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ABSTRACT -

We report the results of experimental studies in which the perturbations
of gamﬁa-ray angular'correlations ﬁave been used to observe and measure the
interactions of nuclear moments with chemigally generated electric field
gradients. Such‘quadrupole interactions can provide detailed information on
molecular structure and chemical bonding. Experiments héve been completed with

181 181 111

Hf binding to Vitamin B,, and Hf and Ag probes in DNA, as well as

181Hf studies of several inorganic compounds containing Hf-oxygen and Hf-
phosphate bonds. Experimental research programs in heavy-ion nuclear reactions
studies have been initiated at several major accelerator facilities. At the
ORNL Isochromous Cyclotron we are investigating the energetic fragments from
heavy~ion transfer reactions on medium mass targets, using a counter telescope
with element and mass reéolution. Some results from 65CU + 120 at 130 MeV

are presented. The emissions of H and He in hard grazing collisioné of 86Kr
with 197Au are being measured at the SuperHILAC accelerator of LBL. In this
experiment, both singles measurements of the light charged particles and
coincidence observations with deep inelastic processes are in progress. In

a related, but distinct, experiment at the LBL 88" Cyclotron, we are studying
the fusion, fission, and charged particle‘emission probabilities for 194Hg

compound nuclei excited to 97.5 MeV by different reactions using matched heavy-

ion beams.

Morton Kaplan
Principal Investigator
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I. Introduction

The nuclear science research program sponsored by Contract EY~76-5~02-3246
has undergone a significant reorientation in the past year. Our developmenf and
applicétion of gamma~-ray angular correlation techniques in hyperfine interactions
studies has been very successful over the last few years, culminating in an inten-
sive investigation of quadrupole perturbations which reflect the electric field
gradients generated by chemical bonding. These experiments have now been effec~
tively completed; and the results will be presented and discussed in this report.
At the same time, we have expanded and refocussed our efforts in experimental
heévy-ion nuclear reactions studies, and have established a firm foundation for
on-going programs at several major accelerator facilities. These latter experi-
ments are based upon the User Group concept, and we shéll describe some of our
work of the past year carried out at the Lawrence Berkeley Laboratory and Oak
Ridge National Laboratory. |

The objective of the perturbed-angular-correlation experiments was to deter-
mine the u:ility of nuclear quadfupole moments as sensitive microscopic probes
of electron density distributions and dynamical motions in complex molecular

systems. Using 181H£ as the pg~decay parent of a 181

Ta nuclear probe, we studied
the nuclear quadrupole interactions in several inorganic insulators containing
metal -oxygen and metal-phosphate bonds, in order to devélop a familiaritj with
anticipated interactions in compounds of known structure and cbnfiguration. The
results of these stddies demonstrated the great sensitivityvqf the technique to
detail, and we proceeded to extend the experiments to macromolecular species,
among them Vitamin Biz (cyanocobalamin) and DNA, employing 181Hf and 111Ag as

nuclear probes. The background material, experimental apparatus, and theoretical

development have been presented in previous Annual Reports, particularly
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C00~3246-15 (datéd July, 1975), and we concentrate in Section II below on a
sumﬁary of the experiments completed this vear along with an interpretation of the
data. This work hés been presented in its entirety as the Ph.D. dissertation of
E. J. Wilson, Carnégie¢Méllon University, June 1976.

At the Oak Ridge Naﬁional Laboratory we have been carrying out an experimental
study of direct multinucleon processes in the interaction_of energetic heavy ions
with medium mass élements. In a long~term coilaboration between Carnegie-Mellon

i

Univeréity and Dr. Robert L. Ferguson of ORNL, we have bombarded thin 6scd.targets
with 130-MeV 12C ions from the ORIC and analyzed the outgoing reaction products
from Li through Ovby means of a AE-E counter telescope and multiparameter data i
acquisition system., The semiconductor-detector telescope arrangement was designed
to yiel& resolution of adjacent masses as well as nuclear cﬁarges, and the data
obtained in several runs has successfully demonstrated the attainment of this
capability. A preliminary analysis of some of the experimental data will Sev
presented in Section III of this report. | | |

We have joined with Professor J. M. Miller of Columbia University and
Professor J. M. Alexander of SUNY, Stony Brook, to férm a User Group at the Super-
BILAC accelerator of the Lawrence Berkeley Laboraﬁory. Our common interest is
in the investigation of light charged particles emitted in hard grazing collisions
of very heavy ions. During this past year, we have studied the energy and
angular distributions of protons, deuterons, tritons, and alpha particles from
the reactions of 197An with 86Kr at 725 MeV. These results will be of parficular
importance in the interpretation of deep ;nelastic processes observed with high
cfoss-sections for very heavy ions like Kr on heavy targét nuclel. Very recently
a more complex 8-parameter coincidence experiﬁent was successfully carried out on
the 86Kr + 197Au system at the SuperHILAC. In this work, a heavy fragment (either

Kr or Au) from a deep inelastic event was detected at the appropriate angle in a
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gas telescope, and the time-correlated protons and alpha particles were measured
with a semi~conductor telescope system. From the energy and angular dependence
of these measurements, we hope to be able to distinguish the charged particles
whigh are emitted from ;eparated Rr-like and Au-like fragments as well as those
which originate from "hot necks' before the fragments separate.

Thé Columbia, Stony Brook, Carnegie-Melion team are also performing measure-~
menﬁs of fusion, fission, and charged-particle emission cross-sections for select-
ed compound nucleus reactions. These experiments, carried out at the 88" Cyclotron
of the Lawrence Berkeley Laboratory, involve the formation of 194Hg compound nuclei

in two different ways at the same excitation energy but with differing angular

momentum distributions in the entrance channels. The systems chosen are

182w + 120 at 121 MeV and 175Lu + 19F at 135 MeV to yield 194Hg at an excitation
of 100 MeV. As 194Hg is an approximation to 197Au, the importance and relation-

ship of these studies to the 86Kr + 197Au experiments at the SuperHILAC becomes

evident when one recognizes the significance of different contributing partial-
waves to competing nuclear reaction mechanisms.

Finally, a preliminary experiment has been run at the SuperHILAC, in which
recoil techniques and radioactivity counting are used.to compare excitation
functions for Ar and Ne indﬁced reactions. -

During the past contract period, the experimental researches cariied out at
Carnegie-Mellon University made use of the facilities and equipment of our labora-
tory as deséribed in previous annual reports. No major changes in instrumentation
or nuclear counting equipment have been made this year, and minor improvements may
be mentioned where relevant elsewhere in this report. For the experiments at
ORNL and LBL, detectors and detector systems have been purchased and fabricated,
with the necessary counting electronics being derived mostly from the Users’ Pools

supplemented by some of our own units. In June of this year, we were the first




group to use the new 30" scattering chamber at the SuperHILAC and we hope our

experiences have contriﬁuted to the continuihg improvement of the system. In
October we were also first in employing the hew Mod Comp 1V computéf as a primary
data acquisition device and its outstanding capabilities and performance were
instfﬁmental in the success of our'experiment. This past year the principal
investigator, Professor Morton Kaplan, devoted one-half time to the research proj-
ect during the academic year and fullltime for two summer months. 'Jane Wilson,
Project Scientist, has completed her Ph.D. dissertation research in the program
supported by the contract, and has written her thesis on the angular correlation
experiments. Professor A. A. Caretto and Drs. J. C. Love and J. W. Ball have
participated in various aépects-of the heavy-ion reactions studies. As in the
past, we have benefited from the strong interactions among thé nuclear scientists
at Carnegie-Mellon University. |

In the foliowing pages, we shall describe in greater_detail the experimental
programs and research progress outlined above. A number of scientific papers
based on the contract-supported research are being prepared for publication, and

a durrent listing is appended to this report.
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I1. Perturbed Angulgr Correlations of Nuclear Gamma Rays

A. Nuclear Quaarupole Interactions in Simple Hafnium Inorganic Compounds

During the past year, we have coméleted a study by the time-differ-~

ential perturbed angular correlation (TDPAC) technique of the nuclear quadru-
pole intéractions of IBITA in simple hafnium compounds containing oxygen-
hafnium bonds. Certain aspects of this research, including detailé of experi-
meﬁtal set-up and daté-analysié procedures, have been previously reported in
' 090-3246—15 (Annual Report, July 1975). The exténsive and updated experimental
results will be presented.here.v | |

The experiments were performed using the 42.5 4 isotope, 181Hf, which

8 decays predominantly to the 615 keV (I = 1/2+) state in 181

Ta, as indicated
in the decay scheme1 in Fig. 1. The decay to the tantalum ground state is
mainly through two gamma-ray cascades, the 133-482 keV cascade béing of
importance to this work. The long half-life (10.8 nsec) of the intermediate
5/2+ state, coupled with its large nuclear quadrupole moment (~2.5 x 10-24 cmz)
makes it an ideal probe for the study of chemically generated electric quadru-
pole interactions. |

