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with 10-86 MeV protons

Martti V. Kantelo~ and James J. Hogan
Department of Chemistry, McGill University, Montreal, Quebec, Canada

(Received 2 September 1975)

Excitation functions have been measured for ' 'Hg(p, 2pxn), x =0-9, reactions induced by protons of energy
10-86 MeV. Reactions having x) 1 exhibit two peaks in their excitation functions, the first below the energy

calculated for emission of the individual nucleons. This peak is attributed to emission of an a particle. A
procedure is proposed for decomposing the excitation functions into two components, one arising from a
particle emission, the second from emission of individual nucleons. From these, the total yield of a particles as
a function of incident energy is determined, and the excitation energy spectra associated with a emission

events is deduced. The a particle yields are attributed to more than one mechanism; speculations are advanced

on a substantial pre-equilibrium evaporation component to the total a particle production.

NUCLEAR REACTIONS 0
Hg(P, 2Pxn), x =0—9, E =10-86 MeV; measured

o(E); deduced 0.' particle yields. Enriched target.

INTRODUCTION

For some time, the existence of clusters of nu-
cleons in the nuclear surface has been of consider-
able interest. Recent attempts at calculating the
probability of o. particle substructures have
heightened this interest. Wilkinson' pointed out
15 years ago that in the surface region of the nu-
cleus where the nucleon density is low, the aver-
age spacing between nucleons becomes large com-
pared to the range of the nuclear forces. Thus a
clustering process would increase the total bind-
ing energy of the nucleus, and the tightly bound
n particle would do so most efficiently. The pic-
ture which has generally emerged is one of dy-
namic formation and dissolution of such clusters
rather than of the presence of permanent sub-
structures.

Ample experimental evidence exists for such a
clustering. In 1958, Hodgson' attributed the ex-
istence of high energy n particle tracks in nu-
clear emulsion studies (45 MeV protons incident
upon AgBr) to pre-formed n particle clusters.
The many on-line studies in which charged par-
ticles are detected have frequently noted the pres-
ence of substantial yields of o. particles. In par-
ticular Igo', studying the interaction of 915 MeV
n particles with various target nuclei measured
coincidences of two n particles emitted at the
angle required by Q.-a scattering kinematics.
Many energy spectra and angular distributions
are available in the literature for "(n, n)" (Refs.
4-6) and "(p, n)" (Refs. 7-13) rea, ctions, although
such studies generally measure total n particle
emission rather than specifically the (n, n) or
(P, n) reactions. Particularly interesting are re-

cent attempts at calculations comparing experi-
mental and theoretical yields and spectra of n
particles using various formulations of the pre-
equilibrium model. These are discussed more
extensively in Blann's recent review article. "

There seems little doubt that at least two mech-
anisms, probably difficult to clearly differentiate,
are responsible for the emission of n particles
in nuclear reactions. The first, characterized
by strong forward peaking of high energy e par-
ticles is usually attributed to direct, or knock on,
interactions. The second, characterized by lower
kinetic energies and a more nearly isotropic an-
gular distribution is generally called an evapora-
tion component. However, it is easy to show that
the yield of such e particles is too high to be con-
sistent with a conventional equilibrium evapora-
tion process. Such calculations provided some of
the impetus for the development of calculations
referred to above" of evaporationlike processes
from nonequilibrium nuclei.

The majority of the research discussed above
has concentrated upon some combination of iden-
tification, energy spectra, and angular distribu-
tions of the emitted a particle itself without ref-
erence to the identity of the residual reaction prod-
uct, and in particular to the possibility or prob-
ability of additional emission of nucleons. If one
is to understand the emission of o. particles, how-
ever, knowledge of the residual excitation energy
spectrum and the dependency of both this spectrum
and the emission rate of a particles as a function
of incident bombarding energy is a necessary pre-
requisite.

To obtain such information, cross sections for
the production of many nuclides formed in reac-
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tions in which n particles are emitted are needed.
Ideally, excitation functions over a range of inci-
dent energies encompassing both the predominately
compound nucleus region and higher energies
where direct interactions predominate must be
measured. To determine the residual excitation
energy spectra, a related series of (p, o.xn) prod-
ucts formed from a given target nucleus would
be necessary; the (p, 2p) and (p, 2pn) reactions
might then serve as a monitor of multiproton
emission without the complicating effects of a
particle clustering.

