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RESEARCH I N  NUCLEAR CHEMISTRY 

CONTRACT EX-76-S-02-3246 

ABSTRACT 
-- 

We report  the r e su l t s  of experimental studies i n  which the perturbations 

of g m a - r a y  angulat correla t ions  have been used t o  observe and measure the 

in te rac t ions  of nuclear moments with chemically generated e l e c t r i c  f i e l d  

gradients. Such quadrupole interact ions  can provide detai led information on 

molecular s t ructure  and chemical bonding. Experiments have been completed with 

l8lnf binding t o  Vitamin B12 and l 8 l ~ f  and l l l ~ g  probes i n  DNA, a s  well  a s  

181 
Hf s tudies  of several inorganic compounds containing Hf-oxygen and Hf- 

phosphate bonds. Experimental research programs i n  heavy-ion nuclear reactions 

s tudies  have been i n i t i a t e d  at several  major accelerator f a c i l i t i e s .  A t  the  

O W L  Isochronous Cyclotron we a re  investigating the energetic fragments from 

heavy-ion t ransfer  reactions on medium mass targets ,  using a counter telescope 

with element and mass resolution. Some r e s u l t s  from 6 5 ~ t J  + 12c at 130 MeV 

86 
are presented. The emissions of H and He i n  hard grazing co l l i s ions  of K r  

197 
with Au are being measured at the SuperHILAC accelerator  of LBL. I n  t h i s  

experiment, both singles measurements of the  l i gh t  charged pa r t i c l e s  and 

coincidence observations with deep i n e l a s t i c  processes a r e  i n  progress,. I n  

a related,  but dis t inc t ,  experiment at the LBL 88" Cyclotron, we are  studying 

the fusion, f iss ion,  and charged p r t i c l e  ' emission probabi l i t i es  for  lg411g 

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

Ion beams. 

Morton Kaplan 
Principal Investigator 
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(U. S. Energy Research,and Deve_lopment Administrhtion---Carnegie-Nellon University) 
\ 

Annual Report: October, 1976 

I. Introduction 

The nuclear science research program sponsored by Contract EY-76-S-02-3246 

I has undergone a s ignif icant  reorientation i n  the past year. Our development and 

I "  application of gannna-ray angular correlation techniques i n  hyperfine interactions 

studies has been very successful over the l a s t  few years, culminating i n  an inten- 

~ sive investigation of quadrupole perturbations which ref lec t  the e l e c t r i c  f i e ld  

I gradtents generated by chemical bonding. These experiments have now been effec- 

t ive ly  completed, and the r e su l t s  w i l l  be presented and discussed i n  t h i s  report. 

~ A t  the same t i m e ,  we have expanded and refocussed our e f fo r t s  i n  experimental 

1 heavy-ion nuclear reactions studies, and have established a firm foundation Bar 

on-going programs at several major accelerator f a c i l i t i e s .  These l a t t e r  experi- 

ments a r e  based upon the User Group concept, and we sha l l  describe some of our 

I work of the past  year carr ied out a t  the Lawrence Berkeley Laboratory and Oak 

Ridge National Laboratory. 

I The objective of the perturbed-angular-correlation experiments was t o  deter- 

mine the  u t i l i t y  of nuclear quadrupole moments a s  sensi t ive snicroscopic probes 

of e lectron density dis t r ibut ions and dynamical motions i n  complex molecular 

systems. Using 18'8f as the @-decay parent of a l 8 l ~ a  nuclear probe, we studied 

the nuclear quadrupole interactions i n  several inorganic insulators  contafning 

metal-oxygen and metal-phosphate bonds, i n  order t o  develop a famil iar i ty  with 

V 
anticipated interact ions i n  compounds of known structure and configuration. The 

r e su l t s  of these studies demonstrated the great sens i t iv i ty  of the technique t o  

de ta i l ,  and we proceeded t o  extend the experiments t o  macromolecular species, 

among them Vitamin B12 (cyanocobalamin) and DNA, employing 18'8f and as 

nuclear probes. The background material, experimental apparatus, and theoret ical  

development have been presented i n  previous Annual Reports, par t icular ly 



COO-3246-15 (dated July, 1975), and we concentrate i n  Section I1 below on a 

summary of the experiments completed t h i s  year along with an interpretat ion of the 

data. This work has been presented i n  i t s  en t i re ty  ae the Ph.D. disser tat ion of 

E. 3. Wilson, ~arneiie-Mellon University, June 1976. 

J A t  the Oak Ridge National Laboratory we have been carrying out an experimental 

study of d i rec t  Lultinucleon processes i n  the interact ion of energetic heavy ions 

with medium mass elements. I n  a long-term collaboration between Carnegie-Mellon . 

University and Dr.  Robert L. F'erguson of ORNL, we' have bombarded th in  6 5 ~ u  targets  

with 130-MeV 12c ions from the ORIC and analyzed the outgoing reaction products 

from Li through 0 by means of a &-E counter telescope and multiparameter data 

acquisi t ion system. The semiconductor-detector telescope arrangement was designed 

to  yield resolution of adjacent masses a s  well as  nuclear charges, and the data 

obtained i n  several runs has successfully demonstrated . the attainment of t h i s  

capability. A preliminary analysis of some of the experimental data w i l l  be 

presented i n  Section I11 of t h i s  report. 

We have joined with Professor J. M. Miller of Columbia University and 

Professor J. M. Alexander of SUMY, Stony Brook, t o  form a User Group a t  the Super- 

HILAC accelerator of the Lawrence Berkeley Laboratory. Our common in te res t  i s  

i n  the investigation of l i gh t  charged par t ic les  emftted i n  hard grazing col l is ions 

of very heavy ions. During t h i s  past  year, we have studied the energy and 

angular dis t r ibut ions of protons, deuterons, t r i tons ,  and alpha par t ic les  from 

the reactions of l g 7 ~ u  with 8 6 ~ r  a t  725 MeV. These resu l t s  w i l l  be of par t icular  

importance i n  the interpretat ion of deep ine la s t i c  processes observed with high 

cross-sections fo r  very heavy ions l i k e  K r  on heavy target  nuclei. Very recently 

a more complex 8-parameter coincidence experiment was successfully carr ied out on 

the 8 6 ~ r  + lg78u system a t  the SuperHIUC. I n  t h i s  work, a heavy fragment (ei ther  

K r  o r  Au) from a deep ine la s t i c  event was detected a t  the appropriate angle i n  a 



gas telescope, and the time-correlated protons and alpha p a r t i c l e s  were measured 

with a semi-conductor telescope system. From the  energy and angular dependence 

of these measurements, we hope t o  be able  t o  dis t inguish the charged p a r t i c l e s  

which a re  emitted from separated Kr-like and Au-like fragments a s  well as  those 

which or iginate  from '8ot necks" before the fragments separate. 

The Columbia, Stony Brook, Carnegfe-Mellon team a re  a l so  performing measure- 

ments of fusion, f iss ion,  and charged-particle emission cross-sections fo r  se lec t -  

ed compound nucleus reactions. These experiments, carr ied out a t  the 88" Cyclotron 

of the Lawrence Berkeley Laboratory, involve the formation of lg4Hg compound nuclei  

i n  two d i f fe ren t  ways a t  the same exc i ta t ion  energy but with d i f fe r ing  angular 

momentum dis t r ibu t ions  i n  the  entrance channels. The systems chosen a r e  

18'w + '*c a t  121 MeV and 175~u + 19F a t  135 MeV t o  yield  lg4Hg a t  an exc i ta t ion  

194 197 
of 100 MeV. A s  Hg is an approximation t o  Au, the importance and rela t ion-  

197 ship of these s tudies  t o  the + Au experiments a t  the SuperHlLAC becomes 

evident when one recognizes the  significance of d i f fe ren t  contributing pa r t i a l -  

waves t o  competing nuclear reaction mechanisms. 

Finally, a preliminary experiment has been run a t  the SuperHILAC, i n  which 

reco i l  techniques and radioact ivi ty  counting a re  used t o  compare exci ta t ion 

functions f o r  A r  and Ne induced reactions. 

