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INTRODUSTION

Resonance phenomena have been observed in nuclear processes
for many years. Until 1960, however, the only cases that had
been observed involved light particles (A less than 5) interacting
with heavy nuclei, These could be explained as the pOpulation
of individual levels in the resulting compound nucleus. They
were characterized by their relatively low excifation energies
(about_4510MeV)in the compound nucleus and their involvement in
only‘é‘féﬁ reaction cross sections.

In 1960 a very different class of resonances was discovered
in a system involving two heavy ions, 120 on126~(1). They are
special because they involve very high excitation energies in
the compound nucleus (about 20MeV) and they manifest themselves
in many exit channels.

To explain this phenomenon it is necessary-to postulate the
formation of a special state of the compound nucleus. This
sﬁate must be formed with a very high excitation energy and
must have some width for decay into many available reaction. chan-
nels. These states are termed nﬁclear molecular states., The
behavior that is envisioned by this term is that the two
colliding nuclei will remain in close proximity to each other
while still retaining the basiec character of two independant
nuclei. In short a molecule but with nuclear forces providing
the binding energy instead of electrostatic forces.

Today there is an abundance of experimental and theoretical
work available on this phenomenon. Table 1 (page 2) gives
a partial listing of the experiments performed to attempt

to locate resonances, This particular table was adapted from



TARLE 1,

relative
relative number exit
level of open channels resonances
reaction density  channels observed observed (a) reference
9Be #1270 1.3 7. Pra No 17,3
10B+120 15 14 gamha No 18
11p412g 11 14 gammna No . 18
L0542 100 350 o, L% No 19
1204124 1 1 y,pyny,0Be,% Yes  1,4,20,21,11
12C+13G Tl 13 gamma. P« No 1¢,22 |
135413 16 b5 No. 22
124410 13 12 d,t,a Yes 25
124, 1%y 23 13 pa ,gamma  No 18,26,27
124,164 3.8 3.9 o Yes 5
tyedly 110 300 v 0,40 No 3,17,28,29
130416 59 125 gamma, 133 - No present work
1254199 359 1800 iy " No 26
1204204 43 75 v No . 26
160+160 22 34 ysPsn,4, No 1,21
160+20Ne 450 1500 gamma, No 26

Table 1, Information on subloulomb structure and res-

onances in heavy ion interactions. A more complete table can
be found in Hanson et.,al., (ref. 3), This reference also con-
taing the details of the calculations of the level densities

and open channel numbers.

(a) The word No is used in several cases where there is some
structure in the excitation functions. However positive results
are ascribed only to those cases where the structure found is
subZoulomb barrier and of the same type as the carbon-12 on carbon

12 resonances.



one found in Hanson et.al., (3) and definitions as well as calcula-
tional details can be found there, |

0f the many theories that deal with resonances as some-
thing other than statistical fluctuations only three have received
major attention or belief. They have been formulated at various
times and not all of them listed were formulated to explain the
entire table presented in this paper.

One of .the first and simplest models introduced to explain
the existence of resonances in the 1204 120 system was first
postulated almost simultaheously by Vogt et.al.(#) and by
" D.A,Bromley et.al. (1)(&) in 1960, This model proposed the
existence of a secondary minimum in the effective potential of
the combined system for at least some values of angular momentum,

| This minimum arises from"the decrease in the surface energy
of the combined system resulting from the two particles joining
_toéether at one surface point during a grazing collision. Thus
the two nuclei, fixed on a surface point, are free to vibrate
along thelr mOlecﬁlar axis, This binding is the mechanisnm
responsible for the extended lifetime of the system.

An important detail of thig process is that it requires one
or both of the colliding nuclei to be relatively soft and easily
deformed., This deformation is the process that makes 1t possible
for them to fasten together at distances large enough for the effect
to take place outside of the Coulomb barrier,

This requirement was formulated so that this model could
explain the existence of resonances in the 1ZC+ 4 2 system and
also their absence in the 160+ 160 system.

Another problem that had to be overcome was that this model

seems to predict that any system of particles where one oOr both

3



of the incident nucleil are not closed-shell nuclel will show req-
onant behavior, To remove this difficulty the further requirement
that the two incident particles e composed of whole nunbers of
alpha particles was imposed.

