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ABSTRACT

‘Excitation functions are presented for many heavy-ion-induced (H1)

reactions that produce Dylhg, Dyl5o and Dlel. Projectiles were 012, Nlh

N15, 016, 018, Fl9, and Ne<C of 4 to 10.k4 Mev per amu. The reactions

studiéd are all of the type (HI,xny, where x rangeé from 3 to 9. A large
-fraction of the total reaction cross section 1s accounted for by these (HI,xn)
reactiqns— 9/10 at approximately 45 MeV to 1/2 at approximately 105 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
éuggests that each neutron removes 2 to 4 # units df.angular'momentum; ‘We
obtain the relationship between average total photon energy and average
angular momentum removed by photons. Comparison with the average photon
energy from other work leads to an average of 1.8 £ 0.6 % for the angular

-momentum removed by each photon. The excitation energy‘Ej of the lowest-

lying state of spin J has been estimated.
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I. INTRODUCTION

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 in1
formation about specific reactions; e.g., the (HI,5n) reaction can be studied
without interference from the reactions (HI,6n), (HI,pSn), etc. This
specificity is difficult to obtain by physical means because of compléx )

by 150 151

coincidence-detection requirements. The products Tblu9g, , and Dy

are particularly useful because they can be easily identified by their
characteristic alpha rediocactivity.

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’g’5 Also reported are angular-distribution
measurements from which it has been possible to obtain the average total
energies (Tn and Ty) of neutrons and photons.5

The experimental data reported here consisFAQf excitatiop'func—
tions for 26 reactions of type.(HI,xn)Dylu9’ Zﬁi;XnSﬁy15O; 2Hi;kﬁfﬁy151.
Compound nuclei of masses 154 tv. 158 have been formed by various projectiles
and targets.

The conventional treatment of excitatim-function data involves the

use of the statistical model with little, if any, allowance for the effect
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of angular momentumf This type of treatment may be acceptable for reactions
induced by protons and héiium~ioﬁs éf several teﬁs'of MeV. However, it is
clearly unsatisfactory for reactions between complex nuclei that involve
-angular mementa of several tens of # units.

We analyze the.fésultsvto obtain the average energy associated with
the first emitted neutron. Also, we have estimated the relationship between
average total photon energy ana average angular momentum removed by the
photons. This relationship along'with the average individual photon energy5
gives the average angular momentum removed by each photon. By an approximate

method .we have estimated the energy-Ej*of the lowest level of spin J as a

function of J.

W

“w“
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II. EXPERIMENTAL PROCEDURES AND RESULTS

We have used the stacked-foil techniqgue to measure cross sections
for k.1-n Tb 98 (10% alpha) 7.4-min Dy>°° (17.9% alpha),and 17.9-min Dy~
(6.2% alpha) produced by many reactions between complex nuclei. The experimental
conditions (targets, irradiations, counting techniques, etc.)‘have been"
described previously.
The product atoms recoiled out of thin target layers (30 to 120
ug/ch) and were stopped in Al catcher foils of about 1.8 mg/cmg. We
measured gross alpha reaioactivity with 2m ionization chambers. Activation
of impurities in the catcher foils was found to be negligible. Decay curves
were graphically analyzed into the three components above. At the lower

52

1
energies small amounts of 2.5-h Dy

152

activity were observed. The presence

49

prevented us from measuring the very:small cross sections for Tbl

150

o151
and Dy 2 at lower energies. Separation of the activities of 7.4-min Dy

and 17.9-min Dy151

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), the 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,
. 150 151 . .

and the decay properties of Dy and Dy . The half-periods and alpha
50 151 7

branching ratios for Dyl and Dy 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 * lO%.7
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Resolution of the decay curves introdupés no additional uncertainties

for‘Dyl 9 cross sections. For those experiments in which the cross sections
150 151 . , 5 ,

of Dy and Dy are approximately equal, standard errors from decay
: . 151 X _ ; 150 -+ _- o
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 activity measure-
ment for the species of higher cross section has a standard error of about
+ 5%, and for the other species has a standard error of approx * 50%.

L2 14k 140

Isotopically enriched materials were used for targets of Ndl s Nd , Ce
iBél56, Ba157, and Balo . -The isotopic composition of these materials is
given in Table I. In the table we make a note of those isotopes for which
corrections were applied in the calculation of the cross sections. It is
vimportant 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. 1 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
156

reactions that produce the compound nucleus Dy The beam energles were

calculated from range-energy curves of Northcliffe8 and the initial erergy

k9
ko

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

149g -

. observation of 4.1-h Tb . The values listed“fOrVDyl actually include

any h.l-h'Tblu9g'formed directly by (HI,pxn) reactions. Also, that fraction
of the Dylu9 that  decayed tO‘h-mithblh9m wéé not observed, and therefore is
not included in-the listed values. Our ésfimate'is'that the ‘direct production
of Tbl)+9g is negligible and that about 2/3 of the Dylh9'decays to’Tb'lu9m
and is not observed. The former estimate was discussed previously;5 the

k9

‘ . -1
latter is based on the fact that the fractional cross sections for Dy

W
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G lO i A
are all about 1/3 those for Dy 2 , Or Dy151 from similar reactions (see
: 1k
Fig. 1). Relative values of the cross sections for Dy 2 require only that
the first estimate be correct; absolute values require a measurement of the

: 1k
branching ratio of‘Dy ,9 to Tblu9g.