During the past  contract  period, the  experimental researches car r ied  out a t  

Carnegie-Mellon University made use of the  f a c i l i t i e s  and equipment of our labora- 

to ry  a s  described i n  previous annual reports.  No major changes i n  instrumentation 

o r  nuclear counting equipment have been made t h i s  year, and minor improvements may 

be mentioned where relevant elsewhere i n  t h i s  report. For the experiments a t  

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.  I n  June of t h i s  year, we were the f i r s t  



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

experiences have contributed to the continuing improvement of the system. In 

October we were also filtst in employing the new Mod Comp IV computer as a primary 

data acquisition device a'nd its outstanding capabilities and perfonnance were 

instrumental 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 full time 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 aspects of the heavy-ion reactfons studies, As in the 

past, we have benefited from the strong interactions among the nuclear scientists 

at Carnegie-Mellon University, 

In the following 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 current listing is appended to this report. 



11. Perturbed ~ n g u l a r  Correlations of Nuclear Gamma Rays 

A. Nuclear madrupole Interact ions  i n  Simple Hafnium Inorganic Compounds 

During the past  year, we have completed a study by the  time-differ- I 
e n t i a l  perturbed angular cor re la t ion  (TDPAC) technique of the nuclear auadru- I 

181 ' 
pole in te rac t ions  of Ta i n  simple hafnium compounds containing oxygen- 

hafnium bonds. Certain aspects of t h i s  research, including d e t a i l s  of experi- 

mental set-up and data-analysis procedures, have been previously reported i n  

COO-3246-15 (Annual Report, July 1975). The extensive and updated experimental 

r e s u l t s  w i l l  be presented here. 

The experiments were performed using the 42.5 d isotope, 18$f, which 1 
13- decays predominantly t o  the 615 keV ( I  - 1/2+) 's ta te  i n  181~a ,  a s  indicated 

i n  the  decay scheme1 i n  Fig. 1. The decay t o  the tantalum ground s t a t e  i s  

I mainly through two gamma-ray cascades, the  133-482 keV cascade being of I 

importance t o  t h i s  work. The long h a l f - l i f e  (10.8 nsec) of the intermediate I 
2 5/2+ s t a t e ,  coupled with i ts  large nuclear quadrupole aoment (-2.5 x cm ) 1 

makes it an i dea l  probe f o r  the study of chemically generated e l e c t r i c  quadru- 

pole in teract ions .  

A f a i r l y  extensive descr ipt ion of the  theore t ica l  treatment of the  

nuclear quadrupole in te rac t ion  i n  polycrysta l l ine  so l ids  and i n  solutions of 

macromolecular species was given e a r l i e r  i n  C00-3246-15. Therefore, only a 

b r i e f  ennnciation of the  major equations and terms describing the physical 

s i t ua t i on  w i l l  be given. The coupling of the  nuclear quadrupole moment, Q, of  

the  intermediate nuclear s t a t e  with spin I = 512 i n  a gamma-gamma nuclear 

2 cascade with a s t a t i c  e l e c t r i c  f i e l d  gradient (EFG), VZz = a2v/az , generated 

by the e lec t ron ic  d i s t r i bu t ion  surrounding the nucleus i s  described by the 

following. 
2 



Figure 1. 



The perturbation coeff ic ient ,  Gkk(t), depextds upon an in te rac t ion  frequency, 

(1) which fo r  a randomly oriented s t a t i c  ax i a l l y  symmetric ('ll = 0) EFG corre- n ' 
sponds t o  the  smallest nonvanishing energy difference between the nuclear m 

- - s t a t e s  s p l i t  by the interact ion.  I f  the  asymmetry parameter, TI = 0, ml = m - 
0 

6 oq where the  quadrupole frequency i s  defined by 

The remaiding two frequencies i n  equation (1) are harmonics of woe The e l e c t r i c  

f i e l d  gradient components and asymmetry parameter a re  re la ted  i n  the  standard 

way : 

For a rhombic EFG (f .e., Ti f 0), ' the  harmonicity of the  in te rac t ion  frequencies 

i s  l o s t  and ml i s  no longer simply re la ted  t o  w . Reference t o  Figure 2 gives 
q 

the  re la t ionship of m1 t o  m a s  71 increases. 
3 

The exponential term i n  
9 

equation (1) accounts f o r  any source inhomogeneities which give r i s e  t o  a small 

d i s t r i bu t ion  i n  frequencies about the  mean, (u,. It is characterized by a 

dis t r ib t i t ion parameter o r  spredd, 6. For a l l  work presented here, terms with 

k 4 were considered negligible.  The values of the coef f ic ien ts  i n  equation 

(1) r e f l e c t  the  source type, geometry and s p a t i a l  o r ien ta t ion  (i.e., s ingle  

crystal coef f ic ien ts  a r e  qui te  d i f f e r en t  from those t o  be expected from a 

polycrysta l l ine  source). 

The top spectrum i n  Pig. 3 gives the  r e s u l t s  f o r  18'~f dissolved i n  27 N 



1 Figure 2. 
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HF, Eorming the [ H ~ ] ' ~  complex. As  Would be expected fo r  an octahedral 

I comhlex, no perturbation of the in temedia te  nuclear s t a t e  occurs i The product 

of the  angular correla t ion coeff ic ient  and the perturbation coeff ic ient ,  

I - 
14L2G22(t) vs. time is a f l a t  l i n e  with an average value equal t o  the angular 

cor re la t ion  coeff ic ient  (i.e., GZ2(t) = 1.0). The resul t ing value fo r  q2 1 -  
1 a f t e r  correction fo r  the so l id  angles of the  detectors and any system non- 

I l i n e a r i t i e s  i s  1122 = -0.295 + 0.005. This i s  i n  excellent agreement with the 

adopted value of = -0.295 + 0.010(~),  and confirms tha t  our system is f ree  
I 

of extraneous perturbations. The i n i t i a l  rise i n  the data  r e su l t s  from the 

a t tenuat ing e f f e c t  of the f i n i t e  resolving time of the experimental apparatus. 

The oxide of hafnium is monoclinic, with four Hf02 un i t s  forming a face 
I 

centered monoclinic c rys t a l  with a hafnium nucleus a t  each corner and face. 

Each hafnium nucleus i s  surrounded by eight  oxygens nearest  neighbors and may 

be bound t o  a l l  e ight  simultaneously. The sample preparation procedures, 

l e a s t  squares f i t t i n g  and major r e s u l t s  were presented i n  d e t a i l  i n  COO-3246-15. 

However, the  in te rac t ion  frequency, wl, previously reported there was not 

corrected f o r  the nonaxial symmetry of the  EFG and a higher apparent w r e su l t -  
q 

ed, The second spectrum from the  top i n  Fig, 3 presents the da ta  plus f i t  t o  

our HfOp sample. The resu l t ing  corrected value fo r  the quadrupole frequency, 

UI along with those f o r  the asynrmetry parameter and the spread i n  frequencies 
q ' 

due t o  source inhomogeneities, 6, are 

Our value of w and TL coupled wi th  the quadrupole moment of the intermediate 
4 

2 
nuclear state ( ~ ( 5 1 2 )  = 2.5 n cm ) r e su l t  i n  the following values fo r  

the e l e c t r i c  f i e l d  gradient components 



Figure 3.  
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Our value of the  quadrupole frequency compares qu i te  w e l l  with previous experi-  

ments on Hf02. 396'7 

Hafnium forms a disubst i tu ted phosphate which exhib i t s  the s t ruc ture  

below 

r HOH -1 

I n  order t o  minimize the  influence of 6, the hafnium phosphate was prepared 

by homogeneous prec ip i ta t ion  from metaphosphoric acid solution. Details  of 

the  procedure are  avai lable  i n  reference 8. 
I 

The TDPAC data  and best  f i t  curve ( so l id  l i ne )  a re  given i n  the t h i r d  

spectrum i n  Fig. 3. The resu l t ing  values fo r  the  in te rac t ion  frequencies and 

6 a r e  

u, = 399 2 6 MHz 1 

u = 678 2 26 2 

1 = 0.38 & 0.05 

6 = O,l8 kO.01 

The frequencies, wn, lead t o  a quadrupole frequency of w = 58 + 2 MHz, fo r  en 
q 

asynrmetry parameter of 'll = 0.38 5 0.05. Using t h i s  value of 7 and u) one 
9' 

obtains the following f o r  the e l e c t r i c  f i e ld  gradient components 



The magnitude and asymmetry of the  EFG a t  the  hafnium nticleus i n  the phosphate 

compound a r e  comparable t o  quadrupole f i e l d s  seen i n  many hafnium insu la tor  and 

meta l l i c  compounds. The pers is tance of the  very large d i s t r i bu t ion  i n  . 

frequencies i s  a t t r i bu t ab l e  t o  a spreading e f f ec t  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 a l so  be semibound. Their varied proximities 

o r  dis tances  from the hafnium nucleus could c rea te  d i s to r t i ons  of the  EFG about 

the  mean value of cu , 
n 

The f i n a l  compound studied i n  t h i s  s e r i e s  was the  pyrophosphate of 

hafnium, the  s t ructure  of which i s  given below. 