There are two main problems to measuring such
a series of excitation functions. The first is the
low cross sections for (p, 2pxn) reactions rela-
tive to the barn cross sections for the (p, xn)
and (p, pxn) reactions. Radiochemical procedures
are required for sufficient decontamination to al-
low accurate measurement of e particle cross
sections. Second, and more subtle, is the dis-
tinguishing of a [p, nxn] reaction cross section
from that of the [p, 2p(x+ 2)n] which leads to the
same product nucleus.

The most extensive previous study of (P, nxn)
excitation functions was that of Gauvin" where x
ranged from 1-5 and the incident energy ranged
up to 115 MeV. Unfortunately, the target nucleus

Th is highly fissionable, greatly complicating
interpretation of the results. Other studies in the
literature have measured only isolated (acces-
sible) product nuclei or used only a single, or
limited range of, bombarding energies. "" All
of these data indicate that on-line experiments
purporting to measure the (p, n) reaction are in
fact usually measuring many different nuclear re-
actions, emphasizing the need for a systematic
study of excitation functions for reactions involv-

ing n particle emission.
It was the goal of this work to measure the ex-

citation functions for the '~Hg(P, 2Pxn) reactions,
x varying from 0-9, between 10-86 MeV incident
proton enexgy, and to show how the complex exci-
tation functions may be decomposed into one com-
ponent associated with emission of e particles
and a second arising from emission of two pro-
tons and a number of neutrons.

PROCEDURE AND RESULTS

The target consisted of a uniform mixture of
enriched '"Hg as HgO and spectroscopically pure
CuO. The former, obtained from Oak Ridge Na-
tional Laboratory, contained 91.14/0 '"Hg, 5.9/0

'Hg, and less than 1% of each of the remaining
four stable isotopes. Proton activation of the
HgO showed less than 0.01/p chemical impurity
of interfering elements.

The target material was contained in a thin
walled aluminum tube and irradiations were per-
formed as in many previous experiments at the
McGill Synchrocyclotron. ' Most irradiations
were for 60 sec at a nominal beam intensity of
approximately 0.6 p, A. The beam was monitored
by the absolute cross sections for the "Cu(p, n)"Zn
(Ref. 24) and "Cu(p, pn) "Cu reactions. "

After irradiation the target assembly was dis-
solved in a solution containing 7 ml aqua regia,
1 ml H,O, 1 ml H, PtCl, (10.7 mg Pt~), 100.0 p, l
"'Au tracer, 100.0 p, l '"Tl tracer, and 0.1 ml
of a holdback carrier solution which contained
Zn, ¹i,Co, and Fe. Heating the solution for two
minutes ensured complete dissolution and oxida-
tion of all elements present.

After cooling, Au" and Tl" were extracted into
15 ml ethyl acetate. The Hg" extracts slightly;
Cu, Pt, and the bulk of Hg remain in the aqueous
phase. The organic phase was washed three times
with 2 M HC1, effectively removing mercury im-
purities. The gold and thallium were then back ex-
tracted with 1 M NH4OH. The aqueous phase was
neutralized and acidified to 1 M HCl and 250 mg
of powdered Cu was added. The Cu powder re-
duces Au'+ to elemental gold and adsorbs it while
reducing Tl" to Tl'. The suspension was vigor-
ously stirred for 15 sec, filtered, washed with
1 M HCl, suspended in H,O, refiltered, washed
with water and ethyl alcohol, dried and mounted
for counting. This chemical procedure is based
on the work of Weiss and Reichert26 with some
modifications.

Tracer '"Au serves as a monitor of the chemi-
cal yield. The photon detection rate for 99 keV
'"Au tracer was corrected for attenuation in the
sample itself by comparison of the observed ac-
tivity and weight of source to a reference stan-
dard. The correction never exceeded 2/0. It is
estimated that '"Au produced by nuclear reac-
tions in the target material did not exceed 0.1/o of
the added tracer. The tracer measurements were
made at least 20 days after irradiation to avoid in-
terference from the 97 keV photon of 2.3 day
"'Au . The mean chemical yield was 50%.