More detalled studies of the, decay
properties of each of these nuclides would make the interpretation of these

data more definite.
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III. AN ANALYSIS TO OBTAIN THE AVERAGE ENERGY

OF THE FIRST EMITTED NEUTRON

In this work we have measured excitation functions for a number of
1k 0.
different reactions of the type (HI,xn) that lead to Dy 9,'Dyl5 , and Dyl5l.
-Let us consider the relationship between two of these reactions that lead

20 and (HI,5n)Dyl5o

to the same product, say (HI,6n)Dyl , where target and
projecfile in the two reactions are different. It is clear that if atoﬁic
and mass numbers, (Z and A) and excitation energy (E) were the only variables,
then we could hope to unfold the energy spectrum of the first‘neutron emitted
in the(HI,6n) reaction by comparing the two excitation functions. This
“unfolding process would be rather tedious and would require very accurate
data; therefore, we attack the more modest goal of extracting the average
energy (el) associated with the first emitted neutron (the average kinetic
energy (kl),Of the first neutron plus the average total photon energy (yl)
dissipated before emission of the second neutron) It is generally"believed
that the photon energy le) is very small.LL |

Let us deftine Fx as the fraction of those reactions 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

the total reaction cross section OR'9 Therefore we have
E) = ¢
F (E) — (1)
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and

\_YF (E) =1 . (2)

Now let us define the quantity (E)X,che average excitation energy associated

with the reaction (HI,xn):

(E),

f(EF(Eé \

[F E) aE

X
These
(E}X quéﬁtities can be obtained from experimental excitation functions
provided fn can be determined. |
Let us derive the rélétionéhip between <E>x and <E>x—l The distri-

bution of energieS’(el) assoclated with the first emitted neutron is denoted

by P(el)° Neglecting the effect of angular momentum, we have

max
FX(E) ﬁ’(el) F_ _(E-B ) de. , (L)
X
where ¢ = E-2 B and B is the separation energy of the ith neutron.
i=]1 v

00

Normalization of P(el) such that(J(P(el)del = 1 leads to the result



Qo

JFX'l(E)dE NJFX(E)dE.

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

€ _.
max

c/i(E) .liP(el)Fx_l(E-Bl-el)del dE
(E), = — -

o ﬁx(E)dE.

UCRL-105k1

(5)

(6)

If emax is large with respect to (el) then it can be replaced with small

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

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

J:(‘el) cﬁE) IFX_l(E—Bl—elde de;
I;X(E)dE

¢}

(E)

The quantity in the square bracket is simply

((B),_, + B, + el)ﬁx_l(E)dE :

Therefore, we have

T o

(E), =

o

l;(_el)' | (E)X_l + B, + & Ofo_l(E)d% del_‘

(7)
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Finally, Eq. (8) can be reducéd to
B), = () +B ) ()

From Eq. (9) one can determine the average energy <€1> associated
with the first neutron if Z, A, and E are the only variables. Even if the
values of (E)X vary with angular momentum, Eg (9) can be useful. It may be

possible to calculate or measure the change in angular momentum, A Jl’

associated with the .emission of the first neutron. If one knows experimentally

the dependence of the <E>x values on angular momentum, then values of (E)X
and <E>x—l can be chosen corresponding to J values that differ by the AT,
associated with the first neutron. Alternatively, if one knows (el), he
may be able to obtain AJl.

In the next section we present values of fn and (E)X obtained. from
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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Iv. DISCUSSION

This work and previous studiess’h establish the necessity for includ-
-ing angular-momentum effects in a meaningful analysis of cross-section data.
The description of the dependence of nuclear level density on angular
‘momentum requires two parameters:u (a) the nuclear moment of inertia
(possibly dependent on E ;nd J) and (b) the excitation energy of Ej of ‘the
-lowest excited state of spin J. We have not attempted to delimit these
guantities by fitting calculated excitation functions to our data.  Instead,
we use Eq. (9) from %he previous section to gain information about the first
step in the evaporation cascade, and we use a simple approximation to estimate
Ej as a function of J.

‘We compare these results with average energies of the neutrons and
photons obtained frdm angular distributions5 and try to-arrive at an energy
~and angular-momentum balance. Finally, we bbtain a relationship between

total photon energy and angular momentum removed by photons.

A. General Relationsiip of These Results to Other -Studies

6 .
In a previous study we have presented cross-section data for

1hog

reactions of the type (HI,xn)Tb 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 differences
by assuming that only those Tb compound systems of low spin (<7.5 % 1.5)
contribute to the (HI,xn)TblL+9g reactions.6 |

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

149g 149 150 151

reaction types (HI,xn)Tb and (HI,xn)Dy ~, (HI,xn)Dy -, (HI,xn) . This

comparison leads us to conculde that an increase in angular mamentum leads to an
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increase in the amoﬁnt of enérgy dissipated by photon emission.5 iAaditional
evidence for thié cénglusion ié given by the féct that the excitatién.fﬁncf
tions for (HI,xn)TblL@g reactions peak at tho‘5.5 MeV per emitted neutron
compared with 5 to 6 MeV per emitted neutron for the (HI,xn)Dy feactioné
(see Fig. 2 of reference 6). |