A fairly extensive description of the theoretical treatment of the
nuclear quadrupole interaction in polycrystalline solids and in solutions of
macromolecular species was given earlier iﬁ C00-3246-15. Therefore, only a
brief enunciation of the major eﬁuations and terms describing the physical
situation will be given. The coupling of the nuclear quadrupole moment, Q, of
the intermediate nuclear state with spin i = 5/2 in a gamma-gamma nuclear

cascade with a static electric field gradient (EFG), Vz = bZV/bzz, generated

z

by the electronic distribution surrounding the nucleus is described by the

following.2

' 222
Gkk(t) = Sk°'+;§i Skn exp(~-1/2 § e ) cos(wnt) | (1)
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The perturbation coefficient, G, (t); depends upon an interaction frequency,
W s which for a randomly oriented static¢ axially symmetric (T} = 0) EFG corre-~

sponds to the smallest nonvanishing energy difference betWeen the nuclear m

states split by the interaction. I1f the asymmetry parameter, 1| = O;:wl 2o =
6 wq where the quadrupole frequency is defined by |

eQ v

TR (2)

“a T AI(-1)#

The remaiﬂing two frequencies in equation (1) are harmonics of W . The electric

field gradient components and asymmetry parameter are related in the standard

way:
V.. =V
= xwi Yy

zz yy XX (3)
V +V _+V =1

zz vy XX

0<TN<1

For a rhombic EFG (i.e.; T # 0), the harmonicity of the iﬁtéraction frequencies
is lost and wy is no longer simply related to wq. ﬁeference to Figure 2 givés
the relationship of w; to mq as T increases.3 The exponential term in

. equation (1) accounts for any source inhomogeneities which give rise to a small
distribution in frequencies about the mean, w . It is characterized by a
distribution parameter or spread, 8. For all work presented here, terms with

k > 4 were considered ﬁegligible. The values of the coefficients in equation
1) refle;t the source type, geometty and spatial orientation (i.e., single
crystal coefficients.are quite different from thqse to be expected from a
polycr&stalline soufce).

181

The top spectrum in Fig. 3 gives the results for Hf dissolved in 27 N
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HF, forming the [HfF6]"2 complex. As ﬁould be expected for an octahedral
complex, no perturbation of the 1ntetméﬁiate nuclear state occurs. The product
of the angular cofreiation coefficient and the perturbation coefficient,
A22C22(t) vs. time is a flat line with an average value equal to the angular
correlation coefficient (i.e., Gzz(t) = 1,0). The resulting value fot A,
after correction for the solid angles of the detectors and any system non-
linearities is A,, = -0.295 + 0.005. Thié is in excellent agreement with the
adopted value of Ay, = -0.295 i}0.0IO(a), and confirms that our system is free
of extraneous perturbations. The initial rise in the data results frbm the
attenuating effect of the finite resolving time of the experimental apparatus.
The;oxide of.hafﬁium is monoclinic, with four H£o,

centered monoclinic crystal with a hafnium nucleus at each cormer and face.

units forming a face

Each hafnium nucleus is surrounded by eight oxygens nearest neighbors and may
bé bound to all eight simultaneously.5 The sample preparation procedures,
legst squares fitting énd major results were presented in detail in C00-3246-15.
Howéﬁer,.the'interaction frequency, ®; 5 previously reported there was not
corrected for the.nonaxial symmetry of the EFG and a higher ‘apparentvwq resultf
ed. The second spéctrum from the top in Fig. 3 presents the data plus fit to
our HfO, éample. The resulting corrected valﬁe for the quadrupole frequency,
mé, along witﬁ those for the asymmetry parameter and the spread in frequencies
due to source inhomogeneities, 8, are

wq = 122.8 + 6.6 MH, |

N = 0.43 +0.08

§ = 0.04 +0.01

Our value of mq and T, coupled with' the quadrupole moment of the intermediate

24

nuclear state (Q(5/2) = 2.5 x 10~ cmz) result in the following values for

the elecfric,field gradient components
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v | = (1.28 + 0.07) x 10'° V/cn®
vy, | = (0.916 + 0.178) x 10*8 v/cn®
lv_| = ©.365 £ 0.071) x 10'® v/en®

Our value of the quadrupole frequency compares quite well with previous experi-

’ Ve
‘ments$ on Hf02.3’6’7 :

Hafnium forms a disubstituted phosphate which exhibits the structure

below

HOH

HO 0

\PZ 0 OH
N

Sp”
0~ “oH

n H,0

~ 2

O/

{

Hf

HO H
¢)

In order to minimize the influence of 6, the hafnium phosphate was prepared
by homogeneous precipitation from metaphosphoric acid solution. Details of
the procedure are available in reference 8.

1

The TDPAC data and best fit curve (solid line) are given in the third

spectrum in Fig. 3, The resulting values for the interaction frequencies and

6 are
w =399 + 6 MHz
®, =67si26\>&iz'
T =0.38 + 0,05

§ = 0,18 + 0.01

The frequencies, w s lead to a quadrupole frequency of wq = 58 + 2 MHz, for an
asymmetry parameter of T = 0,38 + 0.05. Using this value of 1} and wé, one

obtains the following for the electric field gradient components

17

lv__| = (6.04 +0.21) x 107 V/en®

| = (4.17 + 0.57) x 10%7 v/em?

Iv‘yy

v | = (1.87 + 0.26) x 10/ V/cm?
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The magnitude and asymmetry of the EFG at the hafnium nucleus in the phosphate
compound are comparable to quadrupole fields seen in many hafnium insulator and‘

metallic compc:nn:tds.g‘12

The persistance of the very large distribution in
frequencies is attributable to a spreading effect of the varied number of waters
of hydration about the hafnium. One water is always associated with the phos-~
phate but any number (i.e., 5~7) may also be semibound. Their varied proximities
" or distances from the hafnium nucleus could create distortions of the EFG about
the mean value offwn,

The final compound studied in this series was the pyrophosphate of

hafnium, the structure of which is given below.

\(') 7‘0 ) 0/
Jp-0_ 0 ~—\P\’
0° HE "o
~P-0" O ) ) 4
TN L
07 Ny § o

Hafnium is bound to four oxygens through sigma bonds arranged in a nearly cubic
structure. A phosphate samble prepared by homogeneous precipitation f£from meta-
ph6Sphoric acid solution was ignited at 1100°C to form the pyrophosphafe comp~
ound. In order to reduce 8, the pyrophosphate was annealed 8 hours after

compietion of ignition.

The bottom spectrum in Fig. 3 gives the fit curve plus data. Even
with the aﬁnealing procedure the sample exhibited a large 8 which vwiped out the
fine structure within the first minimum and significantly damped the amplitude
of later oscillations. The resulting parameters afe;

W = 346 + 5 MHz
w, = 693 + 31 MHz
. N =0.0 +0.2

§ =0.185 + 0.015
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The quadrupole frequency corresponding to an Tj= 0.0 + 0.2 is wq = 57.8 + 0.9

MHz. Assuming 1 = 0, the EFG cbmponents, considering the error in wq only, are

l

Ivyyl

v (6.00 + 0.09) x 10*7 V/em?

zz

B

- 1y = 17 2
V| = lv 172 = (3.00 + 0.05) x 10°' v/cm

Both phospﬁate species exhibit quite similar quadrupole frequency magnitudes,
but differ greatly in the magnitude of the asymmetry parameter. The large
value of 6 for the pyrophosphate is not easily attributable to waters of
hydration and lacks a physically plausible explanagion.

The experimental results for Hfo2 and the phosphates are summarized

in Table 1.

Table I. Compilation of the Major Numerical Results
for Simple Polycrystalline Hf Compounds

© : Electric Field Gradient Components
(1017 y/cm?) l

q
Sample (MHz) ki |V2;1 IVny lex

HEO(H,P0,), 58.2£2  0.38 £0.05 6.04 +0.21 4.17 + 0.57 1.87 +0.26

Hfoz

HE(P

122.8 + 6.6 .0.43 + 0.08 12.8 + 0.7 9.16 +1.78 3.65 + 0.71

207)2 57.8 + 0.9 0.0 + 0.2 6.00 + 0.09 3.00 + 0.05 3.00 + 0.05

The initial conclusion to be drawn from this work is that the nuclear

81Ta in hafniﬁm compounds is a sensitive tool for the

quadrupole interaction of 1
study of chemically generated electric field gradients. It was revealed that
seemingly different hafnium structures lead té nearly the same magnitude of fhe
EFG. The major change between the phosphate and pyrophosphate structures was

the asymmetry parémeter value. The much larger EFG for the oxide can be directly
attributed to the greater number of bound oxygens at each hafnium. Considering

the full valence bonding in the oxide, as well as the well-defined crystal

structure, the much smaller & value was to be expected. The study of the two
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phosphate cdmpbunds; in which there was not a saturation of the hafnium valence
orbitals and :haconSeqﬁeht likelihood of bonding through waters of hydration,
revealed that large frequency distributions will be characteristic of many

hafnium compounds.

B. Nuclear Quadrupole Interactions in Macromolécular Species

1. Introduétion

The study of the rotational correlation times, conformational chénges
and chemical structure of specific binding sites in macromolecular species should
be amenable to the perturbe& angular correlation technique. The sensitivity of
the method to trace amounts of labels and the ability to study botﬁ the solid
and liquid states allows the possibility of "in vivo" experimentation. 1In
addition, the PAC method focuses on specific 1ocalized binding sites and is free
~of extraneous information originating from the solvent or the bulk of tﬁe macro;
molecules. Finally, the rigorous nature of the PAC theory allows the extraction
of information unambiguously. Despite the obvious potential of the method, very

13-18

few studies have, to daie,‘been performed. It was with the intention of

exploring and further developing the method that a study of the nuclear quadru-

pole interactions of several macromolecular species was undertaken.

