ,in )Dy151 54.0 20.2 23 6
Pr lL‘l( 1”,5 )Dy150 | 7o.é - 28.5 33.7
‘lul( 1k 6n)Dylh9 ' | 86.1 - 34,2 ‘ 41.3
(e sn)poyPt 68.6 25.8 33,1
Ndluu(C12,6n)Dyl5o 85.2 34.5" 40.0
Prlul(N15,6n)D§l§9 R 85.5 ‘3h.8 43.6
prt (025 7n)py o 100.8  s9.9 49.9
lho(. ,5 )Dy151 yalpn 28.6 38.5
e (018 6n)py >0 87.2 36.5 46.2
1&0(', ;T )Dylu9. 023 Cohy 50.5
52?20 (6%, 5n )y 2 3.0 02 39.5
(Ne20,6n)Djl5o 88.0 37.% i L84
156(Ne20,7n)DylL‘9 102.5 ul.é 55.6
Ba157(Ne2°,6n)Dy15l" 88.2 38.6 48.5
Ba 2T ( 20,7 YDy 0 101.9 bl b 55. 4
157( 8n)Dy 49 116.9 hg.2 62.0
1uo 18,7 YDyt 100.4 42.1 5.2
La159( ,mny™ 99.8 4.5 52.9
La159(Fl9,8n)Dy : 11k.5 48.3 59.4
La159(Fl9,9n)Dylu9 -129.0 50.6 65.2
S 100.1 | 1.8 54.6
158(Ne 8n)Dyl5o 115.5 : 49.3 61.5
158 149 129.4 53.0 67.2

B2 (ne?”, on)Dy
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Table V. Average energy of the first emitted neutron (k ) in (HI,xn)Dy
reactions. ' ‘ B

(i, ) (Mev)
‘ . ‘ a : b
X angular distribution ‘cross sections . ratio
L 3.4 £ 0.3 1.8:% 1.5 ‘410.53 r-o:u7
5 3.8 £ 0.4 1.6 1.5 ~ 0.k2 £ 0.k
6 b2 t 0L 3.4 % 1.5 . 0.81 % 0.38
7 4.5 % 0.5 1.6+ 1.5 0.36 * 0.36
8 4.8 * 0.5 3.9 1.5 6.81 t 0553
9 5.1 £ 0.5 1.7+1.5 0.33 + 0.31
Av. L.3 4 2.3 -0.53
# Bq. 16. ]
b

Eq. 15.
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Fig. 1. Measured cross section ¢ divided by calculated total

reaction cross section qR‘aS a function of excitation energy

E.
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Fig. 2. The fraction f, of the calculated total reaction cross
section that leads to (HI,xn) reactions as a function of
excitation energy E. The different symbols are for different
target materials as shown. The arrows indicate the estimated
magnitude of the contribution from reactions producing Dyl 9
and Dyl92. The major products are Dy20 and DylD1 (see text).
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Fig. 3. Fyx (solid curve) and (F %(E)édashed curve) vs excitation
energy for the reaction Bal’ (Ne©,6n)Dyl50. The value of
(E)X is indicated.
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Fig.- 4. The average excitation energy (E)X minus the sum of the
binding energies B; of the neutrons as a function of- the
average angular momentum (J). Different symbols are used
for the different (HI,xn) reactions @, X = 7; ¥, x = U;
.:X=53.;X=65f:X=75‘)X=85 » X = 9.
Open points are for Dyr*Y; closed for Dyl®0; and half
open for Dyl5l.
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Fig. 4. Also indicated is the relationship between E; and
J. The solid line was obtained with the assumption
Ej = ¢qJ; the dashed line with Ej = c2J2.



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the -accuracy, completeness,
- or usefulness of the information contained in this
‘report, or that the use u[ auny information, appa-
ratus, method, or process disclosed in this report
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