.Mollenauer has studied the photons emitted in various nuciear reactions
induced by HelF and 012.5 His resﬁlts indicéte that total photon energy ..
increases with increasing angular momentum. For all the reactions studied
the average individual photon energy was between 1.0 and 1.6 MeV (1.1 MeV
for Te + 110-MeV 012 aﬁd 1.2 MeV for Ho + 110-MeV Clz). His measurements
of photon yields at L45 and 90 deg give evidence for quadrupole radiation in
several reactions induced by Cl2,‘with the notable exception of Te + 110-MeV
¢, As shown in Sec. IVB the (HI,xn)Dy reactions account for approx 1/2
to 9/10 of the calculated reaction cross sections. Since these cross
sections are such a substantial p%rt of all the reactions, it is reasonable
to assﬁme that the average photon energy for (HI,xn) reactions is very nearly
the same as that measured by Mollenauer.5 Therefore from 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 Fraction of the Reactions in Which No Charged Particle Is Emitted

In Table II, cross-section data are given for reactions of the type-
(HI,xn)Dy. How does the probability for these reactions vary with type and
energy of the projectile? We need this information to describe the gquantity
£, (the fraction of the reactions in which no charged particle is emitted).
We can expect that the probabilities for neutron evaporation from each of

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 probability for
compound-nucleus formation depends on type and energy of the projectile.
The simplest assumptions that we can make are as follows: (&) The projectile

12 1k
type (CT, N

, etc.) is not important; (b> The energy dependenée of fn can
be described .in terms of the.initial excitation energy of thevcompouna nucléus.
We show values of fn plotted against excitatiopvenergy in Fig. 2.
The vélues of fn shown correspond‘to excitation energies for.-equal cross
sectioﬁs.of Dy150 and Dyl5la At this energy we approximate fn as
9151 * 9150 * B9qug |
f x s (10)

n ' O'R

where @ denotes cross section with numlerical subscripts for the mass number

.of the product. The last term (80149) in Eq. (10) is a crude estimate of
149

the sum of the cross sections for'D;ylj2 and Dy

49

(We estimate that the

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

_see Sec. II.) The magnitude of this term is not. large as shown by the
arrows in Fig. 2. The absolute values shown are uncertain by approx * 20%,
but the relative values have standard errors of approx * 10% (see reference 6).

We have used a single relationship for GR/ﬂRe for -all reactions. This

9

relationship was obtained from the calculations by Thomas” for reactions of

41

heavy ions with Prl The values of @R/ﬂR%ware-given in Table III, where

-they are compared to the classical result

(11)
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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.Ec _ The energy dependence of O from
Eq. (11) and from square-well calculations is very similar for E, . V>

1.10. We conclude that the relative values of ¢, for Ec n /v > 1.10 are

R
quite reliable.

We have drawn a single curve in Fig. 2 for alljﬁrojectiles and targets,
namely

. _<- )<E - 35)/65

, for U5<E <105 MeV. (12)

This equation fits all the measurements within the experimentai errors.

We conclude that a very substantial fraction of the total cross
section leads to (HI,xn)Dy reactions. Also the variations between different
projectiles are probably less than approx. 10%. Note that for the calculation

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

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

In Sec. IT we have defined the average excitation energy (E)X and
discussed the relationship of this quantity to the average energy <€l>
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 e} 00

@, - [ () 5 e) a5/ [mm) a5 . (3)

@)

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

integrations were performed graphically with a planimeter. Values of <E>x
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150
have been determined for 26 reactions of type (Hl,xn)Dylu9, (HI,xn)Dy ? s

or (HI,xn)Dyl5l. The results are given in Table IV. Cross-section data in

‘Table II were used with f vaelues from Eq. (12) and o, values from Table III

R
(coiumn 2). The first column gives the reaction, the seéondrthevValue of

(E}x. In the third column is given (E), -_§ B,, where B, is the separation
energy of the ith neutron. =

It is important to remember that only relative values of g, the

-product fn OR’ and the masses are important for the determination of the
relative values of (E)k. We are interested in the differences between values
of <E>x’ and therefore relative values are of-much more concern than the
absolute values. Masses of target and Dy nuclei were taken from Seeger's

mass formula.lo The absolute values of the atomic masses from Seeger's,
_Cameron;s, and. Levy's formulae may diéfer by several MeVlO-12 but the relative
values agree to about 0.5 MeV. A major source of error-in the relative
vaiues of KE)X - ;;Bi may be-thevday—to-day variation in initial energy of
the beam from thelgilac. There has been no detailed study of this question,
.but we estimate a standafd error of about * 1 MeV for theAfelativélvalues

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,

(8) /2 Rz, - v)/?

(I)= 3H (1)

where p is the reduced mass, and R is the sum of the radii of the collision
partners (see Eq. 29?.
X
The values of (E)X - Z'Bi are plotted against average angular

i=1
momentum (J) in Fig. 4. From the data for reactions with x ranging from L
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to 7, we can establish that increasiﬁg <I>,increéseé (E)X —;§1Bi. A linear
dependence of (E)X -.;Bi on <J} with slope O.L47 £ 0.2 MeV i; consistent
with all the data. ;;ihed-lines of the same slope are indicated for the
other reactions.