181

In addition to Hf, the 7.5 d isotope 111Ag was used for certain

" TDPAC studies on the macromolecular species. 111Ag was obtained from Amersham-
Searle Corporation as-[AgC14]~3 in 4 M HCl1 (carrier-free)., It was converted to
AgZO and then AgNO3 according to the procedufe given in reference 19. The

resulting 111AgN03 stock solution was slightly acidic. A schematic level scheme

giving the major decay features of the 8 emission of 111Ag to 111Cd is-given.in
Fig. 4. Onlj a 6% component of the negatron decay feeds the 3/2+ state at 340

keV, with only an approximate 37 component passing through the 95-247 keV nuclear
cascade of interest to this work. 'Thg 5/2+ state at 247 keV exhibits a radiaﬁiﬁe

half life of 84 nsec and a quadrupole moment of Q(5/2+) g§0.60 + 0.11)x 10.24




| . Figure 40
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20-22’ the

cmz. Due to‘the-wide disparity of the reported measurements of Q
figure quoted above is an average value with a fair1§ large error which will
significantly increase the error in our reported electric field gradient
components., The decay (wiggly line)bof the often used 48.6 min state at 396
keV. in lllmCd has been included for reference purposes only and is not popu- -
lated in the 1;1Ag deéay°

Despite the low intensity of the 111Ag gamma rays, their few number
~and energy‘éepérations should allow accurate setting of windows. Unfortunately,
the only commercial supply (Amersham~-Searle Corp.) of the parent 1nAg contain-
ed an ~0.1% contaminatioﬁ of 253 4 isotope llomAg. The gontaminatién results
in a large and unresolved energy peak under the 95 keV gamma ray, which in-

111Ag decays. The influence of the

creases in relative magnitude as the
~ contamination on the TDPAC data was carefully considered and corrected for.
Detailed descriptions of the correction techniques may be found in referénce 23.
It should also be noted that the contamination contributed significantly

(> 50%) to the éource gamma-ray linear counting rates. The consequences were
weaker 1uAg source strengths, longer counting times>per experiment, and

181Hf experiments. Fortunately,

resultant poorer statistics, as compared to the
the longer half life allows the perturbation to be followed over several cycles)
which compensates to some extent for the poor statistics. In addition, as the :
fiﬁite fime resolution (FIR) of the electronic apparatus is.only ~5% of the

111Cd (versus ~38% in 181Ta);

half life of the intermediate nuclear state in
the data is less senéitive to the smearing and damping effects of the FTR. In
fact, the early least-squares analysis was done ignoring FIR in order to
significantly reduce computational times. All final fits, however, were made
considering the FIR as described in C00-3246-15,

The theory as presented in section A does not suffice to describe the

potential situations in solutions of macromolecular species. The possibility
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for a time dependent interaction is very high., Briefly, if the nuclear
quadrupole moment interacts with a time dependent EFG (i.e., fluctuating EFG's
dﬁe to ions moving in the solution), the interaction may be described by
relaxation | |

Gy (t) = exp[-) t] ' , (4)
The relaxation parameter is related to the quadrupole frequency, wq and the

average time between interactions or correlation time, Te by
N = 3/5 T oq? {l(k + DI4I(T + 1) - k(e +1) - 1]} 5

For solutions of macromolecular species, Te is replaced by the rotational

diffusion time
3

o= | O]
. where a is the molecular radius, T the golvent viscosity,vand T the absolute
température. The k in equation (6) is the Boltzmann constant and is different
from the summation constant in equations (4) and (5). For k = 2, e equals Ty

~ As the macromolecules will be studied in solution, the feésibility
of combined static and time dependent interactions arises. If the interaction
results from a single nucleus exﬁeriencing a static interaction due to the
lnding site electfonic structure as well as relaxation due to rotationai
diffusion;-the perturbation coefficient would be a multiplicative combination
of equations (1) and (4). If the interaction results ffom two different sites,
one static aﬁd the other time dependent, the Gzz(t) is given by tpe addition of
equations (1) and (4) with appropriate weighting factors.

Before proceeding to the e#periments on the macromolecular species,

both TDPAC and IPAC (1ntegra1‘perturbed.angulér correlations) experiments were

111AgNO3, in order to test the system for any

11OmAg. Both experiments

performed on dilute solutions of

extraneous perturbations due to the contaminant,
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should give the fuily unattenuated Qalue for the angular correlation
coefficient, Aéz. The predic;ed value for A2224 for the silver cascéde of
[3/2 (Ml).S)Z (Q) 1/2] is =0.20, with 4,, equaling zero. fhe results for both
experiments are given in Fig. 5. The result of averaging the TDPAC spectrum
(Aézazzzzs5over the first 40 nsec (solid line) gave an A22 value of -0.195 +
6.021. The value has beenvcorrected for the solid angles subtended by the
detectors and any system nonlinearities., The IPAC data given at the bottom of
Fig. 5 was least-squares fit to the standard angular correlation function,

- W(8B) =k§0’2.’4 Ag & (cos B),
where Ek (cos 9) is'é Legendre polynomial. The resulting fit parameter for
A22, after application of all corrections and normalization to Aoo = 1.0,
was A,, = -0.212 + 0.017. Both experiments conclusively proved that the system
was free of extraneous perturbations and our application of the correction
techniques were appropriate. ‘
2. Nuclear Quédrupole Interactions of 181Hf in Vitamin 312'

Cyanocobalamine or Vitamin 812 (MW = 1355 daltons) is a naturally

. occurring Co(III) containing enzyme. The cobalt ion is in a porphyrin-like

ring coordinated by four nitrogen atoms in a plane, with the fifth position

filled by an adenine nitrogen and the sixth position of the octahedron by a

CN~ ion. The complex exhibits g diamagnetic ground state25

Fig. 6 for the structure of Vitamin Blz). The phosphate binding site located

on the side arm of thé porphyrin ring was chosen as the preferential site for

1

the binding of 18 Hf nuclei, with one hafnium atom per 312 molecule, The

resulting complex was studied in the solid and aqueous forms,

181

Vitamin B, was obtained from Research Plus Laboratories, Inc. HE

12

activity was transferred to a nearly saturated solution of Vitamin 312 in

approximately 2 ml of solution. Vitamin 812 will always be in excess to the

(see the center of

-
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hafnium. Acetone was added dropwise untii the solution eiﬁibited heévy cloudi-
ness., After the addition of 5 ml more acetone, the solutibﬁ stood covered at
room temperature for 12 hours. The volume ratio of 312 solution to acetone

was approximafely 1 to 8. The resulting precipitate was vacuumed filtered and
air dried. The above procedute26 was repeated using the precipiiate obtained
from the first crystéllization. The liquid sample of hafnium-BI2 was obtained
by dissolution of the twice precipitated solids.

In order to ascertain the nature of the hafnium-B bond, both a

12
tracer experiment and 31P NMR were performed on the complex. Using a 1:1 molar

ratio of Hf:B12 solution, tagged with 181Hf, an acetone crystallization was
performed. The disposition and amount of hafnium was determined by Nal count-
ing and the amount of Vitamin B12 was determined by weighing the resuiting
precipitate. It was found that ~35% of the radioactivity precipitated with

~31% of the original B., in solution.. Therefore, it was concluded that only

12
one Hf nucleus 1s associated with each Bo molecule, indicative of a:single
Ibiﬁding site, |

Therbinding of hafnium to oxygens of the B12 phosphorous atom would
be reflected by a 31P NMR experiment, Samples of native Vitamin B12 and the
Hf-B,, complex were analyzed by Dr. R. Rowan and Dr. S. O. Grim at the Uni-
versity of Maryland NMR facility. On the addition of Hf, the single sharp
resonance 1;ne typical of the native sample, was converted to 4 very broad
resonances with the major peak occurring in nearly the same field position as
in the native sample. The remaining broadened peaks were chemically shifﬁed
by approximatel& 2.2, 6.7, and 9.2 ppm upfield. The broadening was attributed
to the influence of the hafnium isotopes' quadrupole moments, whereas the small
chemical shifts are best explained by varied changeg in the n bonding electron

density at the phosphorous. If a single hafnium attaches itself to the phos-

phorous oxygens and then acquires further (and varied) oxygen bonds by
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hydrolysis with water hoiecules, the degree of n bonding to the oxygens 6f the
312 phosphorous would vary. The resulting picture for the aqueous complex is
¢te of several Hf-O-P species distinguished by slightly varying = bonding (and

3lP atoms and varied numbers of bound water

therefore electron density) at the
molecules. It was assumed that the solid complex would be similar with a
varied number of waters of hydration at the hafnium nucleus.

The TDPAC spectra for the solid and aqueous solution of the Hf-B12

complex is given in Fig. 6. In order to facilitate the complete understanding

of the experimental conclusions, a qualitative analysis of the data will be

L

presented prior to the presentation of the least-squareé analysis. The arrow
to the right of each spectrum is the measured value for AZZEZETES; as obtained
in an IPAC experiment.