Hafnium is bound t o  four oxygens through sigma bonds arranged i n  a nearly cubic 

s t ruc ture ,  A phosphate sample prepared by homogeneous p r e c i p i t a t f o n  from meta- 

phosphoric acid  solut ion was ign i ted  a t  f l O O ° C  t o  form the  pyrophosphate comp- 

ound. I n  order t o  reduce 6, the  pyrophosphate was annealed 8 hours a f t e r  

completion of ignit ion.  

The bottom spectrum i n  Fig. 3 gives the f i t  curve plus  data. Even 

with the  annealing procedure the  sample exhibited a large 6 which viped out the  

f i ne  s t ruc ture  within the f i r s t  minimum and s ign i f ican t ly  damped the amplitude 

of  l a t e r  osc i l l a t ions .  The r e su l t i ng  parameters are :  

wt = 346 + 5 MHz 

w = 693 2 31 MHz 2 

'll = 0.0 2 0.2 

6 = 0.185 0.015 



-. 
The quadrupole frequency corresponding t o  an Tt = 0.0 0.2 i s  u = 57.8 +_ 0.9 

P 

MHz, Assuming 1 = 0, the  EFG cbnponents, considering the  e r r o r  i n  u, only, a r e  
q 

Both phosphate species exhibi t  quire s imilar  quadrupole frequency magnitudes, 

but d i f f e r  great ly  i n  the magnitude of the  asymmetry parameter. The large 

value of 6 f o r  the pyrophosphate i s  not e a s i l y  a t t r i bu t ab l e  t o  waters of 

hydration and lacks a physically plausible  explanation. 

The experimental r e s u l t s  f o r  Hf02 and the  phosphates a r e  summarized 

i n  Table I. 

Table I. Compilation of the Major Numerical Results 
fo r  Simple Polycrystall ine Hf Compounds 

a Elec t r i c  Field Gradient Components 
Q 

Sample (MHz 1 

The i n i t i a l  conclusion t o  be drawn from t h i s  work i s  t h a t  the  nuclear 

quadrupole in te rac t ion  of l 8 l ~ a  i n  hafnium compounds i s  a sens i t ive  too l  for  the 

study of chemically generated e l e c t r i c  f i e l d  gradients. It was revealed t h a t  

seemingly d i f f e r en t  hafnium s t ruc tures  lead t o  nearly the  same magnitude of the  

EFG. The major change between the  phosphate and pyrophosphate s t ruc tures  was 

the  asymmetry parameter value. The much la rger  EFG fo r  the  oxide can be d i r ec t l y  

a t t r i bu t ed  t o  the greater  number of bound oxygens a t  each hafnium. Considering 

the  f u l l  valence bonding i n  the  oxide, a s  well  a s  the  well-defined c rys t a l  

s t ructure ,  the  much smaller 6 value was t o  be expected. The study of the two 



, 
phosphate compounds; i n  which there  was not a sa turat ion of the  hafnium valence 

o rb i t a l s and  theconsequent l ikelihood of bonding through waters of hydration, 

revealed t h a t  large frequency d i s t r ibu t ions  w i l l  be cha rac t e r i s t i c  of many 

hafnium compounds. 

B. Nuclear Quadrupole Xnteractions i n  Macromolecular Species 

1. Introduction 

The study of the  ro t a t i ona l  cor re la t ion  times, conformational changes 

and chemical s t ructure  of spec i f ic  binding sites i n  macromolecular species shoulc! 

be amenable t o  the perturbed angular cor re la t ion  technique. The s ens i t i v i t y  of 

the  method t o  t race  amounts of l abe l s  and the a b i l i t y  t o  study both the  so l id  

and l iqu id  s t a t e s  allows the  pos s ib i l i t y  of "in vivo" experimentation. I n  

addit ion,  t he  PAC method focuses on spec i f ic  localized binding s i t e s  and is f ree  

of extraneous information or iginat ing from the solvent o r  the  bulk of t he  macro- 

molecules. Finally, the rigorous nature o f ' t h e  PAC theory allows the extract ion 

of information unambiguously. Despite the  obvious po ten t ia l  of the  method, very 

few s tud ies  have, t o  date, been performed. 13-18 It was with the intent ion of 

exploring and fur ther  developing the  method tha t  a study of the  nuclear quadru- 

pole in te rac t ions  of several  macromolecular species was undertaken. 

I n  addit ion t o  l8lllf, the  7.5 d isotope l l l A g  was used f o r  ce r ta in  

TDPAC s tud ies  on the macromolecular specfes. l l l ~ g  was obtained from Amersham- 

Searle Corporation a s  [ A ~ c ~ ~ I - ~  i n  4 M HC1 (carr ier- f ree) .  It was converted t o  

Ag20 and then AgW3 according t o  the  procedure given i n  reference 19. The 

r e su l t i ng  ' " A ~ N o ~  stock solut ion was s l i g h t l y  acidic.  A schematic l eve l  scheme 

giving the  major decay features  of the 8- emission of ll'Ag t o  l l l cd  i s  given i n  

Fig. 4. Only a 6% component. of the  negatron decay feeds the  3/2+ s t a t e  a t  340 

keV, with only an approximate 3% component passing through the 95-247 keV nuclear 
\ 

cascade of i n t e r e s t  t o  t h i s  work. The 5/29 s t a t e  a t  247 keV exhib i t s  a radia t ive  

ha l f  l i f e  of 84 nsec and a quadrupole moment of ~ ( 5 1 2 - b )  $0.60 5 0 . 1 1 ) ~  10 -24 
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2 
cm . Due t o  the wide d i spar i ty  of the reported measurements of Q 20-22, the  

f igure  quoted above i s  an average value with a f a i r l y  large e r r o r  which w i l l  

~ s ign i f ican t ly  increase the  e r r o r  i n  our reported e l e c t r i c  f i e l d  gradient 

components. The decay (wiggly l i n e )  of the  of ten used 48.6 min s t a t e  a t  396 ~ - 
I 

keV i n  lllrncd has been included f o r  reference purposes only and i s  not popu- 

la ted  i n  the '"Ag decay. 

Despite the  low in tensf ty  of the  ll'Ag ga.m~a rays, t h e i r  few number 

and energy separations should allow accurate s e t t i ng  of windows. Unfortunately, 

the only commercial supply (Amersham-Searle Corp . ) of the  parent "'A~ contain- 

ed an 4.1% contamination of 253 d isotope l lCm~g. The contamination r e s u l t s  

i n  a large and unresolved energy peak under the 95 keV gamma ray, which in -  . 

creases  i n  r e l a t i ve  magnitude a s  the  '''A~ decays. The influence of the 

contamination on the  TDPAC data  was care fu l ly  considered and corrected for.  

Detailed descr ipt ions  of the correct ion techniques may be found i n  reference 23. 

It should a l s o  be noted t h a t  the contamination contributed s ign i f ican t ly  

(> 50%) t o  the  source gamma-ray l i nea r  counting ra tes .  The consequences were 

weaker '''~g source strengths,  longer counting times per experiment, and 

resu l tan t  poorer s t a t i s t i c s ,  a s  compared t o  the  18%f experiments. Fortunately, 

the  longer ha l f  l i f e  allows the  perturbation t o  be followed over several  cycles, 

which compensates t o  some extent f o r  the  poor s t a t i s t i c s .  I n  addition, a s  the  

f i n i t e  t h e  resolut ion ( ITR)  of the  e lec t ron ic  apparatus i s  only 4% of the 

ha l f  l i f e  of the  intermediate nuclear s t a t e  i n  ll1C,d (versus -38% i n  18'~aj, 

the da ta  i s  l e s s  sens i t ive  t o  the  smearing and damping e f f e c t s  of the  PTR. In 

fac t ,  the ea r ly  least-squares analysis  was done ignoring PTR i n  order t o  
I 

s ignif icant ly  reduce computational times. A l l  f i n a l  f i t s ,  however, were made 

considering the FTR a s  described i n  COO-3246-15. 