The aqueous phase from the ethyl acetate ex-
traction containing Cu, Pt, and Hg had 1 ml of
10% CsCl added to precipitate Cs, PtCI, . The so-
lution was cooled in ice and filtered. The filtrate
was reserved for Cu chemistry. The Cs, PtC1,
was washed with ice water and ethyl alcohol,
dried, weighed and mounted for counting. The
mean chemical yield was 48%.

Copper was separated by the usual procedure
of this laboratory, "eventually being counted as
CuSCN. The mean chemical yield was 63%.

Samples were counted on a 42 cm' Ge(Li) detec-
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TABLE I. Nuclear properties of nuclides studied in
this work.

Photon
energy Photon

Nuclide (keV) abundance ' Half-life References

rrr
r/

~Au 543
200Au 368

Au 368
9Au 158

i98Au~ 215
i98Au~ 412
' "Au 148
"6Au~ 356
~9'Au 98.9
~94Au 328

Au 256
' "Au 316
63Zn 670

Cu 511

2.0
80
19
39
79
95.5
45
88

63
6.7

8.47
38.6

26.4 min

18.7 h
48.4 min
3.14 day
2.30 day
2.70 day
9.7 h

6.18 day
183 day
39.5 h
17.65 h
5.03 h

38.8 min
12.82 h

35
36
37
38

39, 40
41
42
42
43
44
45
46

47, 48
49

40
M
0
o O.l

Photons per 100 decays.

tor coupled to a 1600 channel pulse height ana-
lyzer. Absolute efficiencies at identical source-
to-detector distances were determined from ef-
ficiency curves derived using standard IAEA
sources. Nuclear properties of the nuclides of
interest in this work are listed with references
in Table I. Tabulated photon abundances were
calculated from transition intensities and con-
version coefficients. Decay curves were analyzed
by the weighted least squares procedure known as
ORGLS 28

The disintegration rate at the end of irradiation
was calculated from the observed count rate by

I

I

30
0.03 I I I I I

40 50 60 TO 80
Ep (MeV)

FIG. 1. Excitation functions of 2 Hg{P, 2P) Au and

202Hg(p 2p n)200Au reactions- —2oi Au. 2oo

correcting for decay, counter efficiency, absorp-
tion, photon abundances, and chemical yield. Ab-
solute cross sections were determined by com-
parison of the calculated disintegration rate for
the product nuclei to that of ' Cu, and thence to
the monitor cross sections. ""Uncertainties in
the reported cross sections reflect the errors
associated with decay curve analysis, detector

TABLE II. Experimental cross sections for Hg(p, 2pxn) reactions in mb.

Proton
energy
(MeV)

"'Au
(p, 2p)

200AU

(p, 2pn)

'"Au
(p, 2p2n)

'"Au
(p, 2p3n)

Au

( p, 2p5n)

194Au

(p, 2p7n)

'93Au i92Au

(p, 2p9 )

12
15
19
24
30
34 0.157+ 0.028
38
44
50 0 68 + 0 17
56 1.22 + 0.26
62 1.20 + 0.25
68 1.74 + 0.43
74 2.00 + 0.48
80 1.85 + 0.45
86 2.3 + 1.0

0.045 + 0.009
0.194+ 0.027
0.56 + 0.09
1.51 + 0.21
1.85 + 0.24
2.60 + 0.26
4.0 + 0.5
4.6 + 0.6
5.6 + 0.7
6.4 + 1.1
6.6 + 0.8

0.064
0.35
3.5
6.0
4.7
3.8
2.2
2.3
2.5
3.2
5.2
6.2
8.1
9.8

11.4

+ 0.011
+ 0.07
+ 0.5
+ 0.8
+0 5
+ 0.5
+ 0.4
+ 0.3
+ 0.3
+ 0.4
60 7
+ 0.9
k 1.2
+ 1.7
+ 1.5

0.015+ 0.05
0.29 + 0.05
0.99 + 0.13
4.2 + 0.4
57 +09
4.6 + 1.5
4.0 + 1.3
3.8 + 1.3
3.3 + 0.8
4.1 + 0.8
5.0 + 1.2
6.8 + 0.9
8.8 + 1,7

10.4 + 2.3

0.23+ 0.02
0.87 + 0.11
5.9 + 0.7
8.2 + 0.8
9.7 + 1.0
9.9 + 1.0
7.8 + 0.8
6.9 + 0.7
6.7 + 0.9
7.1 + 0.7

0.78 + 0.10
3.6 + 0.5

10.0 + 1.3
15.2 + 1.9
15.1 + 2.6
12.6 + 1.6

1.53+ 0.31
4.8 + 0.7

12.0 + 2.3
14.2 + 2.0

0.54 + 0.07
1.92+ 0.34
5.5 + 0.6

Assuming 316 keV photon to be 100/p abundant.
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efficiencies, published uncertainties in decay
schemes, and chemical yields. The reported
beam energy is the nominal average energy at a
given synchrocyclotron radius, estimated to have

an uncertainty of +2 MeV, corrected for energy
loss in the thin target.