In order to use Eq. (9) ‘of Sec. II to extract the average energy
associated with the first neutron, we must know the average change szl in
angular momentum due to the emission of the first neuﬁron. Pik-Pichak has
calculated AJi.x 1/2-for a nucleus of mass 50~having/the moment of inertia-
of a rigid sphere, ahd angular momenta and excitation energy comparable to
the Dy nuclei formed in this study.15 Thomas has obtained a similar result

1L
for a nucleus of mass 209. If no photons accompany the first neutron and

if AJ) = 1/2, we have
(el> = (kl)= d_ + 0.25 MeV, (15)

where dX is the displacement between the iines for (HI,xn) and [HI,(x-1)n]
reactions. The placement of each line is uncertain by about * 1 MeV and
the extrapolation of several of the lines leads to additional uncertainty.
We can expect an overall standard error of about * 1.5 MeV in the values of
a.

VThe value of <k1> can'alsoBe@ihférrednﬁxm1angular;distributionwmeasure-
ments.5 A comparison of the (Kl> quantities from the two independént studies
is interesting. Angular-distribution data have been used to obtain the
average total energy Tn of the neutrons. VAalues of Tn from reactions of
x = 3 to T are approximately pfoportional to.the square root of the excitation

energy or to the square root of X. Iﬁ is therefore reasonable to assume that

the average value <kl> will also be proportibnai'£6~J§: Using the results
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of reference 3 to obtain the proportionality constant, we have

| (kl} = 1,75 Mev. o (16)

This evaluation refers to the excitation energy (E)X for each reaction.

Experimental sources give rise to errors of about * 10% in the proportionality

constant 1.7. The assumption of isotropic emission of neutrons if in error

makes the values of (kl) from Eq. (16) too small.> |
In Table V we list the values of (kl)frbm.&§“>(15) and (16). Also

we give their ratio. Even though the uncertainfies are rather large, it is

intereéting.that éll values derived from excitation functions are.smaller than

those from angular distributions. It is certainly possible that there is

some systematic error of which we are not aware. One possibllity is that

~the lines in Fig. 2 havé a slope ~ 0.2 MeV rather than 0.47 MeV. This

would require that the errors in (E)X —Vg B, be somewhat larger than we

i=1
estimate.

Another possibility is that the AJ, has been estimated incorrectly.

1
If AJ, vere 3, then Eg. (15) would read

(k) =4, + (1.4 £ 0.6) Mev. (17)
In this case the degree of consistency would be much éreater. Preliminary v
calculations by Thqmas indicate that a moment of inertia (appropriate to the
nuclear level denéityi_of about 1/4 that of a rigidvsphere is required to
give thié I‘e’a-'ﬂu.ZLt;lLL Theoretical arguments have been given to show that the
appropriatevmoment of ‘inertia is not expecfed to be less than that of a rigid

15,15

sphere. Additional experimental evidence is certainly required to
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determine how much angular momentum is taken away by the neutrons. However,
these results seem to suggest that zﬁJl ~ 3 compared to theoretical estimates
of AJ) % 1/2.

From the values (E)X it isvposéible to obtain‘the relationship
between average total photon energy and average total‘angular momentum
removed by photons. Using Eq. (16) as the most reliable estimate of average
neutron energy, we can subtract from each value of (E)X the sum of the bind-
ing and average kinetic energies of eééh neutron. The femaiﬁing energy <T7>
must Be dissipated by photons. .Similarly, we must suBtract from the values
of (J) the sum of the angﬁlar momenta removed by the neutrons. In the
preceding paragraph we gave evidénce.that sﬁggested rather large values of
Ade Letvus qonsider the classical approximation for the average orbital

angular momentum'ln of the emitted neutrons. If the directions of these

angular momenta ln are parallel to J, then we have

ul/ch(Kl)l/g

n 17 %

(18)

~
Il
>
2

where Rcvis the fadius of the emitting nucleus. ‘This relationsﬁip combined
with Eq. (16) leads to Ale values of 2 to 4. If we subtract from the values
of (J) the vaiues of AJ from Eq. (18) for each successive neutron, we might
expect to arrive aﬁ a lower limit for the angular momentum rémoved by

photons. However, there is evidence that the values of (J) from Eq. (1k)
' 16

probably overestimate the average angular momenta of the compound nuclei.l’

Noncompound nucleus reactions occur and probably deplete the number of compound
nuclei of higher spins. Therefore, the use of Eq. (14) for (J) and Eg. (18)
for AJ probably leads to a reasonable estimate for the total average angular

momentum removed by photons.
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v In Fig. 5 we show the results obtalned by the procedure,yst dexrﬂﬁd Note
that each experimental p01nt in Flg 5 was obtained from values of (E) and
(J) and therefore represents an average over all energles for a given reaction.
(Roughly speaking, each‘point is from the peak of an excitation function.)
There are several interesting features of this graph. First, all the different
measurements from reactions of x = 3 to 9 give a consistent trend = namely,
a roughly llnear.lncrease of (Ty) with average angular -momentum. - Second,
the slope of the line is 0.46 * 0.15 MeV/h -essentially the same as that in
Fig. L, .éombining Fig. 5 with Mollenauer's measurement of 1.2 * 0.3 MeV
per photon5, we obtain an average of 1.8 * 0.6n for the~éngular momentum
removed by “each phbton. This result is in accord with the number of photons
per reaction that Mollenauer observed for Te +.C;2. vBut it is surprising
that Mollenauer's relative photon yields at 45 and 90 dég.(for Te + cl?)
indicated dipnle radiation.5