The immediate conélusion to be drawn about the solid Hf-B12 complex
(top of Fig. 6) is that the hafnium nuclei are tightly bound to the B12 molecule
and are experiencing a static nuclear quadrupole interaction which is stronglyv
damped. The aperiodic positioning of the maxima and minima, as well as the
significant amplitude damping, is indicative of one or possibly a combination
of the following; a large frequency distribution or else the destructive
addition of spectra originating from several different binding sites, a non-
axially symmetri¢ EFG or finally, the possibility of source orientation which
would produce curves strongly uncharacteristic of polycrystalline sources.

The solution data, given at the bottom of Fig. 6, is most surprising.
Not only does the hafnium remain bound to the B12 but it seems to digplay
nearly the same interaction as the solid source. A much stronger, but differ-
ent, damping influence is operative which cén possibly be explainable in terms
of the influence of free ions in solution as the large molecule rotates

(rotational diffusion). The drop~off trend is indicative of a time dependent
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interaction with a short correlation time, which is present‘in addition to tﬁe
static interaction.

The qualitative information led us to try least-squares fits of the
data to several functional forms for the perturbation coefficient. They in~
cluded (1) a single nuclear quadrupole interaction coupled with rotational
diffusion (multiplicative combination of a static and a time dependent inter-
action); (2) additive combination of tiﬁe dependent and static effects; and
(3) more than one binding site (and therefore interaction frequency) with and
without multiplicative or additive time-dependent effects. In none of these
cases were the fits appropriate at long times but the trends at the earlier
times could be reproduced fairly well. 1In all fits concerning two distinct
interaction sites, no convergence to the data was obtained, ‘This could, how-
ever, be an artifact of our fitting procedures coupled with the lack of fine
structure evident in the data.

The experimental data for the crystalline sample was best fit to a
single quadrﬁpole frequency with a relatively large frequency distribution.
The computed fit is shown as the solid curve iﬁ the upper half of Fig. 7. The
derived fit parameters are:

W = 378 + 35 MHz

w, =798 % 112 MHz

§ =0.184 + 0.082
(Note: the large errors reflect the poor fit at long times.) Within the error
of the experiment, the ésymmetry parameter was zero and the following qdadru-
pole frequency and EFG parameters result:

wq'= 63 + 6 MHz

17 V/cmz

1

Ivzzl = (6.77 + 0.65) x 10

vl =1v | = (3.39 + 0.40) x 10'7 v/ca’.

yy
The above values reflect the error in W, only. The magnitude of the EFG is
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similar tovthe values obtained for the pyrophospﬁate and diphbsphate hafnium
spécies. The large 6 is typical of hafnium compounds involving waters of
hydration.

Considering the large plate-like structure of the 312 molecule,
orientation in the solid state was expected. This assumption was confirmed by
an investigation of the values obtained for the coefficients, Skn’ On compar-
. ing our least-squares fit values, one found that all coefficients significantly
differed from those that would have been exhibited by a source experiencing a
randomly oriented static EFG.

The best approximation to the liquid data was bﬁtained by assuming
thaﬁ the large majority of the hafniumvatoms experienced a static electric 
quadrupole interaction with a set frequency distribution of 18%, while a small
percentage of the hafnium atoms are released into solution and exhibit a ﬁime
dependent relaxgtion behévior. The calculated curve which results is shown in

the lower half of Fig. 7. The fit parameters for the bound hafnium species are

% = 76.1 + 0.9
w =460 + 20 MHz
@, = 721+ 31 MHz

The resulting T} of 0.48 + 0.0? gives the following

@ = 62.6 & 4.1 Miz |

v, | = (6.73 + 0.44) x 10" v/en?
vyl = (4.98 & 0.80) x 10" v/en?
v, | = (.75 + 0.28) x 1077 v/ea®

The only major change ﬁo those hafnium which remained bound on dissolution of
the solid complex is an increase in the asymmetry parameter of the EFG. 'Con-
sidering the experimental error, this is not conclusive. As in the solid

éomplex, the fit values for the Skn coefficients, even though the errors wvere

large, tended to indicate the presence of orientation of the EFG at the Hf
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bin&ing site.
The hafnium species which were released to the solution, exhibited

the following
%
7

Using typical hafnium quadrupole frequencies in the rahge of ~6 x 10" to

#

23.9 i 009

(1.21 + 0.20) x 10° sec™?

1.2 x 108 Hz, one calculates employing equation (5), a range of correlations

10 to 8 x 10-11 sec. Using equation (6) and solving

times (Tc) from 3 x 10
'for the molecular radius, a, one arrives at the conclusion that the hafnium
relaxation behavior originaﬁes from species about 4-6 % in radius. This size
and behavior would be typical of a largely hydrolyzed héfnium atom, which had
formed after release from a BiZ binding site, |
Certain‘conclusions can be drawn conqerning the By molecule itself,
in addition to the previously presented conclusion on the hafnium-B12 binding

site. Both the solid and liquid data indicated that the B 2 molecule is a

1
highly oriented species even in low-viscosity liquids. Because the hafnium
nuclear quadrupole ;nteraction was relatively free of effects due to rotation-
al diffusion, it can be concluded that the size and orientation of the B12
molecule force it to form a fairly highly "structured' solution. This con-
clusion is further supported by the retention of the 'solid-like" charac-
teristic of the nuclear quadrupole iﬁteraction in solution.
3. ’Nucleaf Quadrupole Interactions of Two Metal-DNA Complexes

The nuclear quadrupole interactions of deoxyribonucleic acid (DNA) as
experienced by 181Ta and 1110d intermediate nuclear states were explored as a
function of temperat;fe'and physical étate. The chemical properties of a

hafnium-DNA complex were unknown but it was assumed that it would bind prefer-

entially to the phosphate oxygens along the backbone of the DNA helix. The
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| possibility for additional binding to the abundant oxygens bound to the backbone
carbqﬁs could not be.excluded. In either site, the hafnium would be situated
on the outer surface of the DNA molecule and should therefore be sensitive to
the rotational diffusion properties of the DNA. On the other hand, the bind-
ing of silver (lllAg) to DNA has been established by several groups.27-2? The
silver ion binds preferentially to the purine bases (adenine and guanine), with
the N-7 of quanine being the prefefred,site.  The binding of silver does not
disrupt the regular Watson-Crick structure of the DNA helix.27 The location
on the "interior'" of the helix should reduce the sensitivity of the silver
interaction to the rotational diffusion of the macromolecule (in comparison to
hafnium); Therefore, the two complexes with DNA offer a view of the "outside'
and "inside" of the DNA double helix, which will provide a more complete picture _
of the behavior of DNA as a whole.

A highly polymerized calf-thymus DNA was obtained from ICN Biochemicals
(Life Sciences Group). The sample is reported to be a native sample (double
stranded) of reasonably high molecular weight with a phosphbrous content of

3 27,30

7.3% by bottle weight27 and an intrinsic viscosity, [T], of 7 x 10” ml/g.

The following procedure was used for the hafnium~DNA samples. 181Hf activity
waé combined with a small amount of HfOCl2 solution (< 1 mg/ml) and then |
neutralized with 1 N NaOH. DNA was slowly dissolved in distilled water to
produce a viscous solution of a concentration of ~0.05 g/ml. The two solutions
© were then combined with gentle ;tirring and transferred to Spectrapor membrane
tubing (M.W. cutoff: 12,000-14,000; 25 mm) for dialysis against water. The
dialysis proceeded for at least 24 hours with frequent changes of the water in
the dialysis bath. The pH of the final solutions were ~6-7. Samples were

stored in cylindrical glass ampoules and sealed against water loss. The complex

involving one Ag+1 ion per DNA molecule forms only for molar ratios (tb) of
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-

moles of bound Ag+ to moles of DNA of less than 0.2. For each sampie,.a known
weight of DNA was dissolved in 0.10 M NaClO4 giving a final pH of 5.6, and the
moles of DNA in terms of phosphate were calculated. Depending on the DNA
sample size.(AlO-a moles in terms of phosphate), the asppropriate amount o%
111AgN’O3, after neutralization with NaOH, was added dropwise (with gentle stir-
ring) to the DNA-NaClO, solutions. The final solutions were ~1073-10"% molar |
in phosphate and exhibited very high viscosities,.indicative of a high molecular
weight product. TDPAC experiments were performed at various temperatures
between -50°C énd 480°C employing the gas flow heat-freeze system described
previously in C00-3246-15.

The DNA-Hf species were studied at -50°C corresponding to a solid state
and at 25°C in the liquid state. No damage to the DNA helical structure is
expected on freezing., Both TDPAC spectra are given in Fig. 8.

The top half of Fig. 8 gives the data for the.DNA soiution at -50°C,
which is best considered as solid material and was fairly well represented by
a single static quadrupole interaction. The fi; (s0lid line) yiélded the
following parameters

W, = 505 1 49 MHz

1
1001 + 34 MHz

W, =
T =0.08 + 0.32
§ = 0.07 + 0.03

The resulting asymmetry parameter was taken to be zero in light of the large -
error; and the following results.

@ = 84,2 + 8.2 MHz

17

lv,_| = 8.72 + 0.85) x 10'7 v/ea®

' . _ ! 17 ., 2
gyl = 1Vl = lv, 1/2 = 4.36 £ 0.42) x 107" V/em
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The room temperature data is given at the thtom of Fig. 8. As would be
expected for a liquid state, the interaction is more strongly damped at 25°C
but it still maintains its ''solid-like" characteristics. l
effect prevented the accurate determination of @, and @

interesging feature is the quite evident change in the magnitude of the quadru-

pole frequency as revealed by the least squares fit.

o =412 + 32 MHz

w, = 753 + 481 MHz

For an asymmetry parameter of zero, one obtains

wq = 6807 _'t 5.3 MHz .