The measured cross sections are tabulated in

Table II and shown in Figs. 1-3. Throughout the
following discussion, the following convention
will be used. A reaction of form (p, 2pxn) will

represent the over-all cross section or excitation
function of a given product nuclide, regardless of
whether or not a particles are involved. A re-
action of form (p, nxn) will be given to mean only
that portion of the total cross section (or excita-
tion function) which the authors will argue does
represent emission of an n particle cluster.

10—
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DISCUSSION

A. (p,2p) and (p,2pn) excitation functions

The threshold energy for these reactions is 8
and 15 MeV, respectively, although as shown in
Fig. 1, there was no measurable cross section
below 30-35 MeV. The lack of a peak occurring
5-10 MeV above threshold as is commonly ob-
served in (p, xn) reactions is indicative of the
small probability of two proton evaporation from
a compound nucleus. Rather, both excitation func-
tions reflect the rapidly increasing probability of
a nonequilibrium emission of two protons by a di-
rect interaction process with increasing incident
proton energy. The rapidity of the increase de-
rives from two points: first, the increasing prob-
ability of direct reaction processes and, second,
the increasing probability of escape of collision
partners with increasing energy. The Coulomb
barrier for proton evaporation from '~Hg is 14
MeV; its separation energy is 22 MeV compared
with the neutron binding energy of 8 MeV. Ne-
glecting angular momentum effects, the ratio of
the probability for proton evaporation to that for
neutron evaporation increases with increasing
energy from about 10 ' at 30 MeV to 10 ' at
80 MeV." Thus in the discussion of the decompo-
sition of the complex excitation functions of Figs.
2 and 3, a conventional compound nucleus forma-
tion followed by evaporation from a statistically
equilibrated nucleus plays no role. This lack of
a substantial compound nucleus component as
evidenced by the (p, 2p) and (p, 2pn) reactions
will play an important role in the determination
of a particle emission.

Between 30 and 40 MeV, the two excitation func-
tions cross indicating that the probability of depo-
sition of sufficient excitation energy to evaporate
a neutron is increasing sharply as is to be ex-
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FIG. 3. Excitation functions of Hg(P, 2P5n) ~Au,

Hg(P, 2Pvn)' Au, Hg(P, 2Psn) Au, and Hg-
(p, 2p 9n) Au reactions: —, Au; ——, Au;i92 ~ i96 i94

i93 iS2Au; ———, Au.

I I I I I I l I

20 40 60 80
E (M v)

FIG. 2. Excitation functions of Hg(p, 2p2n} Au and
' 2Hg(p, 2p3n) Au reactions —9 Au; —— Au.
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pected. Of greater note to this work is that the
excitation functions remain parallel from 40 to
86 MeV. This suggests that the relative proba-
bilities of depositing two different excitation en-
ergies is approximately independent of energy.
The increase in the excitation functions then may
be attributed to the increased probability of two-
proton-out direct interactions with little change
in the residual excitation energy spectrum. This
point has been noted previously" in (p, xn) re-
actions and is of some importance in determining
the e particle yields.

B. [p,2p(2-9)n] excitation functions

The following general features apply to all of
these excitation functions. With increasing bom-
barding energy, there is a steep increase in the
cross section to a peak beton, the sum of the sep-
aration energies for a nuclear reaction emitting
the requisite number of protons and neutrons; in-
deed the peak is below the separation energy for
the reactions shown in Fig. 2. For example, while
the (p, 2p2n) excitation function clearly peaks at
about 24 MeV, the separation energy required is
more than 30 MeV, and the thermodynamic thresh-
old is 22 MeV. Some clustering of the outgoing
particles must be invoked to account for these re-
actions; due to the large binding energy of n par-
ticles it is reasonable to assume that in this bom-
barding energy range, the (p, 2p2n) reaction is
more properly written (p, n) Asimi. lar a.rgu-
ment holds for other (p, 2pxn) reactions having
x) 2. A summary of thermodynamic threshold
energies, separation energies (including the Cou-
lomb barrier), and approximate bombarding en-
ergies at which the excitation functions peak is
given in Table III.