The theory a s  presented i n  sect ion A does not suf f ice  t o  describe the  

po ten t ia l  s i tua t ions  i n  solut ions  of macromolecular species. The pos s ib i l i t y  



f o r  a time dependent in te rac t ion  i s  very high. Briefly, i f  the nuclear 

quadrupole moment i n t e r ac t s  with a time dependent EFG (i .e., f luctuat ing EFG's 

due t o  ions moving i n  the solution), the interact ion may be described by 

ke laxat  ion 

Gkk(t) e x ~ l -  kt (4) 

The relaxat ion parameter i s  rela ted t o  the  quadrupole frequency, cu and the 
q 

average time between in te rac t ions  o r  correla t ion time, T~ by 

For solutions of macromolecular species, rc i s  replaced by the rotat ional  

dif fusion t i m e  

where a i s  the molecular radius, Tj the  solvent viscosity,  and T the absolute 

temperature. The k i n  equation (6) i s  the Boltzmann constant and i s  d i f fe ren t  

from the summation constant i n  equations (4) and (5). For k = 2, T equals T ~ .  R 

A s  the macromolecules w i l l  be studied i n  solution, the f e a s i b i l i t y  

of combined s t a t i c  and time dependent interact ions  a r i ses .  I f  the in te rac t ion  

r e s u l t s  from a single nucleus experiencing a s t a t i c  in te rac t ion  due t o  the 

binding site electronic  s t ruc ture  a s  w e l l  a s  relaxation due t o  ro ta t iona l  

diffusion,  the perturbation coeff ic ient  would be a mult ipl icat ive combination 

of equations (1) and (4). I f  the in te rac t ion  r e su l t s  from two d i f fe ren t  s i t e s ,  

one s t a t i c  and the other t i m e  dependent, the G2*(t) i s  given by the addit ion of 

equations (1) and (4) with appropriate weighting factors.  

Before proceeding t o  the experiments on the macromolecular species, 

both TDPAC and IPAC ( integral  perturbed angular correla t ions)  experiments were 

performed on d i lu t e  solutions of 1 1 1 ~ g ~ ~ 3 ,  i n  order t o  t e s t  the  system fo r  any 

extraneous perturbations due t o  the contaminant, llom~g. ~ o t h  experiments 



should give the fu l ly  unattenuated value for  the angular correlat ion 

coefficient,  AZ2. The predicted value for  A~~~~ for  the s i l v e r  cascade of 

[3/2 (Ml) 5/2 (Q) 1/21 is -0.20, with Ab4 equaling zero. The resu l t s  for  both 

experiments are  given i n  Fig. 5. The r e su l t  of averaging the TDPAC spectrum 

(A22G22(m))over the f i r s t  40 nsec (solid l i ne )  gave an A22 value of -0.195 + 
0.021. The value has been corrected for  the sol id  angles subtended by the 

detectors and any system nonlinearit ies.  The IPAC data given a t  the bottom of 

Fig. 5 was least-squares f i t  t o  the standard angular correlat ion function, 

where $ (cos 8) i s  a Legendre polynomial. The resul t ing f i t  parameter for  

A22 J 

a f t e r  application of a l l  corrections and normalization t o  Aoo = 1.0, 

was A 2 2  = -0.212 2 0.017, Both experiments conclusively proved tha t  the system 

was f ree  of extraneous perturbations and our application of the correction 

techniques were appropriate. 

2. Nuclear puadrupole Interactions of 1811if i n  Vitamin B12. 

Cyanocobalamine or Vitamin B12 (MW = 1355 daltons) i s  a naturally 

occurring Co(II1) containing enzyme. The cobalt ion i s  i n  a porphyrin-like 

r ing coordinated by four nitrogen atoms i n  a plane, with the f i f t h  posit ion 

f i l l e d  by an adenine nitrogen and the s ixth posit ion of the octahedron by a 

CN- ion. The complex exhibi ts  a diamagnetic ground state25 (see the center of 

Fig.$ for  the structure of Vitamin B12). The phosphate binding s i t e  located 

on the s ide arm of the porphyrin r ing was chosen as  the preferent ial  s i t e  for 

the binding of l8llif nuclei, with one hafnium atom per BIZ: molecule. The 

resul t ing complex was studied i n  the sol id  and aqueous forms. 

Vitamin BI2 was obtained from Research Plus Laboratories, Inc. l8lIlf 

ac t iv i ty  w a s  transferred t o  a nearly saturated solution of Vitamin B12 i n  

approximately 2 m l  of solution. Vitamin B12 w i l l  always be i n  excess t o  the 
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hafnium. Acetone was added dropwise u n t i l  the solut ion exhibited heavy cloudi- 

ness. After  the addit ion of 5 m l  more acetone, the  solut idn stood covered a t  

room temperature fo r  12 hours. The volume r a t i o  of B12 solut ion t o  acetone 

, was approximately 1 t o  8. The resu l t ing  prec ip i ta te  was vacuumed f i l t e r e d  and 

air dried.  The above procedure26 was repeated using the  p rec ip i t a t e  obtained 

from the f i r s t  c rys ta l l i za t ion .  The l iqu id  sample of hafnium-B12 was obtained 

by d i sso lu t ion  of the  twice precipi ta ted sol ids .  

I n  order t o  ascer ta in  the  nature of the  hafnium-B12 bond, both a 

t r ace r  experiment and 3 1 ~  NMR were performed on the complex. Using a 1:1 molar 

r a t i o  of Hf:B12 solution, tagged with l8lIif, an acetone c rys t a l l i z a t i on  was 

performed. The disposi t ion and amount of hafnium was determined by N a I  count- 

ing and the  amount of Vitamin B12 was determined by weighing the  resu l t ing  

prec ip i ta te .  It was found tha t  -35% of the  rad ioac t iv i ty  precipi ta ted with 

-31% of the  or ig ina l  B12 i n  solution.  Therefore, i t  was concluded tha t  only 

one Hf nucleus i s  associated with each B12 molecule, indicat ive  of a s ingle  

: binding sire,  

The binding of hafnium t o  oxygens of the  B12 phosphorous atom would 

be re f lec ted  by s 3 1 ~  NMR experiment. Samples of native Vitamin B12 and the 

Hf-B12 complex were analyzed by D r .  R. Rowan and D r .  S. 0 .  G r i m  a t  the  Uni- 

v e r s i t y  of Maryland NMR f a c i l i t y .  On the  addit ion of Hf, the  s ing le  sharp 
1 

resonance l i n e  typ ica l  of the  nat ive  sample, was converted t o  4 very broad 

resonances with the major peak occurring i n  nearly the same f i e l d  posi t ion a s  

i n  the  nat ive  sample. The remaining broadened peaks were chemically sh i f ted  

by approximately 2.2, 6.7, and 9.2 ppm upfield. The broadening was  a t t r i bu t ed  

t o  the  influence of the  hafnium isotopes '  quadrupole moments, whereas the  small 

chemical s h i f t s  a re  best  explained by varied changes i n  the  x bonding electron 

densi ty  a t  the phosphorous. I f  a s ing le  hafnium at taches  i t s e l f  t o  the phos- 

phorous oxygens and then acquires fu r ther  (and varied) oxygen bonds by 



hydrolysis with water molecules, the degree of R bonding to the oxygens of the 

B12 phosphorous would vary. The resulting picture for the aqueous complex is 

cae of several Hf-0-P species distinguished by slightly varying II bonding (and 

therefore electron density) at the 3 1 ~  atoms and varied numbers of bound water 

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 t", 

presented prior to the presentation of the least-squares analysis. The arrow 

to the right of each spectrum is the measured value for A22G22(m), as obtained ;; 

in an IPAC experiment. 

The immediate conclusion 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 strongly 

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 symmetric 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 display 

nearly the same interaction as the solid source. A much stronger, but differ- 

ent,damping influence is operative which can 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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in te rac t ion  with a short  correla t ion t i m e ,  which is  present i n  addit ion t o  the 

s t a t i c  interact ion.  