1

v, | = (7.14 + 0.55) x 107 v/ca?

_ 17 ., 2
|vyy| = v | = (3.57 £ 0.28) x 107" V/em

If T is greater than zero, the wq would be reduced below the above value, con-
firming that the quadrupole frequency has been significantly changed by the
temperature and phase change. The frequency distribution for the 25°C case
was 8 = 22 + 6%. This large increase may be partially due to the rotational
diffusion of the molecule but in all likelihood originates mainl& from the
increased hydrolysis of the hafnium nucleus»in the aqueous case.

Extensive fitting to multiplicative combinations of time dependent and
static interactions,.revealed that the hafnium interaction is essentially
insensitive to the rotational diffusion of the DNA. This indicates that thé
hafnium nuclei are shielded from the free ions in solution by either the DﬁA
molecule itself or by a 1arg§‘hydrolysis sphere. A lack of evidence for rotsation-

al diffusion effects also indicates that the DNA in these viscous solutions is

rotating very slowly.

Neither the least-squares analysis of the S n coefficient or the results

k

of IPAC experiments (i.e., AZZSZO ~ AypGys(®)) provided any strong evidence for

The large damping

and therefore T. The
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the molecular orientation of the EFG. Though ihe error was high on these
' pafameters(skh's and AZZE;ZTEB), it was concluded that the phosphate binding
sites exhibit randomly oriented EFG's.
The decrease in the dquadrupole frequency with inéreasing temperature
most likely corresponds to a decrease in the degree of n bonding between hafnium
and the oxygens of the molecuies in the "hydrolysis sphere"; At -50°C, the
inherenht greater rigidity and reduced molecular motion would imply an increased
7 bonding to the oxygens than that exhibited by the liquid state. However,.as
the solid nature of the sample is not lost on going to the solution, the bond-
ing may be envisioned as the same as that in theisolid state but with an
increased "wobbliness" in the hafniu&-oxygens bonds which is reducing'the 1t
structure. | | |
The study of DNA using a hafnium label indicated thét significent
changes were occurring on the 'outside' of the DNA helical structure as a ‘ ‘ |
function of the temperature. The use of silver will allow the investigatioﬁ
of the '"inside" of the molecule as the environment is changed. Iﬁ addition,
the smaller size of the Ag+ ioﬁ and the known chemistry in DNA frees the
interpretation of the data from the uncertainty concerning the origin of the
interaction. The solutions were studied at four temperatures, -50°C, 25°C,
40°C, and 80°C. The last temperature is above the predicted helix coil
transition temperature (Tm) of ~77° for these samples;31 and corresponds to fhe‘
denatured molecule., The same sample was used for both the frozen and room
temperature experiments, the former being éerformed initially. The two experi-
ménts performed at higher temperatures (+40° and +80°C) employed separate
samples, as the effects on the DNA of high temperatures over extended periods
was unknown. The examination of the +40° sample after completion ofAthe experi~- -
ment indicated that neither denaturation or degradation had occurred. The

higher temperature sample was much less viscous after heating indicating a
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significant loss in molécular weight and contained a grayish black precipitate,
which is belieﬁed to be a mixture of denaturation products (small amino acid

chains). The activity was equaliy distributed throughout both the solution

‘and the precipitate.

Thé data for all four temperatures, along with the final least-~squares
fits.(solid lines) are given in Fig. 9. The 80° data exhibited such lérge
scatter that no fit was obtainable. This can be attributed to both the greater
molecular motion expected for the lower viscosity solution and the greater
exposure Of the guanine binding sites to said motion due to the denaturation.
It also could reflect the release of Ag+ into solution, though this should

exhibit a strong time dependent component. The data seems to be fairly constant

'around a value of ~ -0.07 indicative of a strongly damped static interaction.

The results for the quadrupole frequencies, resulting N's and the electric
field gradient éomponents are tabulated in Table I1I. The only sample which
exhibited a significanﬁ attenuation due to a distribution in frequencies was
the room temperature'data.‘ It amounted to ~5%. None of the experiments were
approxima;ed by inéluding either multiplicative or additive time dependent
effects. It is interesting and surprising to note that the quadrupole inter-
action in DNA is not changing with.temperatufe. There seems to be a slight
decrease in the wq for the 40° data and the asymmetry parameter has definitely
increased. Otherwise, the interaction is insensitive to changes in temperatuxs.
This seems to indicate that the DNA molecule is a very compact entity in
'solution even at relatively high temperatures. Any uncoiiing of the DNA helix
would have been evidenéed.by increased time dependent effects as the temperature
increases. ”

111

It is obvious immediately from an inspection of the Ag-DNA values

for the limiting time integral result, A22G22(°°)lim that the sources are not
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Table II. Parameters Describing the Nuclear Quadrupole

Interactions - £ 111Ag in DNA Solutions
Sample ' Electric Field Gradignt Components in
Temper - : 1018 v/en
© 1 v, | vl v, |
atures q 22 <% vy

-50°C  44.27 + 0.76 0.38 + 0.03 1.94 + 0.37 0.604 + 0.125 1.340 + 0.280
25°C° 45.57 +1.39  0.37 + 0.04 2.00 + 0.38 0.630 + 0.138 1,369 + 0,300

" 40°C  42.22 + 0.56 0.47 4+ 0.02 1.85 4+ 0.35 0.496 + 0.096 1.358 + 0.263

*The error on the electric field gradient components contain both the error in
wq and the large uncertainty in the electric quadrupole moment, Q.

representative of a randomly oriented EFG. The fit values for AZZSZO for
11%@~DNA and the predicted random result for various source-to-detector diss
tances, H, have been tabulated and compared in Table III. Investigation of
the remaining coefficients should further support the existegce of orientation,
as well as reveal possible changes with temperature. In order to.remove all
solid angle effects, system nonl;nearities and dependence on the A22 parameter,
the coefficienté have been ﬁoimalized to S20 = 1.0, The comparison has been
made in Table IV. The large error on thevS23 coefficient prevented its use
for any valid conclusions. The DNA samples at all temperatures exhibit values
of the coefficients differing in magnitude and/or sign from the randomly
oriented EFG result. The samples exhibited a much larger isotropic component,
A228203 as well, The only significant cﬁange among the samples themsgelves
occurs between -50°C and 25°C as would be anticipated for the phase change
occurring. The remaining temperatures exhibit little change as evidenced by
‘the nearly constant v#lue for 821, the second best determined coefficient,

111Ag-DNA data definitely indicates changes in molecular

In summary, the
orientation with phése and temperature., This fact is not.in any way contra-

dicted by the constancy of the quadrupole frequency, as the frequency of the
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Table III. Comparison of A..S. . ~ A, Goo(®).. for the ' 1Ag-DNA samples to
_ . 22°20 = #2222\ 14n & amples t
the result expected for a randomly oriented EFG at various source~to-
' detector distances, 1.2

H S

Ay9

20
Sample Temperature (ca)
-50°C . 10 -0.0872 + 0.0087
+25°C 5 -0.0514 + 0.0436
+40°C 6 -0.0775 + 0.0112
+80°C 6 -0.07 + 0.02
Randomly 5 - ,0322
Oriented EFG 6 - .0338
Results 10 ~. 0372

Table IV. Values of the Normalized Coefficients, SZn’ for 11;Ag in DNA

Solutions at Various Temperatures

Sample v :

Temperature SZO o S21 S22 , S23
"'50°C 1.0 0094 i 0.34 0.34 i 0.40 . '00023 :t 00137
25°C 1.0 - 0.28 + 0.36 0.28 + 0.40 -0.25 + 1.13
40°C 1.0 0.19 + 0.06  -0.096+ 0.060 0.026 + 0.208

Randomly
Oriented ' ' :
Result 1.0 1.86 » 1.43 0.714

interaction is independent of the orientation. The constancy of T for the two
temperatures -50°C and 25°C is inconclusive. The mélecular orientation could
easily change in such a way that the Ag;nitrogen bond retains the same charge
distribution and symmetry. Likewise, the increase in 7] between the 25°C aﬁd
40°C data cannot be attributed directly to any change in moleculaf orientation,
nor does the change invalidate any conclusions concerning otientaﬁion. Overall,

the DNA molecule is a highly oriented species which even in solution is best

\




-36-

approximated by solid-like charactéristics, as seen from the point of view of
111Ag (IIICd) nuclei.
4, Relation Between the Two Labelled DNA Species