For the (p, 2p2n) and (p, 2p3n) reactions shown
in Fig. 2, the cross section decreases after the
peak, proceeds through a minimum, and then in-
creases a second time. Of particular note is that
the shape of this second increase parallels very
closely the shape of the increase in the (p, 2pn)
reaction. The implication is strong that the sec-
ond increase may be attributed to processes sim-
ilar to those responsible for the reactions shown
in Fig. 1 with the proviso that sufficient excita-
tion energy may be deposited for the emission of
the required number of neutrons. There is also
further evidence for the insensitivity of the excita-
tion energy spectrum to incident bombarding en-
ergy in the parallel rise of the second peak in the
two reactions of Fig. 2.

The reactions in which x) 5 (Fig. 3) show evi-
dence of the same behavior although the second
maximum is not attained in the accessible range
of bombarding energies. However, each of the
excitation functions increase with a slope similar
to the initial increase in the (p, 2p2n) reaction
but dissimilar to that of the (P, 2P) reaction.
Even the excitation function for (p, 2p'in) still
exhibits a clearly defined maximum. Further-
more, this peak at about 75 MeV lies 9 MeV be-
low the sum of the separation energies of the
nine emitted particles and there is a cross section
measurement of -1 mb which is below the thermo-
dynamic threshold of 58.5 MeV.

Taken together, this evidence suggests that al-
though the two peaks are not observed, it is rea-
sonable to assume that the behavior is as mea-
sured for the (p, 2p2n) and (p, 2p3n) reactions;
the initial rise to a peak observed in those excita-
tion functions shown in Fig. 3 has been attributed
to reactions in which an n particle is emitted.

TABLE III. Summary of threshold energies, separation energies, and the incident proton
energy at which excitation functions peak for Hg reactions (Ref. 50).

Reaction
Thermodynamic
threshold energy

Sum of
separation
energies

Peak in
excitation
function

Hg(p, 2p2n) ~~Au

(p, ~)
'"Hg(p 2p3n)'"Au

(p, G. n)

g( p, 2p5n) '"Au
( p, m3n)

g(p, 2p7n)'~Au
(p, n5n)

Hg( p, 2p8n) Au

(p, ~6n)
202Hg( p 2p9n) 1 92Au

(p, e7n)

21.5
—6.8
29.3
1.0

43.7
15.4
58.5
30.2
65.3
37.0
73.8
45.5

47.3
17.0
55.1
24.8
69.2

39.2
84.3
54.0
91.1
60.8

99.6
69.5

60
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C. Decomposition of the excitation functions

The evidence above suggests that the emission
of n particles as opposed to multinucleon emis-
sions may be largely evaluated by studying the
initial peak in the excitation function for each of
the reactions. Therefore it may be possible to
separate partial cross sections for (p, oxn) re-
actions from the curves for the over-all
[p, 2p(x+2)n] reactions. The following procedure
has been adopted for the decomposition of the
experimental excitation functions into n emis-
sion and multinucleon emission components.
(a) We assume that all of the cross section below
the separation energy necessary for emission of
the requisite nucleons corresponds to a emission.
Thus we ignore any processes involving clusters
other than n particles. This assumption is prob-
ably valid in that other clusters lead to separation
energies only trivially different from that of the
multinucleon process.
(b) We assume that the shape of the [p, 2p(x+2)n]
component is similar to that of the (p, 2p) and