This medel has lost much of its popularity mainly becouse
the branching ratios and the cross-sections it predicts are smaller

5
T 12C+ 1“C the reaction

than those measured, In faet, for the case o
particle crods-sections predicted are somewhere between a factor of
4 and 10 too small at the lower energies.

Another popular, and commonly used,‘eXplanation was ploneered
by B. Imanishi in 1968 (7)(8). According to this model the mech-
anignm responsible for the resonances and structure found in the
excitation functions invwlvés having one of the two colliding
nuclei undergo a transition to an excited state, I thig state
ig at a sufficiently hizgh energy that the system loscs an apprec-
iaﬁle amount of its kinetic energy, as well as orbital angular
momentum, then this logs will cause it to occupy a juasi-bound
state of the system.

The quasi-bouhd nature of this state gives rise to the extended
Lifetime of the systenm. And, of course, it is this extended life-
time that characterizes resonant systems. The basic requirement,
then, for a system to display resonant behavior in this nmodel is
that i1t possess high first excited states in both ecolliding nuclei.
Both must be relatively high since the system will fend to select-
ivly populate the lowest excited states and if one of the states
is too low the effect will not be seen, Expcrimental evidence
places a lower 1imit on the value of the first excited state at
about 2-3 MeV. DBelow this value the energy lost in exciting the

astate is not sufficient for the binding to last long eriough for



regonance effects to be observed,

Although Imanishi's original publications dealt only with %he

1 12

2C+ ¢ system and only reproduced the first three resonances (2)
telow the coulomb barrier, his work was later extended by Kondo et,
al, (among others) to include many more of the resonances.(9) It was
also extended to explain the super-Coulomb-barcier structure found
in the 100+ 16045ystem(9). Here the calculations were performed
by W. Greiner et,al, and the experiments done by regearch teams
at Yale. (10)

The third of the three major theories was champlicned by
iilehaud and Vogt., This theory calls for the formation of what
are termed "intermediate states". This terminology arises because
they are supposed to be populated between the time that the system
is in the two separate partidle configuration and the formation
of the true compound nucleus. These states are formed when one
of the two colliding nuclei digintegrates into smaller, identical,
particles., The interaction of these particles with the intact
nucleus is then expected to show behavior much more complex than
simple two-body motion,( 2)(12){13)

As described for the cass of 12C+ 12C (2 ) the proposed
structure has one of the two carbon nuclei fragment inte three alpha
particles, These then interact with the intact nucleus in much

the same manner as the three hydrogen atoms interact with the
nitrogen atom in the ammonia molecule. The difference is that

the armonia molecule is beund by electrostatic forces while the
nuclear'rolecule" is bound by nuclear forces. This alpha particle
molecule, as it is sometimes refered to, can then exist for a

finite period of time before it either has one or more of the

5



seml-free alpha particles are captured or released,

Fr

-3

Once any of the particles escape or are captured the system
will immediately collapse into a compound nucleus state. Also
in order for more than one alpha particle to escapes they nmust

combine.. This is nec=2ssary for them to have sufficient energy

c+

<
to do so, Thus there is some width for the escape of 125 or “Be
from the resonating state,
It can be readily understond that this state is at a very

high excitation energy, particularly if it is viewed as an excited
2y, .

state of the resulting compound nucleus, in this case ey
Thus it has a rather short lifetime. This leads us to the conclus-
ion that the addition of even a single non-identical particle
in the orbit of the fragments will perturb the system sufficiently
to eliminate the long-lifetime intermediate state altogether,
Thus the requirement that the nucleus which fragments be compesed
of a whole number of alpha particles is imposed.

Using this theory and appling several different optical
model potentials, as well as an alpha-alpha potential, IMichaud
and Vogt were able to satisfactorily reproduce most of the structure
in the elastic scattering cross-section excitation functions
fairly well,(12) Unfortunately their work has not, at present,
been extended to other systems. It is thus difficult to determine
if the absgence of structure in the 1204 2044 system is explained
by it or if it is a difficulty that it must face.

In an attempt to add to the available body of experimental
evidence an investigation was done on the 133+ L 0 system., There
were several reasons for its choice.