The results for the study of DNA labelled with 181Hf and 111Ag ghould be
compared and éofrelated in érder to derive an overall view of the DNA in solu-
tion., The héfnium experiments indicated that the "outside" of the DNA moleéule
" undergoes quite significant changgs be;ween the‘solid and liquid states, was
relatively nonorieﬁted, and was besﬁ approximated by a& polycrystalline species
in solution, rather than a freely moving ioﬁ. It should be noted, though, thaf
the binding of a heavy atom such as hafnium which in turn, forms an even larger
ion through hydr&lysis, could significantly change the DNA structure at the
binding siﬁe and such parameters as the magnitude of wq and T could be only
measures of hafnium properties and not those of DNA in its natural state. .The
lack of orientation and the over-all solid behavior of the molecule are
gefinitely characteristic of the DNA. Tagging with silver guarantees the study
of a known site in the DNA, as well as the knowledge that the Watson-Crick
structure is not being disrupted. Therefore, the conclusions from this study
should apply directly to the DNA molecule. The "inside" of the DNA molecule
also exhibits a polycrystalline solid behavior in solution even at relativgly
high biological temperatures., However, in contrast to hafnium, the silver-DNA
species exhibited significant orientation, as well as different orientations,
as a function of temperature and phase. In order for the DNA double helix to
form, every base pair along the inside of the helix must be exactly oriented
with respect to the other base pairs. This high degree of symmetry throughout
the molecule is necessary in order to gugrantee the correct hydrogen bonding '
between the individual base pairs and their c&rrect stacking arraﬁgement along

the length of the molecule., The resulting molecule will exhibit a high symmetry

~and regularity that could easily result in a net éreferred direction for the
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EFG at the nitrogens. The silver atom:sitting in the interior of the molecule
would be extremely sepsitive to the orientation, The "outside' or backbone of
the douﬁie helix, however, should not require such a great degree of orientation
EhroUghout the entire length of the molecule, especially at the two Hf binding
site oxygens of the phosphaies which are not directly bound to the superst:ucé
ture of the DNA molecule and should have a larger number of degrees of motional
freedom. .Their particular orientation in space is not exactly fixed and the
orientation at one site will not necessarily exhibit the same orientation as
another site along the backbone. Therefore, the net result would be a randomly
oriented set of ﬁicrocrystals,

The persistence of the solid state behavior for both labelled DNA's should
also be considered. If one accepts the Watson-Crick structure for DNA and the
resulting symmetry on the interibr of the heiix, the non=-free ion nature.of
the silver~DNA in these highly viscous solutions is fairly eééy to understand.
In the hafnium-DNA case, there was no diréct evidence for a rotational |
correlation effect either. This séems to imply that the majority of the
phosphate-hafnium binding sites are shielded from the free ions in solution
either by the formation of quite large hydrolysis species at the hafnium or
because the DNA molecule ig folded over onto itself. The former source of
shielding would not be expected to be so excellent a shielder that no effects
are discernible. The folding and wrapping of the molecule could very easily
lead to.the complete protection of the hafnium binding sites, with a few sites
located on the perimeter of the folded molecule which would produce only a
small damping effect (i.e., the increased § for the room temperature hafnium
data). If the moleéqle does wrap around itself (envisionva coiled up snaké) in
solution, the molecular radius could ﬁe quite large producing such a large T

R

that many cycles of the nuclear quadrupole interaction would occur during one
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rotation of the DNA molecule. Consequently, the interaction of bo;h the silver
and hafnium would be insehsitive to the rotational correlation ﬁime, Summing
ﬁf, the TDPAC experiments indicate thatvDNA exhibits a highly oriented inner
structure with a more randomly oriented outer surface. It also seems to
exhibit essentially sdlid-l@ke éharacteristics in high viscosity solutions,
even at elevated tehperatures.
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III., Heavy Ion Nuclear Reactions

A, Studies of Energetic Fragments from Heévy Ion Reactions Using a
Counter Telescope with Element and Mass Resolution.

The objective of these experiments is to derive a detailed description
qf the reaction mechanism(s) leading to multinucleon exchange between heavy ions
and medium mass targets at energies above 5 MeV/amu. In a systematic way, we
plan to explore with light heévy ions those processes which have recently become
of great importance in reactions ihvolving very heavy ions.ln3 The redistribu-
tion of mass‘and energy in nuclear collisions is being investigated in the
system 65Cu -+ 120 using Si surface-barrier counter telescopes to obtain both 2
and A identification on energetic reaction fragments from Li (Z = 3) through
0 (Z =8). This type of experiment has been very successful af lower energies
(i.e. tandem Van de Graaf accelerators) as a spectroscopic tool, but is rela-
tively new in its application to higher energy heavy ion reactions and medium
mass targets.

Initial experiments have been pefformed at the Yale Heavy ion
Accelerator prior to tﬁe shutdown of that facility. 1In that work, 65Cu metal

targets were bombarded with 126 MeV 12

C ions and boron, beryllium, and lithium
reaction products were defected and measured with a counter telescope and
particle identification»system. Part of the incentive in that early investi-
gation was the direct observation aﬁd cross-section measurement of 12B fragments

65cu 12, 1)%%2n

to compare with the une#pectedly 1afge cross=-section of the
reaction determined by radioactivity methods.4 If this latter reaction occurs
via a two-body breakup, then the 652# product corresponds to a phenomenologicél
proton-neutron switching bétween projectile and targeﬁ, or charge exchange
mechanism, leading to 12B'as the complementary partner. The results of the

Yale experiment were described in last year's Annual Report (C00-3246-15), and

indicated that the cross-section for 12B formation was not abnormally large,
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but fitted rather well with the systematics of other light products observed in
the same experimedt.
|

During the current year we initiated an experimental collaboration
with Dr. R. ﬁ.-Eerguson, of Oak Ridge National Laboratory, for the purpose of
pursuing and extending our investigations of heavy-ion reaction fragments at -
the Oak Ridge Isochronous Cyclotron. The experiments to date have continued
with the 12C + 65Cu system at a bombarding energy of 130.7 MeV. Self-supporting
targets of isotopically enriched 650u metal foil were mounted in a large scatter-
ing chamber permanently located oﬁ an ORIC beam line. This particular experi-
mental location has very good beam optics making it unnecessary to have mechani-
"cal beam collimators in the vicinity of the target.area, and results in a
significant reduction of extraneous background from slit scattering. Our first
run used a 650u target of thickness 3.40 mg/cmz, and a counter teiescope con-
sisting of a 55.8 um Si AE transmission detector backed by a stopping E detector
of depletion depth 500 ym. The angular definition of the telescope was 0.1 msr,
and corresponded to 0.7 deg. in the reaction plane. Signals from the two
detectors were analyzed using a multiplexer-ADC system5 coupled to an on-line
compufer. In this run the‘amplifier gains were set primarily for measurements
of Be, B, and C fragments, and a survey was carried out at several angles with
emphasis on véry forward angles., |

Our second run incorporated several significant improvements in the
experiment., Since an abundance of 12C beam intensity waé available, we were
able to use a much thinner 65Cu metal target, of thickness 0,70 mg/cmz. The E
detector was replaced by one with a depletion depth of 1000 pgm to stop energetic
Li ions which had penetrated the original detector, and an anti-scatter mask was

placed between the AE and E detectors. The AE transmission detector remained

as 55.8 um Si and the solid angle subtended by the counter telescope was kept
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at apprbximately 0.1 msr. The amplifier gains were adjusted to encompass Li,
Be, B, C, N, and O isotopes in the region of observation and differenﬁial cross~
section data wefe obtained at angles from 5 deg to 35 deg.

An example of the experimental data from our counter telescope is
shown in Fig. 10. This figure is a photograph §f a composite computer output
which displays the whole range of observation at full experimental resoltuion.
The curved "streaks" in the AE vs. (E-AE) plane represent loci of identified
reaction products whose intensityv(number'of events) at any point is quantita-
tively recorded-in the third (perpendicular) dimension, and is roughly indicated
by the density distribution of spots in the figure. The data in Fig. 10 were
taken at a relatively forward angle, eLAB = 165, and it is apparent that the
data are remarkably free of undesirable scattering, extraneous background, or
other'spurious events. The separation of adjacent elements by our telescope
is quite large, and is indicated in Fig. 10‘by the elemental éymbols at the
right of each band., Within each band of a given element, the several isotopes
of that element are resolved and can be easily seen by visual inspection of
Fig. 10. For exampie,_ﬁhe Bé isotopes of mass numbers 7, 9, and 10 are display-
ed, with a rather prominent gap corresponding to the missing (particle‘unstable)
8Be. Similarly, the B isotopes 10, 11,'and 12, the C isotopes 11, 12, 13, and
14, and the N iéotopes 13, 14, and 15 are distinét, and the O isotopes are
separated élthough the numbers of these events are ﬁuqh smaller,

Fig. 11 presents a small seétion of the data from Fig. 10, as viewed from
a graphics display oscilloscope coupled to the ORIC computer system. These data
are the higher-energy half of the boron isotopes and the two-dimensional display
matrix has been both compressed (x, y directions) and suppressed (z direction)

in the computer to enhance the resoluﬁion for display purposes. A mask (the

solid line) has been drawn on the display (Fig. 11) to isolate those events
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identified as 11B fragments above a selected energy, and the sum of all events
contained within the mask is proportional to the differential cross-section for

11

B production at the angle under consideration (8 = 16°). The projection

LAB
of the data within the mask onto the (E-AE) axis is shown in Fig. 12, and
represents an approximate energy spectrum of the 11B fragments selected for
inspection. The detailed conversion to a true energy spectrum is a complicated
process and has not yet been carried out in our preliminary analysis of the
data. Except at low energies, the correction is relatively small and does not
affect the spectral shape very much. The jagged nature of the energy spectrum
in Fig. 12 is an artifact of the display program which connects adjacent data
points by straight line segments. In this and succeeding figures of this type,
the eye should draw a smooth curve through the statistical scatter of data to
obtain a more realistic representation. The two large peaks in Fig. 12, how-
ever, are not display artifacts and exist in the data. They are found also in
the 11B spectra at other angles of observation, and exhibit a pronounced
decrease in intensity with increasing angle. At the present time, their
precise origin and significance is not understood but we consider them to be
quite interesting and the subject of further study.