(p, 2pn) reactions This .is equivalent to assuming
the slope of the rising portion toward the second
maximum in [p, 2p(x+2)n] reactions is the same
as that: observed in the (p, 2p) and (p, 2pn) reac-
tion. More fundamentally, this extends the point
previously made that the shape of the excitation
energy spectrum is relatively independent of in-
cident energy.
(c) Finally, we took the shape of the o. component
to have a high energy tail similar to the high energy
tail of (p, xn) reactions. If the (p, a) component is to
be considered at all like a direct knockout reaction as
suggested by the particle spectra and angular distri-
bution work of several authors, ""it should be rea-
sonable to assume that it would vary in a manner like
the direct knockout of neutrons in high energy
(p, n) reactions. Similarly the tail of the (p, en)
component might be expected to vary as the (p, 2n)
tail etc. In other experiments" the excitation
functions of the '~Hg(p, xn) reactions have been
measured in order to determine the slope of the
high energy tails.
(d) The two missing excitation functions (p, 2p4n)
and (p, 2p6n) leading to stable '"Au and 183 day
'"Au were interpolated from the seven other
curves. As there are no large variations in the
peak heights, the shapes for all the (p, 2pxn) re-
actions are similar, and both missing excitation
functions are bracketed by measured ones, it is
felt the interpolation introduces no serious error
to the analysis.

With these four assumptions, the excitation
functions of Figs. 2 and 3 may be decomposed to
give the two components of each curve. An ex-

I I I I I I I I I

10
Xl

E

C
0

~~
uI

CO

I
l
I
I
I

I i I

20 40 60
E (M V)

80

FIG. 4. Decomposition of the Hg(P, 2P 2n) i99Au ez-
citation function into an G.' particle component and a four
particle emission component.

ample of this analysis is shown in Fig. 4. With
the complete set of z reaction products at each
bombarding energy, it then becomes possible to
evaluate the total a emission cross section for
incident protons of 10-86 MeV. This total cross
section for e particle emission is given in column
2 of Table IV for various incident proton energies.

[It is to be noted that the excitation function of
the (p, 3p3n) reaction peaks at &I mb. " It is
therefore assumed the (p, 3pxn) and (p, 4pxn) re-
actions contribute little to the total cross section
for n emission. ]

There is obviously a substantial error in the
summing of seven decomposed excitation func-
tions. However, while absolute numbers may be
suspect, the variation is quite likely reliable. In
addition, most of the total cross section for any
given energy comes from only one or two reac-
tion products near the peak of their excitation
functions —the single region of the curves which
is best defined since only e particle emission is
energetically feasible. Calculations using differ-
ent slopes for the high energy tails and several
different interpolations for the two missing exci-
tation functions show a surprising insensitivity to
the assumptions made. Absolute numbers varied
less than 10%%up, the over-all trend with increasing
energy varied not at aQ. The uncertainty in the
cross sections of Table IV is expected to be about
30%%uo. The results of Table IV are in good agree-
ment with on-line studies of neighboring nuclei
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which lends confidence to the procedure adopted
to separate the excitation functions into two parts.
For example, Bertrand and Peelle" measured
32 mb for 62 MeV protons on "'Au compared with
our estimate of 33, while Muto et al. ' give a value
of 27 mb for 56 MeV protons on ' Bi compared
with our 30. Our value is, however, 25% less
than Muto's value of 45 mb for a, gold target at the
same energy. The increase in cross section with
increasing bombarding energy is consistent with
the increase in the results of Muto et al. ' and
Dubost et al."

Proton
energy

Total alpha Direct
production interactions Evaporation"

(mb) (mb) (mb)

20
30
40
50
60
70
80

9
15
24
33
41
49

4
7.5

11
16
21
26
29

0
1.5
4
8

11
15
20

TABLE IV. Cross sections for production of & par-
ticles.

D. Excitation energy spectrum for u emission events

Making the assumption that 10 MeV is required
to emit a neutron from an excited nucleus, the
set of excitation functions derived for n particle
events may be used to construct the spectrum of
excitation energies at any given bombarding en-
ergy for those events in which an n particle is
emitted. Such distributions are shown in Fig. 5
for bombarding energies of 50, 60, 70, and 80
MeV.

It is noteworthy that there are strong peaks in
the excitation energy spectra invariably about
20 MeV below the incident proton energy. In-
cluding the proton binding energy, this is about
27 MeV below the excitation energy of a com-
pound nucleus. The separation energy of an n
particle from '"Hg (including the Coulomb barri-
er) is 24 MeV. This result suggests that a sub-
stantial fraction of a emission events may well
originate in compound nucleus production. This
point is discussed further in the next section. If
a emission events were exclusively derived from
direct knockout interactions, a broad and rela-
tively flat speci:rum such as calculated for (p, xn)
reactions by intranuclear cascade methods would
have been expected.