Thevplot shénn in Fig. 5 is, of course, intimatély related to the
dependence of Ej (the energy of the 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.LL Therefore, the trend in
Fig. 5 implies that Ej varies almost linearly with J.
Throughout this discussion we have assumed that in the first step -

of the-evapofation cascade essentiaily nn energy is diésipated by photon’
emission--that is (yl) ~ 0. There is no direct evidence that this assumption
is strictly correct. However, tne éross—sectidn and angnlar-distribntion
results do indicate that the’photOn’enérgy (yi) decfeasesIWith‘increasing
number x of emitted neutrons. .TniéLcdnculsion is based on two results:v
(a) The values of the quantity ((E)' Z z B, )/x are all 5.0 to 6.4 MeV per .

_ i= l
neutron and do not show a trend that increases with x, and (b) The values
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Tn/x do increase with x,5 and thus we 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 analysis of the results presented here requires a rather
difficult calculation. One must consider the distribution in angular momentum
of the initial compound nucléi. Then the distributions in energy, angular
momentum, and type of emitted particle must be considered for each step -
‘of  therevaporation cascade. Such a calculation is beyond the scope of
this paper. However, with a number of simplifying assumptions and approximations
we can arrive at an estimate of the dependence of Ej on J. The essential
features of this analysis were suggested to us by Dr. J. Robb Grover of
Brookhaven National Laboratory.

The assumptions made are: (a) The distribution function P(J) that
describes the initial spectrum of angular momenta is given by the classical

sharp—cuﬁoff approximation.

5 ,
P(J)as = (2J/Jmax )aJ for J < J___, (19)
P(5)aT = 0 for J >J__ , (20)
and
2 2 -2
Imax = Eu(Ec.m'—V)R B (1)

(b) There are only small changes in P(J) as a result of the evaporation of
neutrons; (c) The distribution of the tdﬁﬂ;ema@y'Tn:ofjcneutronSniSArgpnesented:

as
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P(Tn)dTn - 2X~113T: 'inQ%f;e%P(an/T)dTn (22)
where T is a nuclear temperature parameter. This‘expression originates from
the constant-nuclear-temperature approximation developed by Jackson;l7 In
this approximation Tn/x = 27. Thus we obtain a value of 1 for each value of
E from the T values given in reference 3; (d) The dependence of Ej on J is
given by

E, =c¢. J (23)
or

EJ_='C2J; (2k)
and (e) Neutron emission takes place if the excitation energy exceeds the
sum of E, and the separation energy of a neutron. The physical consequences
of this assumption are described by a very illustrative graphical represen-
tation in reference L.

We will develop an approximate rglationship between the constants
cl or ¢, and the values of fractional cross sections Fx for the reactions
(HI,xn), (see Eq. 1). Let us consider initial excitation energies 10 to 30
MeV less than (E)X+l—-in other words, the leading edge of the excitation
function for the reaction [HIy(x+l)n].

After the emission of x neutrons, we require assumption (e), above,
that another neutron will be emitted only if

W

L (25)

M «T >8E, +B
X n J X+
where

M -E -3 B, | (26)
X s ‘i=' 1
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and B,l is the separation energy of the ith neutron. Then we have

‘ ' Mexd/x
N QX -1 T PO T
F : J ( exp | 'n} d [‘n}| 4J
x+l 2x 1 ' T T (27)
F_+F_ . : -/T

N e T =TT
' ' - exp |[.-B| d {_B|dF

T T T

The limit JC is obtained from Eq. (23) or‘(2h) and Eq. (25). Hence,

Jé B (Mx+l B Tn>/cl <28>

Jc =‘<MX+1

=T /e, (29)

Expressions similar to Egs. (28) and (29) can be written for the limit I
which, with these assumptions, determines the division between the reactions
(HI,xn) and [HI,(x—l)ﬁ]. The expressions for J_ and J_ depend strongly on
assumptién (v), namely that P(J) is essentially 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 the preceding section.) Therefore we confine

this treatment to a portion of the leading edge of the excitation function

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

from about 0.02 to 0.25, F_ is about 0.5, and F__, ranges from about 0.k to

0.2. Therefore, values of J are not very large (Jc < 25), and the values
. C . - .

of Jx approach Jmax' In this energy region 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 Eqg. (27) we extend the integration
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over J from the 1imit JX to Jmax’ and we e:;.ctevn_d‘ ﬁhe invtegre'ltion over ’I‘n
from Mx to «. These new limits make a.small-_‘adq,itional contribution to the
integral; this addition depends on ir.litiva:l‘ enérgy E approximately as does
Fx-l" With these con'siderat.ions we change Eq. (27) to .ré'ad

x+l

ex=1 1T
F o 1 j D[ c[ exp -2 d(———) aJ
x+1 (ox-1)1 K K
1 ' o

F _+F +F x

-1 +1 f max
X-1ox X m:} 'J}{

S

Fx+l =

(30)

. ' L 3
The denominator of Eq. (30) is simply JmaXE/Q , and the numératdr: can be

expressed in the terms of the incomplete gamma function
F.y(P+l) = I e 5P ax . (31)

Integrating and solving for ¢. or 0'2, we obtain

% .
2 1 x+1 . X+1-
¢, = s l ERE r =1 (2}() - -(————_ w— I -1 (2X+l)
1 P+l Tmax ; (2x U__T Mei1® ax l}: M
T2v
* ey Ty -1 (2x42) (32)
e x+1
or
M 7
1 P+l T !
¢, = - Ty (2x) - I (ox+1) | .
2 | y 1 [ ! 1
2 Fx+lJmaX i (2x- 1) M Tt T 2x-1 'Mx+l ;
i
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One cannot expect this treatment to be very accurate. We can expect only
fo obtain the trend of the Ej values within about a factor of two.