The qua l i ta t ive  information led us t o  t r y  least-squares f i t s  of the 

data  t o  several  functional firms f o r  the perturbation coeff ic ient .  They in-  

cluded (1) a s ingle  nuclear quadrupole in te rac t ion  coupled with ro ta t iona l  

d f f u s i o n  (multiplicative combination of a s t a t i c  and a time dependent fn te r -  

act ion) ;  (2) addit ive combination of time dependent and s t a t i c  e f fec t s ;  and 

(3) more than one binding site (and therefore in te rac t ion  frequency) with and 

without mult(p1icative o r  addi t ive  time-dependent e f fec t s .  In  none of  these - 

cases were the f i t s  appropriate a t  long times but the trends at  the e a r l i e r  

times could be reproduced f a i r l y  w e l l .  I n  a l l  f i t s  concerning two d i s t i n c t  

in te rac t ion  s i t e s ,  no convergence t o  the  data  was obtained. This could, how- 

ever, be an a r t i f a c t  of our f i t t i n g  procedures coupled with the  lack of f i ne  

s t ruc ture  evident i n  the data. 

The experimental data f o r  the  c rys t a l l i ne  sample w a s  best  f i t  t o  a 

s ing le  quadrupole frequency with a r e l a t i ve ly  large frequency dis t r ibut ion.  

The computed f i t  i s  shown as the so l id  curve i n  the  upper ha l f  of Fig. 7. The 

derived f i t  parameters a re :  

W = 378 +_ 35 MHz 1 

o = 798 2 112 MHz 2 

S = 0,184 + 0.082 

(Note: the  large e r ro r s  r e f l e c t  the poor f i t  a t  long times.) Within the  e r r o r  

of the experiment, the asymmetry parameter was zero and the following quadru- 

pole frequency and EFG parameters r e su l t :  

w - 6 3 t 6 M H z  
q 

= (6.77 +_ 0.65) x 1017 ~ I c m  2 
Ivzz I 

2 lvgyl = 1 ~ ~ 1  = (3.39 + 0.40) x 1017 ~ l c m  . 
The above values r e f l e c t  the  e r ro r  i n  w only. The magnitude of the  EFG i s  1 
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s imi la r  t o  the values obtained fo r  the pyrophosphate and diphosphate hafnium 

species. The large 6 is  typical  of hafnium compounds involving waters of 

hydration. 

Considering the large plate- l ike  s t ructure  of the  B12 molecule, 

o r ien ta t ion  i n  the so l id  s t a t e  was expected. This assumption was confirmed by 

an invest igat ion of the values obtained fo r  the coeff ic ients ,  Skn. On compar- 

ing our least-squares f i t  values, one found tha t  a l l  coef f ic ien ts  s ign i f ican t ly  

d i f fe red  from those tha t  would have been exhibited by a source experiencing a 

randomly oriented static EFG. 

The best  approximation t o  the l iqu id  data was obtained by assuming 

tha t  the large majority of the  hafnium atoms experienced a s t a t i c  e l e c t r i c  

quadrupole interact ion with a s e t  frequency d is t r ibu t ion  of 18%, while a small 

percentage of  the hafnium atoms a re  released in to  solution and exhlbi t  a t i m e  

dependent relaxation behavior. The calculated curve which r e su l t s  i s  shown i n  

the lower ha l f  of Fig. 7. The f i t  parameters f o r  the bound hafnium species a re  

% = 76.1 5 0.9 

The resu l t ing  71 of 0.48 2 0.07 gives the following 

= 62.6 4.1 MHz 
4 

lvzpl = (6.73 20.44)  x loL7 ~ / c m  
2 

2 lvnl = (4.98 2 0.80) x 1017 vlcm 

lvxxl = (1.75 + 0.28) x 1017 v/cm 2 

The only major change t o  those hafnium which remained bound on dissolut ion of 

the  so l id  complex i s  an increase i n  the asymmetry parameter of the EFG. Con- 

s ider ing the experimental e r ror ,  t h i s  is not conclusive. A s  i n  the  so l id  

complex, the f i t  values f o r  the  Skn coeff ic ients ,  even though the e r ro r s  were 

large, tended t o  indicate the  presence of or ientat ion of the EFG a t  t k H f  



binding site. 

The hafnitrm species which were released t o  the  solution, exhibited 

the  following 

% = 23.9 0.9 

= (1.21 + 0.20) x lo8 secW1 

7 Using typ ica l  hafnium quadrupole frequencies i n  t he  range of 4 x 10 t o  

8 
1.2 x 10 Hz, one ca lcu la tes  employing equation (S), a range of corre la t ions  

times (7,) from 3 x 10-1° t o  8 x lo-'' sec. Using equation (6) and solving 

f o r  the molecular radius, a, one a r r i ve s  a t  the  conclusion t h a t  the hafnium 

relaxat ion behavior o r ig ina tes  from species about 4-6 A i n  radius. This s i ze  

and behavior would be typ ica l  of a largely  hydrolyzed hafnium atom, which had 

formed a f t e r  release from a B12 binding s i t e ,  

Certain conclusions can be drawn concerning the  B12 molecule i t s e l f ,  

i n  addi t ion t o  the previously presented conclusion on the hafnium-B12 binding 
, I 

site. Both the  so l i d  and l iqu id  data  indicated t h a t  the  BI2 molecule i s  a 
, 

highly oriented species even i n  low-viscosity l iquids.  Because the hafnium 

I nuclear quadrupole in te rac t ion  was r e l a t i ve ly  f ree  of e f f e c t s  due t o  rota t ion-  I 
a 1  diffusion,  it  can be concluded t h a t  the  s i ze  and or ien ta t ion  of the  B12 

molecule force it t o  form a f a i r l y  highly "structured" solution.  This con- 

c lusion i s  fur ther  supported by the  retention of the "solid-like" charac- 

t e r i s t i c  of the  nuclear quadrupole in te rac t ion  i n  solution.  

3.  Nuclear Quadrupole In te rac t ions  of Two Metal-DNA Complexes 

The nuclear quadrupole in te rac t ions  of deoxyribonucleic acid (DNA) a s  

experienced by 18 '~a and ll1C,d intermediate nuclear s t a t e s  were explored a s  a 

function of temperature and physical s t a t e .  The chemical properties of a 

hafnium-DNA complex were unknown but it was assumed t h a t  it would bind prefer-  

\ e n t i a l l y  t o  the  phosphate,oxygens along the backbone of the  DNA hel ix .  The 



poss ib i l i t y  f o r  addi t ional  binding t o  the abundant oxygens bound t o  the  backbone 

carbons could not be excluded. I n  e i t h e r  s i t e ,  the hafnium would be s i tua ted  

on the  outer  surface of the DNA molecule and should therefore be sensi t ive  t o  

the  ro t a t i ona l  di f fusion proper t ies  of the  DNA. On the other  hand, the  bind- 

ing of s i l v e r  ( l 1 l ~ g )  t o  DNA has been established by several  groups. 27-29 The 

s i l v e r  ion binds pre fe ren t ia l ly  t o  the  purine bases (adenine and guanine), with 

the  N-7 of quanine being the  preferred s i t e .  The binding of s i l v e r  does not 

disrupt  the  regular Watson-Crick s t ruc ture  of the  DNA The location 

on the  " inter ior"  of the  h e l i x  should reduce the s ens i t i v i t y  of the  s i l v e r  

i n t e r ac t i on  t o  the ro ta t iona l  di f fusion of the macromolecule ( i n  comparison t o  

hafnium). Therefore, the  two complexes with DNA of fe r  a view of the lloutside'' 

and ''inside" of the DNA double helix,  which w i l l  provide a more complete pic ture  

of the  behavior of DNA a s  a whole. 