E. Mechanism of 0. particle emission

Evidence for a peak in the n emission cross
sections coming presumably from a knockout pro-
cess, coupled with the excitation energy spectra
of Fig. 5 which imply a substantial yield of a par-
ticles at higher energies associated with compound
nucleus events, required the postulation of two
mechanisms for these reactions. The first, a fast
knock on component, yields strongly forward
peaked n particles. The second, associated with
compound nucleus production, would be expected
to involve an "evaporation" process, slow at least
on the time scale of nuclear rotations although not
implying conventional evaporation from a nucleus
in a state of statistical equilibrium. Three on-line

120
EP- 70

I I I I I I I I I I I I

EP $0

80
CO

C
g 40

EP =50
cg 60

40.e~
I 1 i i I

20 40 60 80
Excitation

I

20 40 60 80
Energy

FIG. 5. The distribution of excitation energy in those
nuclei associated with o emission events.

studies have measured angular distributions of n
particles emitted from the interaction of "'Au with
24-41 MeV protons, "56 MeV protons, ' and 157
MeV protons. " Decomposition of these angular
distributions into an isotropic and a forward
peaked component yields as the percentage of 0.
particles which are isotropic 10% at 24 MeV, ris-
ing to 25% at 41 MeV, 33% at 56 MeV, and 66%
at 157 MeV. Interpolating between these points,
and using the total n particle cross sections as
derived in Sec. III, the cross sections for direct
interaction and isotroyic n particles may each
be calculated. The results are tabulated in col-
umns 3 and 4 of Table IV.

The cross section for a particle production by
direct mechanisms increases sharply over this
energy region as is to be expected. This is pri-
marily due to an increased probability of escape
of a struck a particle. For kinematic reasons,
a maximum of 64% of the proton's energy may be
transferred to the struck o. particle. With a 28
MeV Coulomb barrier to overcome, it is hardly
surprising that such a process would be highly
energy dependent.
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Equally interesting is the substantial isotropic
component shown by a combination of the on-line
studies and the excitation energy spectra of Fig.
5 to be most likely associated with the deexcitation
of compound nuclei.

Conventional evaporation from an equilibrium
configuration is easily shown to be many orders
of magnitude less likely to occur than has been
observed in the experiments. " However, two fac-
tors undoubtedly play a large role in enhancing the
n production.

Dudey and Sugihara" have pointed out that n
particle emission probabilities are enhanced from
a high angular momentum system because the
mass of the a particle allows for efficient reduc-
tion of the high angular momentum. Grover and
Gilat have developed this point" based on the
principle that more final states exist following e
emission from a high angular momentum state
than following emission of neutrons or y rays.
However, the Dudey and Sugihara work concerned
itself with much lower excitation energies than
would be encountered in compound nucleus pro-
duction in this work, while Grover and Gilat dealt
with much higher angular momentum states such
as derive from heavy ion bombardments. Never-
theless, there is little question that the results
of this work are being strongly affected by en-
hanced emission of e particles from high angular
momentum states of the compound nuclei.

The second factor, which is not entirely sepa-
rable from the first, is that isotropic emission
requires only that lifetimes be longer than rota-
tional periods and not necessarily the attainment
of the statistical equilibrium configuration of con-
ventional evaporation theory. An evaporative pro-
cess from an incompletely equilibrated nucleus

may well produce the yield of isotropic e parti-
cles these experiments demand.

The state of the art of pre-equilibrium decay
calculations is not yet ready to handle such a prob-
lem in that for the most part the yields of e par-
ticles are used as a normalizing factor to deter-
mine the parameter related to the preformation
of clusters. Even calculations of particle spectra
and angular distributions in general ignore the
question of yields. The Blann review article"
concludes a brief section on cluster emission
with the words "The work which has been done
with respect to complex particle emission must
be regarded as bold explorations in an extremely
difficult and evasive area. "

Both of these factors combine then to allow a
substantial production of n particles by an "evap-
oration" type process from a pre-equilibrium nu-
cleus having high angular momentum. Such a pro-
cess is still a small fraction of all interactions of
protons with ' 'Hg; n particle emission accounts
for only 2/g of the total inelastic cross section at
60-80 MeV. Because of the interest in the mech-
anisms responsible for this 2P& of the total, how-
ever, it is hoped that the results of this work will
further stimulate theoretical interpretations of n
emission in nuclear reactions.
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