Imanishi's theorem calls for high first excited states in

the colliding nuclei. Thiscriterion is satisfied hy this system.
¢,



The disintegration into alpha particles that is called for in the
alpha particle molecule model is not likely to occur. The dnly
way for this system to produce three or four alpha narticles would
be for the oxygen nucleus to break up. It is far more likely that
the carbon will fragment long vefore the more stable, closed-
shell oxygen nucleus.

Thus the results of the experiment can be used to select
between these two models. The discovery of resonances lends some
credibility to the theorem of Imanishi while non-discovery will
add support to the model oroposed by Michaud and Vogt.

A further consideration in this choice is the energy level
density. A large value for- this number indicates that the resanaﬁce
lifetimes will be short., The short lifetime tends,according to
conventional wisdom, .£0 trcaden the resonance as well as to decréase
its magnitude, Tinding resonances or structure in this system would

ey

have the effect of raising the upper bound on this number.



APPARATUS
All of the experimental work for this project was performed

ng beams accelerated with the K.S.U. 6 IV tandem Van de Srarff

=

!,.a.

us
generator, The carbon-13 beanms were produced in the High Voltage
diode ion source.{14) This unit has several means for producing
this particular beam. For example, beamg of CH, CHA,C and CN
anions have all been obizined by bdleeding methane gas mixed with
nitrogen gas into the arc regilon., The problem encountered with
all of the lighter anions is that the intensities produced do

not suffice for this type of work., Any of these beams can be
produced in quantities of only 1-10 nA. It was therefore decided
to uge as the anion beam the CN radical produced by bleeding a

1:2 mixture of methane and nitrogen sas into the arc, This method
is capable of producing source beam currents of up to 20 microanmps,
This amount is far more than adequate for any studies involved in
this report, In fact, the usual source team current used was oaly
about 3 microamps. This gives.about 6C0nA of beam on the target
using the 3+ charge state. for energiles vetween 12 and 20VeV,

This anion, of course, does not allow the opbimum beam enersy
to be obtained.. The average charge state of the beam after gas
stripping at the terminal is only about 3.4, Thus for beam cnergies
less than 21MeV the 3+ charge state is used, For energies up To
27ileV the 4+ charge state beam is employed and the loss in beam
current of 60%-907% must be accepted. This compares to final energies

vailable using a ¢ anion of 24 and 30MeV using the 3+and4+ clarge

HE]

states respectively. Once it became clear that all of the structure
of interest was in the 11-1kMeV beam energy range it was obvious that

the correct choice was the beam with greatest intensity.



The K.S5.U, tandem facility has two scattering chambers devoted
to heavy ion nuclear studies. Both were employed for taking data
in this feport. For data that does not involve measuring or
recording gamma rays the chamber used is the 24" gtainless steel

chamber, This unit was designed for the facility by Erich Feldl,

This chamber is at present wired to handle up to eight separ-
ate detectors. The mounting system uses three concentric rings
each of which has mounting locations spaced at 309 intervals,
Tracks are then placed at selected locations on these rings. The
detectors and collimators are then mounted oﬁ these tracks. Each
of. the rings can be separately rotated from outside of the chamber
without breaking the vacuum. Locations of the detector:, using
the existing calibrations, is #,1%mnominal), The chamber is
fitted with target handling systems so that up to five targets can
be_kept ingide, These can be removed, if nescessary, without
letting the chamber up to air pressure by means of an éir lock
fitting. R |

The target handling equiptment'is capable of selecting one of
the five targets, rotating it 360° with respect to the beam axis
and adjusting its vertical location with respect to the beam center,
This also can be done with the entire chamber still under vacuum.

To avoid the effects of beam spot motion a system of two |
collimator slits was employéd. The closer slit was usually piaced
about 12-173cm from the ﬁargét while the more.distant slit was placed
about 30cm away. The effect of these slits was that if the beam
was steered in any direction the ratioc of counts in any peak to

integrated bteam current wculd not vary by more than 1-2%.