A highly polymerized calf-thymus DNA was obtained from ICN Biochemicals 

(Life Sciences Group). The sample i s  reported t o  be a nat ive  sample (double 

stranded) of reasonably high molecular weight with a phosphorous content of 

3 7.3% by b o t t l e  weight27 and an i n t r i n s i c  viscosity,  ['ill, of 7 x 10 ml/g. 27,30 

The following procedure was used f o r  the hafnium-DNA samples. l8%f a c t i v i t y  

was combined with a bole11 amount of HfOC12 solut ion (< 1 mg/ml) and then 

neutra l ized with 1 N NaOH, DNA was slowly dissolved i n  d i s t i l l e d  water t o  

produce a viscous solut ion of a concentration of -0.05 g/ml. The two solut ions  

were then combined with gent le  s t i r r i n g  and t ransferred t o  Spectrapor membrane 

tubing (M.W. cutoff :  12,000-14,000; 25 mm) fo r  d i a ly s i s  against  water, The 

d i a l y s i s  proceeded for  a t  l e a s t  24 hours with frequent changes of the water i n  

the  d i a l y s i s  bath. The pH of the  f i n a l  solutions were 4 - 7 .  Samples were 

stored i n  cy l indr ica l  g lass  ampoules and sealed against  water loss.  The complex 

I 
I 

involving one ion per DNA molecule forms only f o r  molar r a t i o s  (rb) of 



moles of bound ~ g '  t o  moles of DNA of l e s s  than 0.2. For each sample, a known 

weight of DNA was dissolved i n  0.10 M NaC104 giving a f i n a l  pH of 5.6, and the  

moles of DNA i n  terms of phosphate were calculated. Depending on the  DNA 
I 

sample s i z e  ( d o o 4  moles i n  terms of phosphate), the  appropriate amount of 

111~8~03, a f t e r  neutra l izat ion with NaOH, was added dropwise (with gent le  stir- 

r ing)  t o  the  DF-NaC104 solutions.  The final solutions were -10'~-10-~ molar 

i n  phosphate and exhibited very high v i scos i t i es ,  indicat ive  of a high molecular 

weight product. TDPAC experiments were performed at various temperatures 

between -SQ°C and +80°C employing the  gas flow heat-freeze system described 

previously i n  COO-3246-15. 

The DNA-Hf species were studied a t  -50°C corresponding t o  a so l i d  s t a t e  

and a t  25'C i n  the l iqu id  s t a t e .  No damage t o  the  DNA h e l i c a l  s t ruc ture  is  

expected on freezing. Both TDPAC spectra a r e  given i n  Fig. 8. 

The top ha l f  of Fig. 8 gives the  da ta  f o r  the  DNA solut ion at  -50°C, 

which is best  considered a s  so l i d  mater ia l  and was f a i r l y  w e l l  represented by 

a s ing le  s t a t i c  quadrupole interact ion.  The f i t  (sol id  l i n e )  yielded the  

following parameters 

0 = 505 1; 49 MHz 1 

W2 = 1001 2 34 MHz 

Ti = 0.08 0.32 

, 6 = 0.07 2 0.03 

The r e su l t i ng  asymmetry parameter was taken t o  be zero i n  l i g h t  of the  large 

I .  er ror ,  and the following resu l t s .  



-- 

Figure 8. 



The room temperature da ta  i s  given a t  the  bottom of Fig. 8. As would be 

expected f o r  a l iqu id  s t a t e ,  the  in te rac t ion  is  more strongly damped a t  25"C 

but it s t i l l  maintains i t s  "solid-like" charac te r i s t i cs .  The large damping 

e f f e c t  prevented the accurate determination of u2 and w3 and therefore 1. The 

in t e r e s t i ng  feature  i s  the  qui te  evident change i n  the  magnitude of the  quadru- 

pole frequency a s  revealed by the l e a s t  squares f i t .  

u) = 753 2 481 MHz 2 

For an asymmetry parameter of zero, one obtains 

ctJ = 68.7 + 5.3 MHz 
q - 

2 
Ivzz 1 = (7.14 + - 0.55) x l 0 l 7  vlcm 

I f  T is  grea te r  than zero, the  w would be reduced below the above value, con- 
q 

firming t h a t  the quadrupole frequency has been s ign i f ican t ly  changed by the  

temperature and phase change. The frequency d i s t r i bu t ion  fo r  the  2S°C case 

was 6 = 22 6%. This large increase may be p a r t i a l l y  due t o  the ro ta t iona l  

di f fusion of t he  molecule but i n  a l l  l ikelihood or ig ina tes  mainly from the  

increased hydrolysis of the  hafnium nucleus i n  the  aqueous case. 

Extensive f i t t i n g  t o  mult ipl icat ive  combinations of t i m e  dependent and 

s t a t i c  in teract ions ,  revealed t h a t  the  hafnium in te rac t ion  is  e s sen t i a l l y  

insens i t ive  t o  the  ro ta t iona l  d i f fus ion  of the  DNA. This indicates  t h a t  the  

hafnium nuclei  a re  shielded from the  f r ee  ions i n  solut ion by e i t h e r  the  DNA 

molecule i t s e l f  o r  by a large hydrolysis sphere .  k lack of evidence forrotatldn- 
/ 

a 1  d i f fus ion  e f f e c t s  a l s o  indicates  t ha t  the  DNA i n  these viscous solutfons i s  

ro ta t ing  very slowly. 

Neither the  least-squares analysis  of the  Skn coef f ic ien t  o r  the  r e s u l t s  

of IPAC experiments (i.e., A22S20 ZA~~G~,(-)) A provided any strong evidence f o r  



the  molecular or ientat ion of the EFG, Though the e r ro r  was high on these 
- 

parameters (Stnts and A G (m)), it was concluded tha t  the  phosphate binding 22 22 

s i t e s  exhibi t  randomly oriented EFG's. 

The decrease i n  the quadrupole frequency with increasing temperature 

most l i k e l y  corresponds t o  a decrease i n  the degree of rr bonding between hafnium 

and the oxygens of the molecules i n  the  "hydrolysis sphere". A t  -50°C, the 

inherent greater  r i g i d i t y  and reduced molecular motion would imply an increased 

rr bonding t o  the  oxygens than tha t  exhibited by the l iqu id  s t a t e .  However, a s  

the  so l id  nature of the  sample i s  not l o s t  on going t o  the solution, the bond- 

ing may be envisioned a s  the same a s  tha t  i n  the so l id  s t a t e  but with an 

increased "wobbliness" i n  the hafnium-oxygens bonds which is  reducing the n 

s t ructure .  

The study of DNA using a hafnium labe l  indicated t h a t  s ignif icant  

changes were occurring on the  "outside" of the DNA he l i ca l  s t ructure  as  a 

function of the temperature. The use of s i l v e r  w i l l  allow the invest igat ion 

of the "inside" of the  molecule a s  the  environment i s  changed. I n  addition, 

f 
the  smaller s i ze  of the Ag ion and the known chemistry i n  DNA f rees  the 

in te rpre ta t ion  of the data from the uncertainty concerning the or ig in  of the  

interact ion.  The solutions were studied a t  four temperatures, -50°C, 25OC, 

40°C, and 80°C. The last temperature is above the predicted he l ix  c o i l  

t r ans i t i on  temperature (T,) of -77" fo r  these samples31 and corresponds to  the 

denatured molecule. The same sample was used for  both the frozen and room 

temperature experiments, the former being performed i n i t i a l l y .  The two experi- 

ments performed a t  higher temperatures (+40° and -t80°C) employed separate 

samples, a s  the e f fec t s  on the DNA of high temperatures over extended periods 

was unknown. The examination of the -I-40" sample a f t e r  completion of the  experi- 

ment indicated tha t  nei ther  denaturation o r  degradation had occurred. The 

higher temperature sample was much l e s s  viscous a f t e r  heating indicating a 



- z s ign i f i can t  l o s s  i n  molecular weight and contained a grayish black prec ip i ta te ,  
I 

which i s  believed t o  be a mixture of denaturation products (small amino ac id  

chains). The ac t i v i t y  was equally d i s t r ibu ted  throughout both the solut ion 

and the  precipi ta te .  

The da ta  fo r  a l l  four temperatures, along with the  f i n a l  least-squares 

f i t s  ( so l id  l i ne s )  a re  given i n  Fig. 9. The 80" da ta  exhibited such la rge  

s c a t t e r  t ha t  no f i t  was obtainable. This can be a t t r i bu t ed  t o  both the  greater  

molecular motion expected f o r  the  lower v i scos i ty  solut ion and the  greater  

exposure of the  guanine binding sites t o  sa id  motion due t o  the  denaturation. 

+ 
It a l so  could r e f l e c t  the re lease  of Ag i n t o  solution,  though t h i s  should 

exhibi t  a strong time dependent component. The data  seems t o  be f a i r l y  constant 

around a value of - -0.07 indicat ive  of a strongly damped s t a t i c  interaction.  