The application of Eq. (32) yields values of ¢, from 0.10 to 0.27
MeV. Values of c, from Eq. (33) 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
indicated by the values of (TY) shown in Fig. (5). As stated previously, the
average total photon energy <Ty> is expected to be greater than Ej by about
the separation energy of the neutron. The variation in dl and Cy values 1s .
large enough that there is a considerable region of overlap of these two
representations. The range of values obtained for Gl is more limited than

that of d2, 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 . IT
the cold nucleus has the moment of inertia df a rigid sphere of radius

1.2Al/5F, then Eq. (24) is appropriate with a c¢_ value of 0.0084 MeV. This

2

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

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

20 151 The fraction of the

of type (HI,xn)Dylu9“, (HI,xn)Dyl , (HI;xn)Dy
total reaction cross section that leads to these reactions varies with initial
excitation energy from about 9/lO'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 crossésection data leads to estimates of the energy of
the first emitted neutron. These energies are consistently smaller than
estimates obtained from angular-distribution studies. The discrepancy
suggests that the first neutron may remove rather large amounts of aﬁgular
momentum (2 to hh). A linear relationship has been obtained between average
total photon energy and average total angular momentum removed by the photons.
This reiationship implies that the average angular momentum removed by each

photon is 1.8 * 0.6h. The dependence of Ej on J has been roughly estimated

from the éross-section data.
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Table I. Isotopic clomposition of the thrgets.

Target Mass number and abundance (%)

nuclids of the isotopes

NdlllL2 97.45 1.0k 0.89 0.21 - 0.26 0.08 0.07

Ndllm 0.56 0.67 97.3 0.8 0.67 <0.05 <0.05

Celuo <0.01 <0.01 99.65 0.35
120 152 15k 132 126 7 138

pa 130 <0.05  <0.05 <0.1 1.08 92.9 177 hol?

pal> ' <0.03  <0.03 <0.05 <0.1 0.63 81.9 17.4 2

Ba158 0.02 0.02 0.05 0.15 - 0.26 1.45 98.0k4

a : . . s
Corrections for these components were made in calculating the cross sections.
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Table IT. Créss-section_ results. (Different experiments separated by dashed
lines). ' .

va(iab) | Cross section (h)
(vev) . DXifgﬂ e i0 N
Na*R 12 pylo _

116.3 ' .109. ‘olil

mek 172 34.8

108.1 230. 50.0

10%.7 - 331. 92.8
99.0 : Lo8. 178.

93 | ui6. - 358,
89.3 .: = 381. 6h1, “16.9
8Ll :' o3k, - 8%6. 100.
78.8 o "95,1 93k. | 178.
73.0 | S 11.6 709. - | 323,
67.2 262, L5,
60.6 327
25.9 55.7
w29 s
118.6 90.3

11k.2 146.

110.2 22k,

v85.8 297.

80.5 141,




Table

-29-

UCRL-10541

II. (Coﬂ#'d).;.
B — Cross section (mb)
(Me) 149 Dy150 PXEEE
pr +leu;nyl55
128.8 85.7 © U 13.6
122.9 151. 32.6
116.6 218. 80.5
110.5 266. 176.
103.7 280. 376.
9%6.7 197. - 578. 40. 4
89.5 83.0 6ho. 12k,
81.3 12.3 478. 282.
72.8 126. 325.
63.8 138.
Bes T it
137.2 52;7
132.0 62.0
126.4 119.
120.8 179.
108.6 309.
1575 se8
131.7 66.1
125.7 124.5
119.6 206.8 58.7
113.0 289.8 153.1
99.8 245.8 551.4
92.0 135.7 . 6L48.3




-30- UCRL-10541

"Table II. (Cont'd)

B SIS | Cross section (mb) o
(MeV) 4;j;‘ Eziﬁg EXiES Dyl51
' ppltl | ik _)Dy155
142.8 17.% 21
13h.1 | 45.8 5.68
125.14 125, 2k.0
115.9 221, - . 87.2
109.2 270. - 205.
7102-3 235. 505.
95.1 161, | 588. 3h.3
872 55.2 - 6%0. 155.
.79.2 | - 3.1 316, 300,
©5 31.9 282.