Figure 13 gives a repeat view (with increased suppression) of the
data section containing boron isotopes. Here we have placed a mask around the
10B events (upper half of the energy scale), and projected out the 10B energy
spectrum as shown in Fig. l4. It is quite clear even from this preliminary
analysis that the lOB energy spectrum is quite different from that of the 11B
fragments, and does not exhibit any peaks or structure above statistical
fluctuations.

We have presented Figs. 10-14 as illustrations of the kind of data we have

obtained in this experiment and the interactive processes of data manipulation
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which are involved in extracting the emergy spectra and differential cross-
sections for individual elements and mass produced in the 120 + 650u reaction,
It may be useful at this point to show a series of energy spectra obtained for
different elements and isotopes, all corresponding to the same angle of obser-
vation. This has been done in Figs. 15-18 which give respectively the isotopic
spectra of Li, Be, B, and N reaction products, all at BLAB = 22 deg. In each
case the full energy range observed for the elements in question is presented,
but the energy scales are somewhat different in the several figures. Note also
that the ordinate scale is indicated for each isotope and that these vary from
one to another.

The Li and Be spectra in Figs. 15 and 16 respectively are relatively
similar and demonstrate b.cad energy distributions which are distinctively
different for the several isotopes of the same element. In general, the average
energy increases with mass for a given Z (atomic number). The B spectra in
Fig. 17 follow a similar trend for 1OB and 113 isotopes, but the 12B data seems
to indicace a somewhat narrower energy distribution for this species. It is
worth noting that the two peaks apparent in the 113 spectra of Fig. 12

11

(0 = 16°) are also visible in the "B data here, but at reduced intensity

LAB
associated with the large angle (SLAB = 22°). The N spectra in Fig. 18 seem to
be somewhat different in character. The 13N events are few in absolute number
but are concentrated in a narrow region at the high energy end of the spectrum.,
It is tempting to speculate that this effect is a consequence of the lack of
bound excited states in 13N and hence only the ground state is observable. The
14N and ISN data seem to have a relative abundance of lower energy fragments.
At the present time the data analysis for this experiment is still in its

preliminary stages and we are investigating several different sorting procedures

with a view towards simplicity of manipulation.
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B. Emission of Light Charged Particles in Hard Grazing Collisions of
Very Heavy Ions.

V An expérimental program is well under w;y to investigate charged
particle emission from highly excited fragments in collisions of heavy ions with
complex nuclei; The reseafch i3 carried out at the SuperHILAC accelerafor of
the Lawrence Berkeley Laboratory as a User Group collaboration with Profeésor
J. M. Millet of Columbia University and Professor J., M, Alexander of SUNY at
Stony Brook. The original'conceptiwas initiated by the Columbia~Stony Brook
team, and during the past yéar a recognition of considerable overlap in interests
and pléns has resulted in the incorporation of our Carnegie-Mellon group to form:
a three-university collaboration. |

It is by now well known6 that the reactions between complex nuclei of

very high ZIZZ product (e.s., 197Au + 86Kr) are dominated by deep inelastic (or

quasifission) processes., For somewhat smaller lez products (e.g. 197Au + 4oAr)
most reaction channels seem to bé similar to nuclear fission that has been
characterized for some time with light heavy ion projectiles (Hé-Ne). At still
smaller lez products (e.g. 1363a + 20Ne or 60N1 + 86'K'r) complete fusion and
evaporatipn processes are véry important. We are studying the emission of H and
He products in some of the above reactions with the objective of characterizing
the emission mechanisms ahd hence gaining insight into the properties of the
emitters. |

Most of.ouf work at the SuperHILAC has been devoted to reactions of
725-MeV 86Kr with ;97Au. The experiments were performed using a three-element
solid~state counter telescope consisting of a 45 um Si surface-barrier AEl
detector, a 500 um Si surface-barrier AEZ detector, and a 5000 um{Si(Li) E3
detector. This design of detection system yielded good separations and

unambiguous identification of IH, 2H, 3H, 3He, and 4He over 8 wide dynamic
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range. Signals ffbm the three detectors as well as from monitor counters were .
‘digitized in a multipieXed ADC system #nd recorded event-by-event on magnetic
tape, as well as Beiﬁg anéiyzed on-line by a computer system for display
purposes. The first'experiments carried out were “singles“ experiments with
the counter telescope, in which energy spectra of H and He fragments have been
measured at several aﬁgies from 10° to 145°. The results obtained for the
proton spectra from 86Kr + 197Au are shown in Fig. 19. The ordinate is ﬁlotted :
as the double‘differential cross section in absolute units of (mb/sr-MeV).
Similar data for deuter§ns and trftons'are indicated in Fig.‘ZO, and the
corresponding results for alpha particles are presented in Fig. 21.
| The energy and angular distributions of the light particles from the
reactions qf 86Kr with 197Auvare, on the whole, consistent with the hypothesis
that they are emitted in the equilibrium de-excitation of the excited transfer
prpducts formed in these reacti;ns. The consequences of this idea are being'
investigated by means of a Monte Carlo calculation, using as input data (1) the
energy and angular distributidns of the transfer products in the Kr - .Pb
reéctions as reported by Vandenbosch, et al.,7 and (2) the energy spectra in
the eéquilibrium emission of light particles from Kr-like and Au-like excited
transfer products as estimated from a combination of theory and experimental
results for excited nuclides similar to those under study here. We hope to be
able to derive the probabilities for emission of the various light particles
from the separéted Au-like and Kr-like transfer reaction products.
" In order to.provide experimental data on the relationships of the

emitted light particles to the transfer reaction partnmers, we have proposed and

now carried out a coincidence and correlation experiment in which we have

measured the energy spectra of 1ight particles (H and He) emitted at selected
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angles in coincidence with Kr (or Au) detected at a particular angle following
a deeply inelastic scattering process from 725-MeV 86Kr on 197Au. By careful
consideration of the kinematics associated with the deep inelastic events, it
is éossible to arrange the various detectors at angles which emphésize or
exclude the detéction of light particleé from'a particular fragment and this
additional feature is a significant advantage in the interpretation of the
data. The value of the coincidence experiment lies in the capability of its
yielding precise information on the channel momentum corresponding to a given
light-particle emission, thereby providing a more stringent test for the
hypothesis that most, if not all, of the observed light-charged-particles are
emitted from equilibrated reaction products. Furthermore, the relative yields
of H and He emitted.ﬁrom transfer fragments with known momenta, exci;ation
energy, and approximate identity can provide information on the angular momenta
associated with these fragments, which is, of course, of considerable importance
to any theoretical ﬁnderstanding of the deep inelastic process. In addition,
while the expefiments so'far suggest that nearly all of the light particles are
emitted from essentially equilibrated and separated reaction products, it is
not unreasonable to expect that there may be emission from the composite system
as, for‘examplé, alpha emission from the 'neck'" in fission. 1In the system
86Kr + 197Au, the neck between the fragments may be quite hot and if particles
are emitted from this region, the best.hope for distinguishing them is by their
angular distribution with re;pect to the 'scission" axis. This also was one of
the objectives of the coincidence experiment.

The experiment was carried out at tﬂe SuperHILAC in the new 30"
scattering chamber in the Users Area. The Kr-like or Au-like fragments (as well

~as fission fragments) were detected in a gas-telescope consisting of a thin-

window gas ionization chamber as a AR counter and a 500 um Si surface barrier

LY
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detector as the stopping céuntet ES' A large-angle 3-detector solid-gtate
telescope of the type described above was used to identify the H and He products.
As we have aiready measured the singleé angular distributions with good angular
resolution, the present set-up was designed to emphasize the ratio of coincident
to éingles events with much larger angles of acceptance. Th; gas telescope
subtended a soli& angle of approximately 1.4 msr and the solid-state telescope
covered about 20 msr. 1In addition to the usual logic and coincidence require-
ments imposed on the tuo detector telescopes, an acceptable event in the light-
particle telescope started a time~to-amplitude converter (TAC) which was subse~
quently stopped by the arrival of a heavj fragment in the.gas'télescope. This
time information served not only as a coincidence device but also provided
crude time-of-~flight data which was useful in distinguishing Kr fragments from
Au fragments on-line. In this experiment we used thé new Mod Comp IV computer
as the priﬁary data acquisition system with great success. In addition to
having visual diéplays of the singles spectra in each of ;he detectors and the
TAC,. we were also able to observe 2-dimensional AE-E displays from both the
solid=-state and gas telescopes and each of them displayed as a function of the
TAC output.

| Throughout this run, the accelerator, the computer, and all of our
instrumentation performed with minimum difficulty and we were able to accomplish
the full objective of the experiment, at least so far as data-taking is concerned.
As the experiment was quite récent, none of the data has yet been analyzed other
than for consistency checks, and hence we arevunable to report specific results
at the presént timé. |