The r e s u l t s  f o r  the quadrupole frequencies, r e su l t i ng  7)'s and the e l e c t r i c  

f i e l d  gradient components are tabulated i n  Table 11. The only sample which 

exhibited a s ign i f ican t  a t tenuat ion due t o  a d i s t r i bu t ion  i n  frequencies was 

the  room temperature data. It amounted t o  -5%. None of the  experiments were 

approximated by including e i t h e r  mul t ipl icat ive  o r  addi t ive  time dependent 

e f f ec t s .  It i s  in te res t ing  and surpr is ing t o  note t h a t  the quadrupole i n t e r -  

ac t ion  i n  DNA is not changing with temperature. There seems t o  be a s l i g h t  

decrease i n  the  u fo r  t he  40" da ta  and the  asymmetry parameter has de f in i t e ly  
q 

increased. Otherwise, the  in te rac t ion  i s  insens i t ive  t o  changes i n  temperatuse. 

This seems t o  indicate  t h a t  the DNA molecule i s  a very compact e n t i t y  i n  

solut ion even a t  r e l a t i ve ly  high temperatures. Any uncoiling of the DNA h e l i x  

would have been evidencedby increased time dependent e f f e c t s  a s  the temperature 

increases.  

It i s  obvious immediately from an inspection of the  "'A~-DNA values 

f o r  the  l imit ing time in t eg ra l  resu l t ,  A22G22(w)lim t ha t  the  sources a r e  not 
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Table 11. Parameters Describing the Nuclear Quadrupole 

Interact ions  ,. f i n  DNA Solutions 
2 

Sample E lec t r i c  Field Gradient Components i n  
Temper - 

W rl 1018 v/cnZ* 
a tures  4 Ivzz 1 I V, l Iv,l 

* 
The e r r o r  on the e l e c t r i c  f i e l d  gradient components contain both the  e r ro r  i n  
1) and the large uncertainty i n  the e l e c t r i c  quadrupole moment, Q. 
Q 

representative of a randomly oriented EFG. The f i t  values f o r  AZ2SZ0 for  

l $ g - ~ ~ ~  and the predicted random re su l t  fo r  var io i s  source-to -detector dis-  

tances, H, have been tabulated and compared i n  Table 111. Investigation of 

the  remaining coeff ic ients  should fur ther  support the existence of orientation,  

a s  w e l l  a s  reveal possible changes with temperature. I n  order t o  remove a l l  

so l id  angle e f fec t s ,  system nonl inear i t ies  and dependence on the A22 parameter, 

the coef f ic ien ts  have been normalized t o  S20 = 1.0. The comparison has been 

made i n  Table IV. The l a rge  e r r o r  on the S23 coeff ic ient  prevented i t s  use 

fo r  any va l id  conclusions. The DNA samples a t  a l l  temperatures exhibi t  values 

of the coeff ic ients  d i f fe r ing  i n  magnitude and/or sign from the randomly 

oriented EFG resu l t .  The samples exhibited a much larger  isotropic  component, 

A22S20' a s  well. The only s ign i f ican t  change among the samples themselves 

occurs between -50°C and 25°C a s  would be anticipated f o r  the phase change 

occurring. The remaining temperatures exhibi t  l i t t l e  change a s  evidenced by 

the nearly constant value f o r  S the second best  determined coeff ic ient .  21' 

I n  summary, the ' ~ ~ A ~ - D N A  data def i n i t e l p  indicates  changes i n  molecular 

o r ien ta t ion  with phase and temperature. This f ac t  i s  no t , in  any way contra- 

dic ted by the constancy of the  quadrupole frequency, a s  the frequency of the 



Table 111. Comparison of A22S20 2 A2aG22Ca)ltm for  the i l l A g - ~ ~  samples t o  

the resu l t  expected for a randomly oriented EFG a t  various source-to- 

detector distances, H, 2 

H 

Sample Temperature (cm) 

Randomly 5 - .0322 

Oriented EFG 6 - .0338 

Table I V .  Values of the Normalized Coefficients, SZn3 for  "'Ag i n  DNB 

Solutions a t  Various Temperatures 

Sample 
Temperature S20 S21 S22 '23 

40 "C 1.0 0.19 5 0.06 -0.0962 0.060 0.026 t 0.208 

Randomly 
Oriented 
Result 1.0 1.86 1.43 0.714 

interact ion i s  independent of the orientatfon. The constancy of 'Il for  the two 

temperatures -50°C and 25°C is inconclusive. The molecular orientation could 

eas i ly  change i n  such a way that  the Ag-nitrogen bond retains  the same charge 

d is t r ibut ion  and synnnetry. Likewise, the increase i n  1 between the 25°C and 

40°C data cannot be at t r ibuted d i r ec t ly  t o  any change i n  molecular orientation, 

nor does the change invalidate any conclusions concerning orientation. Overall, 

the DNA molecule i s  a highly oriented species which even i n  solution i s  best 



approximated by sol id- l ike  charac te r i s t i cs ,  a s  seen from the  point  of view of 
:f 

'''A~ ('llcd) nuclei. 

4. Relation Between the  Two Labelled DNA Species 

The r e s u l t s  f o r  the  etudy of DNA label led with l8'l3f and '''A~ should be 

compared and correla ted i n  order t o  derive an overa l l  view of the DNA i n  solu- 

t ion.  The hafnium experiments indicated t h a t  the "outside" of the  DNA molecule 

undergoes qu i te  s ign i f ican t  changes between the  so l i d  and l iqu id  s t a t e s ,  was 

r e l a t i ve ly  nonoriented, and was best  approximated by 8 polycrysta l l ine  species 

i n  solution, ra ther  than a f ree ly  moving ion. It should be noted, though, t h a t  

the binding of a heavy atom such a s  hafnium which i n  turn, forms an even la rger  

ion  through hydrolysis, could s ign i f ican t ly  change the DNA s t ructure  a t  the  

binding site and such parameters as the  magnitude of w and T could be only 
q 

measures of hafnium proper t ies  and not those of DNA i n  i t s  natural  s t a t e .  The 

lack of o r ien ta t ion  and the  over-all  so l id  behavior of the  molecule a r e  

de f in i t e ly  cha rac t e r i s t i c  of the  DNA. Tagging with s i l v e r  guarantees the study 

of a known s i t e  i n  the  DNA, as well a s  the knowledge tha t  the  Watson-Crick 

s t ruc ture  i s  not being disrupted. Therefore, the conclusions from t h i s  study 

should apply d i r ec t l y  t o  the  DNA molecule. The "inside" of the  DNA molecule 

a l so  exhib i t s  a polycrysta l l ine  so l i d  behavior i n  solut ion even a t  r e l a t i ve ly  

high biological  temperatures. However, i n  contras t  t o  hafnium, the  silver-DNA 

species exhibited s ign i f ican t  orientation,  a s  well  a s  d i f f e r en t  orientations,  

as a function of temperature and phase. I n  order f o r  the  DNA double h e l i x  t o  

form, every base pa i r  along the ins ide of the  h e l i x  must be exactly oriented 

with respect t o  the other  base pairs.  This high degree of s-try throughout 

the  molecule i s  necessary i n  order t o  guarantee the  correct  hydrogen bonding 

between the individual base pa i r s  and t h e i r  correct  stacking arrangement along 

the  length of the molecule. The resu l t ing  molecule w i l l  exhibi t  a high symmetry 

/ and regula r i ty  tha t  could e a s i l y  r e su l t  i n  a net  preferred d i rec t ion  f o r  the  



EM; a t  the nitrogens, The s i l v e r  atom s i t t i n g  i n  the  i n t e r i o r  of the  molecule 
1 

would be 'extremely sens i t ive  t o  the or ientat ion* The "outside" o r  backbone of 

the double helix,  however, should not reqcire  such a great  degree of o r ien ta t ion  

throughout the e n t i r e  length of the  molecule, especial ly  a t  the  two Hf binding 

site oxygens of the phosphates which are  not d i r ec t ly  bound t o  the superstruc- 

tu re  of the DNA molecule and should have a la rger  number of degrees of motional 

freedom. Their par t icu la r  o r ien ta t ion  i n  space i s  not exactly fixed and the 

or ien ta t ion  a t  one s i t e  w i l l  not necessari ly exhibi t  the  same or ientat ion a s  

another s i t e  along the backbone. Therefore, the  ne t  r e su l t  would be a randomly 

or iented set of microcrystals. 

The persistence of the  so l id  s t a t e  behavior f o r  both la5el led DNA's should 

a l so  be considered. I f  one accepts the Watson-Crick s t ruc ture  f o r  DNA and the 

resu l t ing  symmetry on the  i n t e r i o r  of the hel ix ,  the non-free ion nature of 
- 

the  silver-DNA i n  these highly viscous solutions i s  f a i r l y  easy t o  understand. 