I



When the particular measurement being taken involved gamma
rays, the other chamber was employed, This device, named the
"mixing-bowl" chamber, was manufactured at the facility. One
side of it is a hemispherical shell made of .375mm thick stainless
steels, The other side is a flat plate of .625mm thick stainless
steel, This side has an inset in it to permit a gamma detector to
be placed within 2cm of the target. The chamber has provisions to
hold up to three targets, These can be selected from without having
to pressurize the chamber %o air pressure. To facilitate angular
correlations they can also be rotated 360° with respect to the
beam axis,

In addition there is a mounting bracket inside of the chamber,
This is used %o mount a particle detector which is used to monitor
eilther elastic or reaction particles, For most of the studles
involved in this report this mount was used to hold a .lmm particle
detector that was used to normalize the data,

With both chambers individual data points were timed using
a current integrator. This unit was connected to either therFaraday
cup of the large chamber or to the target of the smaller one, This
proved to be unsatisféctory‘as a means of normalizing the data,
however., Thus for normalization a particle detector at a far
forward angle was used, This angle varied from one run to another
but wag held fixed for any one excitation funeticn. It was in any
case always between 9° and 250. The carvon-13 scattered into
this detector from the heaviest component ir the target could then
be assumed %o be purely from Rutherford scattering. In this way
plots of cross section as ratio to Rutherford could be easily

obtained,

10



Data taking was accomplishedrusing only three bhasic tTypes of

detectors; silicon surface barrier detectors, lithnium-silicon
proton detectors, and a lithilum-drifted germanium gamma fay

detector; |

The silicon detectors were used to obtain most of the particle
data. Three different varieties were employed, These were O.1mm
and 1mm Ortec and C.1mm Princeton Gamma Tech. They are operated by
placing a bias voltage of 15-250V across the’active gurface layer,
When the biased detecctor is struck by a charged particle, it gives
off a signal which has a peak current proportional toc the energy
the particle lost in the active region of the detector, This loss
can range from 100% for heavy ions (carbon for example) in any
detector to as low as 10% for fast protons in one of the thinner
units. Thus to measure alpha spectra the thicker model of detector
is mandatory.(16) ’

Figure 1éhows two typical épectra from this type of detector.
The middle spectrum was taken by a imm unit using an aluminum ’
shield to scréen out all of the heavy particles, All of the counts
in this spectrum are thus due to alphas striking the surface of the
detector. Unfortunately all of the large, intense lines in the
spectrum have been. identified as resulting from reactions between
carbon-13 and carbon~12 from the surface layer on the target.

The bottom spectrum was taken uging a 0.1mm detector. The
narrow line at the left is caused by protons. These do not give
up all of their energy and thus the detectqr cannot téll their true
energy., - The large broad line just to the right of the proton peak

igs the result of recoiling iron atoms. The apparent doublet is

actually due to a combination of eléstically scattered carbon-13

11
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Figure 1. Typical Spectra from Heavy Ion Detectors
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( 130(130,130)120 ) and the recoiling oxygen and carbon-12,

The two large lines on the right are due to carbon-13 iong scattered
from the e in the target (this line is on the far right) and

from the oxygen-16 in the target( this is located at about channel
2258), The other, smaller, lines are due to a variety of causes,
Most of the lines are the result of inelastic scattering of 1Jg
from iron. |

For recording épectra of protons the lithium-silicon
detector gave the best results, The upper spectrum of figure 1
is a typical example, The problem with this data is that all of
the broad, intense lines are identified as resulting from carbon-
carbon reactions., The small number of counts at the far right nay
or may not be duekto reactions of carboﬁ on oxygen., The number
pregent in that area is so amall that there is no real way to tell
with any ceartainty.

The final detector type employed is the 90cc Princeton Gamma
Tech Lithium drifted germanium detector., This device is capable
of resolution on the order of 2KeV using the 1,332MeV line of 6000
as a reference, It has a counting efficiency of better than 194,
Unfortunately this was not sufficient to resolve more than two
of the resulting gamma ray lines from our reactions., The chief
reason for this problem is again the carbon layer that invariably
built up on ‘the target,

Whichever detector (or mix of detectors) was employsd in a
given run the electronics used were about the same. Fipure 2 illus-
trates the schematics of the basic data reccrding hook up., The
signal from the detector is routed to a preamplifier which, in

turn, is connected to a spectroscopy amplifier (Ortec 451 or

equivalent). This signal is sent to a mixer and router which 18
172



Typilcal electronics s2hematic diagram.