60.5 ' ' v ' 37.0
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Table IT. (Cont'd)

B . cross section (mb) |
() - R py!*
gt L Clé_;Dyl56—>
122.8 280. 27k,
118.8 282, |
11k.5 262, 55L4 . 34;2
110.5 ' 21k, ' 705. | 67.7
106.1 1kg. 830. 1k,
101.5 82.0 783, 202.
96.8 | © 36,7 656. 437,
92.0 10.9 | 381. 537.
87.0 5.2 16k, 591.
81.7 43.3 u72.
76.3 11.8 189.
70.3 33.6
122.8 s00. 200.
95 a7.2 537 490
105.6 er. T
100.9 65.6
96.0 24 .4
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| Cfossrsection (mb) 7

(M:V) Dylug T DylSO Dyl;l
- SRR DV156V o

132.9 228, 169.

126.4 2l3. - 3lb.

119.7 212. 538.

113.0 ~ 1L8. 659, 130.
105.9 4.2 618. 327.
98.1 <13. - 393. _455;
90.4 117. 489.
1550 szs T
147.9 87.0
1&2.8 133.
137.4 190.
‘152;0 218.
126.3 23k.
113.1 147.
106.8 4.1

we.s I
143.0 137.
137.3 190.
121.1 20k.
115.2 166.
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,"r‘- sty
Priasy

Table II .(Con’t“'~d-<)‘:;.:‘.'.",‘ s

B iug. Crosg'ggciégn (mb) .}7i51
(Mev) Dy Dy Dy
: Celho + 016_) ']‘DV156‘ '
163.0 62.5 14.8
152.2 16k, - 65.8
}1uo.8 290. 292..
132.6 26k. 512. 4
124.6 180. s, 126,
115.7 85.5 690. | 355.
106.9 | 12.5 361. ﬁ58.
9.6 <0.5 73.6 k39,
86.2 _ B <2.8 . 109.
Th.7 <1.5
wr.s 8. wo.
14o.2 2hg, 260.
128.0 2ko. | 612. 87.1
119.5 1k 45 220
110.7 47.9 651. 369
101.3 <3.5 27k4. _ 622.
90.6 <18.3 326
630 ne e
151.7 162. 79.3
131.4 2L, L1, k7.5
113.8 51.5 ko7, 349,

10k.2 £55. 487,




-3l UCRL-10541

Table II. (Cont'd)

E e Cross section (mb)
(Mev)- oy oy Dy
Mo, - pyo0
93.8 17.0 331
82.7 28.7
163.0 se.L
155.5 120
148.6 222,
k1.3 270
13%.6 2502
126.2 | 211.

118.4 ' 127,
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Table IT. (Cont'd)

Cross section (mb)

MZV)V h -vDylh9 Ty 0 ST
Ba156 . Nezo_)Dy156‘

202.6 1.6 0.3

190.2 ' 5.6 0.7

179.5 | 25.h 3.2

167.2 92.8 22.1 5.2

154.6 220. 169, 13.3
1%0.8 233. "~ 508. 63.5
1267 9.1 . 607. 277,
111.2 6.1 210. Loo.
ok 3.2 70.8
2.6 e

‘18h.8 ' 10.1 0.2

172.3 : -h8;h 7.3

1159.8 159. 58.9 1.k
1464 246, 309. 50.2
131.9 181. 610. o 139.
116.6 28.0 : k29, 364,
99.8 26.0 296.
81.8 | 2.3
9.6 3.0
126.6 85.2

111.h' 5.2
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Table II. (Cont'd) .

E_ | __Cross section (mb)

(Mev) Dy;u9 | inzg Dy Lot

257 L 120, ﬁyl57 .

202.7 11.3 3.0
189.1 , 39.8 - 12.6
175.0 117. . 66.5 .
;60.0 | 1h7. 252. 33.5
146.7 102. 416. 121.
132.8 : 23.6 310. 301.
118.0 : 46.6 oha.
1oi;5 | 17.1
2.7 03 25
191.3 32.2 7.6

179k 91.7 38.9 -
167.0 170. ~1h7. 36.3
154.5 171. 391. 69.7
11,2 89.1 482. 256.
126.4 9.3 252 287
111.4 , 15.3 150

95.0 | 0.5 2.2

vk .9
167.6 © 160.

ik1.2 85.7
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Table II. (Cont'd)

E, Cross section (mb) _
(MeV) Dyt 9 py° oyt
celko 18 Dy158
173.2 127. 168. <éﬁ.
165.8 150. 259. 35.9 ,

15k4.3 129. 459, 125.2
148.0 81.4 183, - 206.8
135.0 34.1 381. 30L4.8
128.9 10.6 211. 410.7
119.9 <4.7 ' 34,3 201,

110.2 90.2

99.5 o - | 5.0
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Table II. (Cont'd)

B, S ; ' Cross secfion‘(mb) | =

(Mev) ' Dyl)19 py™° py?*
" [a139 , 519, 198

192.9 41.9 17.1

vl79-6 107. 77.6

169.9 1ho. 189. |

159.8 14k, | 351. 66.1

1h9.2 95.9 L52, 168.

158.1 | 3&.8 351, 353.

126.0 6.9 136. 341,

114.8 8.3 1k

101.1 k.9

2.9 w.o

182.4-- 87.5

170.8 137

160.7 142

149.7 97.6

9.9 o

183.2 86.5

173.1 125.