C. Fusion, Fission, and Charged Particle Emission from 194Hg

Compound Nuclei,
A strong advantage that heavy-ion beams provide for nuclear reactions

studies is the opportunity to separate the effects of angular momentum from
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those of energy. The separation is not simple, however, and cannot be made
directly. One must combine the results obtained from theory and well-chosen
experiments, The difficglty is that one cannot control the impact parameter
(or £ value) of each reaction channel as we can control the energy and mass
of the collision partners. Thus we must try to calibrate ourvtheoretical
calculations by obtaining systematic experimental information as a function of
angular momentum (£{) and energy (E), from reactions of knoﬁn mechanisms. Then
we may Qse the observed reaction characteristics along with our theorieé to
infer £ and E deposition for reactions of unknown mechanism (i.e. deep inelastic
scatteriug). |

In a collaboration between Carnegie~Mellon, Columbia, and Stony Brook,
we have.been carrying out experiments at the 88" Cyclotron of the Lawrence
Berkeley Laboratory to provide systematic data from heavy-ion reactions of
known mechanism. In particular, we are using compound nucleus reéction processes
to calibrate the characteristics of fission and H and He emission from equili=-
brated intermediate nuclei. The techhiques employed are very similar to those
described in Section IIIB above for the SuperHILAC experiments, namely solid-
state telescopés for light-charged particle identification and a gas ionization
chamber teleécope for heavy fragment detection. We have measured the energy
and angular distributions (and consequently the cross~sections) for H, He, and
fission fragments, as well as for the evaporation residues from full-momentum-
transfer processes. The reactions under investigation are:

* * ‘
121.0-mev 12 + 8%y o 19457 &F = 97.5-Mev)

135.2-Mev 2% + 1730y > V%% @ < 97.5-Mev)

The maximum angular momenta in the entrance channels of these two reactions can

be calculated from the systematics of strong interaction radii, and are 66 # and



197Au allows these experimeuté to

75 # respectively, The proximity ofvlgaﬂg to

have a direct bearing én our 86Kr + 197Au studies at the SuperHILAC, and it is

fortunatée that the 88;'I cyclotron can produce matched 12C,and 19F beams to yield
1§4Hg* at the same excitation energy but with differing angular momentum distri-
butions, | | |

Fig. 22 presents a logarithmic plot of the angular distribtions for
evaporation residues from the two reactions studied. The strong forward-peakingv
and the confinement of the evaporation residues to small angles are features

expected here for collisions involving total momentum transfer. The difference

in slopes. fro the two reactions in Fig. 22 arises from the different velocities
12 19

-

~ of the center-of-mass in the C and F induced reactions.

Our measurements of the fission-fragment angular distributions are

shown in Fig. 23. These distributions for both the 120 and 19F reactions are

)'-1

found to be proportional to (gin © 5 which would be predicted for fission

C.Mm.
following compound-nucleus formation.
Some representative charged particle spectra (singles) for the
120 + 182w and lgF + 175Lu reactions are presented'in Fig. 24.' The upper part
of the figure gives 4He energy spectra at a forward angle and at two backward
angleé for the 19F induced reactions. The lower part of Fig. 24 compares proton
energy spectra at a backward angle for the two heavy-ion reactions leading to
194Hg at an excitatidn eﬁergy E* = 97,5-MeV. The H and He.spgctra at other
angles are similar and vary in a manner consistent with that indicated in
Fig. 24, The angular distribution of 4He from the 19F - 175Lu reactions is
plotted on a logarithmic scale in Fig. 25. This figure demonstrates very nicely
that the alphé-particle emission probability is enhanced in the forward direction

but becomes quite flat at angles in the backward hemisphere. In fact, we have
19

observed that the angular distributions of H and He for both the 120 and °F

'
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induced reactions are essentially isotropic aft of 90° c.m. The c.m. energy
distributions of 1H and 4He products (aft of 90° c.m.) are also independent of
angle. These observations provide classic signatures of particle evaporation
from an equilibrated éomposite system.

In Table VA we present preliminary values of the cross-sections for
evaporation residues, fission, and the isotropic'(compound~nuc1eus) components.

of H and He emission.

Table VA, Integrated Cross-Sections (mb) for Products (only the
compound nucleus components) from Several Heavy Ion Reactions.

J 12 182 19 175 20 197

“<._ Reaction cC+ W F+ ""Lu Ne + "7 'Au
Product ™. 121-MeV (lab) 135-MeV (lab) 170-MeV (lab)
H 400 276 75 - 300

He 142 | 182 + 80 126
Fission 512 + 50 756 + 76 1400
Evap. residues 450 + 100 361 4 80 -

For comparative purposes,- we have also included in the table some approximate
cross sections for the 20Ne + 197Au system. (These rough numbers Were'obtained
at the SuperHILAC during a ''tune-up" run when the Kr beam was unattainable.) We
emphasize that these results ére based oﬁly on a preliminary analysis of the
data and may change somewhat with refinement. Table VB contains the derived
angular momentum cut-off values that divide up the entrance channel spectrum of
L-waves into various ‘'reaction zones', as éomputed ﬁith the standard sharp
cut~off approximaﬁiohs. We take the sum of the cross sections for fission plus

-evaporation residues to represent the cross-section for all equilibrated

composite nuclei. It can be seen from Table VB that there is significant




I

~68~

Table VB, Derived Angular Momentum Cut-Offs (%)
for Several Heavy Ion Reactions

,‘\.\ ' .

T~__Reaction 12, , 182, e o 1,
Channel \‘\\\\ 121-MeV (lab) 135-MeV (lab)
Evap. residues only 29 + 3 . .33 +4
Evap. residues 42 + 3 59 +3
plus fission
Maximum £ 66 75
(calculated for all

channels)

competition involving non-equilibrium reaction channels and that this competition
clearly depends on the incident (entrance) reaction channels.

At the present time, the experimental data are being analyzed in terms
of the influence of angular momentum slices in the entrance channel on the decay
probébilities in fhe various exitvchannels.8 These results should provide a
useful comparison with theory. The liquid drop and statistical models say with
great confidence that fission probability increases rapidly with £ for 194Hg.
The statistical model says (with much less certainty) that 4He emission |
probaﬁility decreases with 1 for 194Hg. We hope our results can indicate the
important decay signatures for 194Hg at 97.5-MeV; i.e. the regions of angular
momentum space which are associated with fission, proton, and alpha-particle
emission, If this proves to be the case, then this pattern, along with the

energy spectra, can be used to calibrate the level densities in the statistical

model and may develop into a useful indicator of angular momentum deposition in
197

. deep inelastic scattering of 86Kr by Au,

D. Recoil Studies bf Heavy-Ion Induced Nuclear Reactions.

As an alternative approach to the studies described above, we are

using recoil t:echuiquesg.13 in the investigation of selected nuclear reactions
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induced by heavy ioﬁs. The processes of particular interest in this experiment
are those inﬁolving complete fusion of the beam projecﬁile and target ngcléus,
followed by evaporation of nucleons or small clusters. Stacks of foils consist~
ing of appropriately arranged targets and thin catchers are ifradiated by the
required heavy ibn beam and the reaction products of choice are analyzed off-
line (at Carnegie—ﬁellon University) by radioactivity identification and measure-

ment. For the initial investigation we have selected the two reactions

60 20 72
28Nt + joNe = 5,

Se
and

40 40 72
2OCa -+ 18Ar - 348e

both of which lead to the same product via rather different entrance channels.
The objectives of the experiment are the determination of the energy dependences
of the reaction cross-sections and the differences in excitation functions which

depend on entrance channel.u"15

Reccil range measurements will provide a test
for linear momentum transfer as a criterion of complete fusion proceSsés.

The reaction product 728e has a half-life of 8.5 d and decays exclusiver
ly by electron capturé to the first excited state at 0.046 MeV in 72As. Detec-"
tion of the 46-keV de-excitation gamma ray provides a direct measure of the
723e formation cross-section. Although the 72As ground state is radiocactive
with a half-life of 26 h, and hence will be in equilibrium with 723e, there 1is
no significant intefference in the spectral region of interestvunder the
conditions we propose for counting. In a preliminary experiment carried out
at. the SuperHILAC accelerator of the Lawrence Berkeley Laboratory, a stack of
Al foils with thin evaporated 60Ni farget layers was irradiated with 170-MeV

2ONe ions. The stack was shipped back to Carnegie-Mellon University and the

separated foils were examined to determine the ease or difficulty of evaluating
: N

1
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the intensity under the 46-keV gamma-ray line. Some typical gamma ray spectra
are shown in Fig. 26. The uppef half of the figure was taken with a high .
resolution intrinsic Ge detector of area 200 mm2 and thickness 5 mm, whereas
the lower spectrum was recorded with a large (60 cm3) coaxial Ge(Li) detector
of conventional type. Although the latter spectrum shows the presence of
activities other than 72Se, it is clear from the upper spectrum in Fig. 26 that
the Ge detector easily provides a very clean separation of the 46-keV gamma
ray of interest and hence can serve as an assay device, The half-life measured
for the 46-keV peak intensity from successive counting intervals was in excellent
agreement with the expected value, t1/2 (728e) = 8.5 d.

At the presenﬁ time preparations are being made for carrying out_the
proposed (and approved) experiments described above.
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