Figure 2
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combined with an analogue-to-digital converter, This assembly out-
puts a signal containing two pieces of information: The amplitude
of the input ﬁulse (energy of the incedent particle,gamma) and
which of the several detectors in use produced the signal., The
signal, now in digital form, is then entered into the computor
and stored first in memory while the spectrum is accumulated and
later on magnetic taves for later analysis,

To extract the data used in the plotted excitation functions
two methods of curve fitting were employsad. Both involve the use
of the PDP-Digital computor in the laboratory, The first (and
simplest) involves fitting the baclkground in the area of the peak of
interest to a polynomial, This program uses the method of least-
squares. The intrapolated curve is then subtracted point-by point
from the data.,. The integrated difference was taken to be the "true”
area of the peak.

The second method involves fitting the peak to a given shape.
This shape was usually a Gaussian but a Lorentzisn shape was also
tried. If the background is also fitted at the same time to a
straight line then the parameters of the fitted curve give the area
of the peak in question, This method of fitting uses the tech-
nique of parameter search. This method will even give fairly -
reliable data even if the peak of interest slightly overlaps with
another peak. |

The general rule for selectlion between the two methods was to
employ that method that best reduced the scatter of the resulting
excitation function. A further consideration was that the resulting
background or fitted curve had to be a reagonably close to the
original data curve.

The.programs from which the actual data reduction programs were

15



adapted all appear in Bevington's book (31). HMost of the adaptation
done concerened itself with making the programs fit or work in the
computor in the laboratory., Also much investigation was done to

fit other curves than the orizinal programs were written to work

on.,

Each point was then normalized to the number of carbon-13
ions scattered into a detector at a far forward angle(9°~25°).
This produces immediately a plot of cross section as a ratio to
Rutherford (in arbitrary units).

The final item of interest is the targets, These deflinitely
gave the most probléms of any item in the experiment. Hany dif
fereat types of target materials were tried, The 1list includes,
but is not limited to, Si0 and SiQ0p self—supporting targets, Ti0
and FeO self supporting, Ti0 on Ti, FeQ and Za0 on carbon backing
and a0 on Ti backing.

The silicon targets were ruled out becausé they produced
inelastic peaks from the silicon that interferred with the oxygzen
data, They also produced reaction particles that made data from
carbon-oxygen reactions impossible to separate out. The pure‘
titanium and ‘iron oxides could not be floated properly and so
could not be used as targets. The a0 on Ti backing targets
produced disintesrated when the beam struck them. Apparently the
alloy formed during the evaporation was tcobrittle to take the
heat of the beamn.

The Ti0 on Ti backing targets produced some of the Dbest
elastic scattering data obtained, The reason that thesy were dis=-
carded was that they tended to bulld up a layer of carbon-12 on the
surface facing the beam. This layer produced reaction particles

that made it impossible to sort out reaction data. Since 1t was

16



moreover impossible to get the oxide layer very thick the improved
statistice degired later were impractical. Thus for the later
runs where the reaction data was essentially written off targets
of iron and calcium oxides evaporated onto carbon backings were
employed.

They were made by evaporating thin layers of Ca or Fe onto
a self-supporting carbon-12 backing., As long as the layer of
metal was kept below 10-20;@m/bm2 the stopping power effects on the
structﬁre were found to be minimal. An iron oxide laysr about
10q#gm/cm2 thick was made. It broadensd the structure so much that
it virtually disappeared,

Oxidation was accomplished for the Fe targets by heating them
in an oxygen atmosphere at about 20 millitorr Oz + The Ca layer

could be satisfactorily oxidized by exposure to air for several

minutes.

17



ANALYSIS

Flgures 3 and 4 show the resulting excitation functions for
elagtically scattered 130 from jL60. Figure 3 was obtailned by
analyzing spectra from three essentially identical TiO on Ti targets.
The stopping power of the oxide layer on all three targets was

Lo-60KeV at 13MeV lab energy. This was one of the "survey"”
excitation functions, taken to obtain preliminary data on the
existence and location of interesting structure, -The dashed lines
drawn on the plots indicate the location of the structure later
given more through study.

Fizure 4 shows scme of the results of one of these investi-
cations. This excitation function was measured fron speétra taken
using a target composed of a 1qugm/cm2 carbon backing onto which
a 1%ng/bm2 layer of iron had been evaporated, This iron layer was
then heated in an oxygen atmosphere until it was about 3075 FeO.