162.3 15k,

139.8 46.5
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Table II. (Cont'd)

B Cross section (mb)
(Mev) Dylﬂ@f | PXEEE Dy151
51?8, 320 _ py 18 |
187.2 11L. | 9L.6
171.2 152. 349, . 50.3
153.8 724 ' W66, . 255.
1ko. k4 13.5 243, Loo.
125.6 <5.5 | 26.5 'l211.
110.6 1.9 8.6
202.6 6.7 7
188.8 95.4
175.6‘ 152.
162.0 122,
148.0 Ll
202.8 v T T T 0T
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Table III:. Calculated total reaction cross sections.

°Rr

Vv 4 Square wgll ‘ Classical
0.98 - © 0.022 ‘; o 0.000
1.00 _ 0.030 | 0.000
1.05 0.05k 0.048
1.20 0.08k 0.091
1.15 , 0.116 0.13%0
1.20 0.146 0.167
1.25 - 0.175 ' 0.200
1.30 : 0.201 t' 0.231
1.0 0.2h9 . 0.286
1.50 0.292 o.5§5:
1.60 0.333 - 0.375
1.70 0.375 | S oz
1.80 0.412 2 0.445 N
2.00 L 055 . 0.500
2.20 0.495 0.545
2.ho 0.532 10.583

a
See reference: 9.

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

Resction (), (Mev) ~  (E) -,ZiB, (Mev) (7)
ll‘g(c Jn ) Dy 151 - 5.4 ‘i} 18.7 21.1
lh2( Jlin ) Dy 20 59.8 . B2 29.5

nat*3(c12, 5n)y 49 75.6 30.8 36.7
lL*l( ) ypy ot 54.0 20.2 2%.6
o1, 5n)py 150 70.2 28.5 35.7
ll‘Ll( 1k ,6n)Dy 19 86.1 3.2 | h1.3
na (612 sn)pytPt 68.6 25.8 33.1
Ndluu(clg,6n)Dyl5o 85.2 3&.5 4.0
pelML (25 g yp 20 85.5 3.8 43.6
pr (w22, 1) py 100.8 | 9.9 %9.9
lL‘O(_ ,5 )Dy151 71.4 28.6 38.5
lLK)( ,60)p57° | 87.2 36.5 . 46.2
1uo( ’ :7 n)Dy 1o |  102.3 | bk | 52.5

% (1e®, 50 )0y "7 75.0 0.2 39.5

1301620 61 ) Dy 0 88.0 7.3 48 .4
Ba156(Ne ,7n)Dylu9 102.5 4h1.6 55.6
o™ (1e2°, 6n)py 102 88.2 38.6 48.5

157(Ne20,7n)Dy15o 101.9 Ll 4 55.4

157( 8n)Dy k9 116.9 hg.2 62.0

cet*0 (08, 7m)py ot 1004 yea 54,2
a9 (5", 1) oyt 99.8 1.5 52.9

159(Fl9 8n )Dyl5o- 11k.5 48.3 59. 4

59( ,9n)Dy 1h9 '129.0 52.6 65.2

38 (e O, Dyt 100.1 41.8 54.6

158(1\1 8n)Dyl5O | 115.5 . 49.% 61.5
Ba 58(Ne 149 129.4 53.0 67.2

,9n)Dy
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Table V. Average energy of the first emitted
reactions. T : : .

UCRL-105k41

(k) (Mev)
X angular distribution. cross_sections . ratio
I 3.4 0.3 1.8+ 1.5 0.53% t_iso.iw
5 3.8 + 0.4 1.6%1.5 0.k2 £ 0.k2
6 b2 £ 0.4 EREER 0.81 * 0.58 |
7 k.5 £ 0.5 1.6 £ 1.5 0.36 + o:.56
8 4.8 £ 0.5 3.9t 1.5 0.81 * 0.33
9 5.1 £ 0.5 1.7+ 1.5 0.33 + 0.31
Av. b5 2.3 . 0.53 |
# Eq. 16.

P Eq. 15.
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MUB-1575
Fig. 1. Measured cross section o divided by calculated total

reaction cross section gRF&S a function of excitation energy

E.
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1.0
9 ,
0.8 —
0.6 | TT E —
§ ' Target Symbol :
n .
- Nd o .
Pr A
Ba m]
0.4~ Ce v -
" La <
0.3 1 i I | i ]
40 60 - - 80 - 100
Excitation energy, E (MeV)

MU29077

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 Dyl2C and DylDl (see text).
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T T T T T I v I
A\A
0.6 <60
/\\
R 1 S
[
=
40
x —
T8 Lt
. =
X
L
<120
.
<ED>,
ll L la 0
90 10 130

Excitation energy, E (MeV)

MU.29078

Fig. 3. Fy (solid curve) and(F %(E)édashed curve) vs excitation
energy for. the reaction Bal’ (Ne<0,6n)Dy150, The value of
(E)X is indicated.
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X
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/
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'63
i | 1 | 1
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Average angular momentum <J) (1)

MU-29076

Fig. 4. The average excitation energy (E)y 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 = 3; ¥, X = k4
‘,X=53.:X=63A:X=75 , X = 8; s X = 9.
Open points are for Dylh9; closed for Dyl5og and half
open for Dyl>l,
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Fig. 5. Average total photon energy <T¥> versus average total

angular momentum removed by the photons. Symbols are as in
Fig. 4. Also indicated is the relationship between E. and
J. The solid line was obtained with the assumption

Ej = ¢J; the dashed line with E, = c 72,



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 of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed 1in
this report.

) As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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