The stopping power of this layer was calculated to be about 70KeV
in the energy region of this graph. A third layer of carbon-12
was deposited onto the face of the target due to the éction of the
bean., Its thickness caﬁﬁot ve determined with much precision but
cn estimate based upon visual inspection places ite thickness as
being on the order of Ingm/cmZ. This adds an additional’stOpping
power of 66-7OKeV. Thus the total stopping power of this target
for computing the effects on the oxygen data is abéut 140KeV,
Notice that the peaks on the excitation functions have ghifted
about 100-200KeV higher and are about 100KeV wider,

Data was also obtained for two reaction channels using gamma
ray dection. The two jines that were analyzible in the spectra were
the 1.779ileV line of 85y produced in the reaction 160(13C,n)2881,

and the ,843MeV line of 27p1. The latter was produced in a reactlon
18
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Figure 3, Rlastie scattering exc1tat10n funection
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of the form (C,d) , (C,n,p) or (C,p,n). Since the (C,p) reaction

28 3 . o
Al is not observed via its gamma rays, the (7,p,n)

product
reaction is unlikely. Because no deuterons are observed in any
of the particle detectors the (C,d) reaction also seems to-be
unlikely. Thus, the assumption favored is that the reaction
involved is the (C,n,p) reaction.

Both of the reaction excitation functions are plotted as
the nucleaf structure factor(32)., This quantity is defined as

S(E)=0(E)*E* explﬂ,z;l%‘-i?i|.arccosw/s)%.-(T/B)%(:L-T/B)%; K
Where B= legez/R is the electrostatic energy at the radius of
the Coulomb barrier (R)s T is the kinetic energy of the incident
particles in the center of mass system, Finally, ¢ (E) is the
cross section at energy E. Plotting the data in this form
factors out the effects of Coulomb barrier penetration,

In both cases the resulting excitation functions are
smooth. The apparent structure in the .843 MeV gamma data is
the result of poor counting statistics, not a resonance. The
conclusioﬁ is that the mechanism responsible for the effect
seen in the elastic séatfering data affects these channels much
less, if at all.

Attempts to verify these results in other reaction channels
have so far met with uniform failure. The principle reason for
this is the buildup of carbon layers on the surface of every
target used in the study., The reaction particles prpduced in
this layer are so numerous that they totally wash out the
effects of those produced in the 130'03.160 reactions., Since

the thickness of this layer changes in an apparently random man-

ner subtraction and folding-out methods are found to be come-

pletely unworkable, iy



Figure 5. Gamma ray excitation functions 12.5-15 MeV
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CONCLUSIONS
The main conclusion of this experiment is that there is

16

no structure in the 130 on O system of the type found in the

1ZC on 12G‘system. There is a small anomaly at one energy in
the elastic scattering channel. Since thislanomaly is not cor-
related with structure in the reaction channels it is probably
due to some type of single level resonance, The available data
is not sufficient to further categorize it.

This finding presents a severe difficulty to the two
theories involving single particle mechanisms. Both appeér to
predict the existence of the‘same type of structure that is found

120 on 120 system. Thus, we conclude that we cannot

in the
support the theories of Imanishi or Vogt-McMannus.

The theory that does predict correctly the results of this
experiment is the alpha particle molecule model proposed by
Vogt~Michaud. DBecause it correctly predicts the results of the
experiment this is the model the experiment supports.

A further conclusion from this experiment pertains to the
resonance structure found in the 13¢ on 12g system. There are
two explanations resulting from this experiment regarding the
location of the extra neutron in this system cbmpared to the
120 on 120 system, One of the explanations hypothesizes that
the extra neufron‘is stripped off before the resonance process
occurs. The other model views the neutron és a spectator in the
core {(unaffected) nucleus. The latter is indicated by this ex-
periment. The former predicts that the 130 on 160 system will

' 2 16
show the same resonance structure (almost) as the 1 Con "0

system,
Yy 23
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6O gsystem. The

An investigation was made of the 137 41
primary aim of this investigation was to determine if there
are resgonances in this system that are similiar to those found
in the 120+ 12C system, Two exit channels were investigated:
elastic scattering and gamma rays from two different daughter
nuclei, Despite the presence of a slight anomaly in the elastic
channels no evidence for correlated structuré was cdiscovered,

Thus the conclusion ig made that no such siructure exists

in this system.