I n  the hafnium-DNA case, there  was no d i rec t  evidence fo r  a rota t ional  

cor re la t ion  e f f ec t  e i ther .  This seems t o  imply tha t  the majority of the 

phosphate-hafnium binding s i t e s  a r e  shielded from the f ree  ions i n  solution 

e i t h e r  by the formation of qui te  large hydrolysis species a t  the  hafnium or  

because the DNA molecule is  folded over onto i t s e l f .  The former source of 
, 

shielding would not be expected t o  be so excellent a shielder  tha t  no e f f e c t s  

a r e  discernible.  The folding and wrapping of the molecule could very eas i ly  

lead t o  the  complete protection of the  hafnium binding sites, with a few s i t e 8  

located on the perimeter of the  folded molecule which would produce only a 

small damping e f f ec t  (i.e., the  increased 6 for  the room temperature hafnium 

data)** I f  the malecule does wrap around i t s e l f  (envision a coi led up snake) i n  

s o l u t i o n , t h e  molecular radius could be qui te  large producing such a large T~ 

t h a t  many cycles of the nuclear quadrupole interact ion would occur during one 



ro t a t i on  of  t he  DNA molecule. Conseqttently, t he  in te rac t ion  of  both the  s i l v e r  
/ 

and hafnium would be insens i t ive  t o  the  ro t a t i ona l  cor re la t ion  t i m e ,  Summing 

up, the  TDPAC experiments ind ica te  t h a t  DNA exh ib i t s  a highly or iented inner  

s t ruc ture  with a more randomly or iented outer  surface. It a l so  seems t o  

exh ib i t  e s sen t i a l l y  sol id- l ike  cha rac t e r i s t i c s  i n  high v i scos i ty  solutions,  

even at  elevated temperatures. 
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~ 111, Heavy Ion Nuclear Reactions 

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

~ The objective of these experiments i s  t o  derive a de ta i l ed  descr ipt ion 

1 .  of the  reac t ion  mechanism(s) leading t o  multinucleon exchange between heavy ions 

I and medium mass t a rge t s  a t  energies above 5 ~ e ~ / a m u .  I n  a systematic way, we 

~ - plan t o  explore with l i g h t  heavy ions those processes which have recent ly  become 

~ of great  importance i n  react ions  involving very heavy ions. m e  red i s t r ibu-  

~ t i o n  of  mass and energy i n  nuclear co l l i s i ons  i s  being investigated i n  the  

12 
system 6 5 ~ u  + C using S i  surface-barr ier  counter telescopes t o  obta in  both Z 

I and A i den t i f i c a t i on  on energet ic  react ion fragments from Li  (Z = 3) through ~ 
0 (2 = 8). This type of experiment has been very successful  a t  lower energies 

( i .e .  tandem Van de Graaf accelera tors)  a s  a spectroscopic tool ,  but i s  r e l a -  

t i v e l y  new i n  i t s  appl icat ion t o  higher energy heavy ion react ions  and medium 

mass t a rge t s .  

I n i t i a l  experiments have been performed a t  the  Yale Heavy Ion 

Accelerator p r i o r  t o  the  shutdown of t ha t  f a c i l i t y .  I n  t ha t  work, 6 5 ~ u  metal 

1 L t a r g e t s  were bombarded with 126 MeV C ions and boron, beryllium, and l i thium 

reac t ion  products were detected and measured with a counter telescope and 

p a r t i c l e  fden t i f i c a t i on  system, Par t  of the  incentive i n  t ha t  e a r l y  inves t i -  

12 
gat ion was the  d i r e c t  observation and cross-section measurement of B fragments 

12 65 t o  compare with the unexpectedly large  cross-section of the  6 5 ~ u (  C,X) Zn 

react ion determined by rad ioac t iv i ty  methods .4 I f  t h i s  l a t t e r  react ion occurs 

v i a  a two-body breakup, then the  6 5 ~ n  product corresponds t o  a phenomenological 

proton-neutron switching between p r o j e c t i l e  and ta rge t ,  o r  charge exchange 

12 
mechanism, leading t o  B a s  the  complementary partner.  The r e s u l t s  of the  

Yale experiment were described i n  l a s t  year ' s  Annual Report (COO-3246-15), and 

indicated t h a t  t he  cross-section fo r  1 2 ~  formation was not abnormally large, 



but  f i t t e d  r a t h e r  wel l  with the  systematics of o ther  l i g h t  products observed i n  

t h e  same experiment. 
I 

During the current  year we i n i t i a t e d  an experimental col labora t ion 

wi th  D r .  R. L. Ferguson, of Oak Ridge National Laboratory, f o r  the  purpose of 

pursuing and extending our inves t iga t ions  of heavy-ion reac t ion  fragments a t  

the  Oak Ridge Isochronous Cyclotron. The experiments t o  da te  have continued 

with the  12c 9 6 5 ~ u  system a t  a bombarding energy of 130.7 MeV. Self-supporting 

t a r g e t s  of i s o t o p i c a l l y  enriched 6 5 ~ u  metal f o i l  were mounted i n  a l a rge  s c a t t e r -  

ing  chamber permanently located on an ORIC beam l i n e .  This p a r t i c u l a r  exper i -  

mental loca t ion  has very good beam o p t i c s  making it unnecessary t o  have mechani- 

' c a l  beam col l imators  i n  the  v i c i n i t y  of the  t a r g e t  area, and r e s u l t s  i n  a 

s i g n i f i c a n t  reduction of  extraneous background from s l i t  sca t t e r ing .  Our f i r s t  

2 run used a 6 5 ~ u  t a r g e t  of  thickness 3.40 mglcm , and a counter telescope con- 

s i s t i n g  of  a 55.8 pm S i  AE transmission de tec to r  backed by a stopping E de tec to r  

of dep le t ion  depth 500 pm. The angular d e f i n i t i o n  of the  telescope was 0.1 m s r ,  

and corresponded t o  0.7 deg. i n  the  reac t ion  plane. Signals  from t h e  two 

d e t e c t o r s  were analyzed using a multiplexer-ADC s y s t e m 5  coupled t o  an on-line 

computer. I n  t h i s  run the  ampl i f i e r  gains were s e t  pr imar i ly  f o r  measurements 

of Be,  B, and C fragments, and a survey was c a r r i e d  out  a t  severa l  angles with 

emphasis on very  forward angles. 

Our second run incorporated severa l  s i g n i f i c a n t  improvements i n  the  

12 
experiment, Since an abundance of C beam i n t e n s i t y  was avai lable ,  we were 

65 2 
ab le  t o  use a much th inner  Cu metal t a r g e t ,  of thickness 0.70 mg/cm . The E 

~ - de tec to r  was replaced by one with a deple t ion depth of 1000 pm t o  s top energe t i c  

L i  ions which had penetrated the  o r i g i n a l  de tec tor ,  and an a n t i - s c a t t e r  mask was 

placed between t h e  AE and E de tec to r s .  The AE transmission de tec to r  remained 

a s  55.8 um S i  and the  s o l i d  angle subtended by the  counter telescope was kept 



a t  approximately 0.1 m s r .  The ampl i f ier  gains were adjus ted  t o  encompass Ei, 

Be, B, C, N, and 0 i so topes  i n  the  region of observation and d i f f e r e n t i a l  c ross-  

s e c t i o n  d a t a  were obtained a t  angles from 5 deg t o  35 deg. 

An example of t h e  experimental da ta  from our counter  telescope i s  

shown i n  Fig. 10. This f igure  i s  a photograph of a composite computer output 

which d i sp lays  the  whole range of observation a t  f u l l  experimental resol tu ion.  

The curved "streaks1' i n  the  LIE vs. (E-CIE) plane represent  l o c i  of i d e n t i f i e d  

reac t ion  products whose i n t e n s i t y  (number of  events)  a t  any point  i s  quant i ta-  

t i v e l y  recorded i n  the  t h i r d  (perpendicular) dimension, and i s  roughly indicated  

by t h e  dens i ty  d i s t r i b u t i o n  of  spots  i n  t h e  f igure .  The d a t a  i n  Fig. 10 were 

taken at a r e l a t i v e l y  forward angle, BLm = 16') and it i s  apparent t h a t  the  

d a t a  a r e  remarkably f r e e  of undesirable sca t t e r ing ,  extraneous background, o r  

o the r  spurious events. The separa t ion of adjacent  elements by our telescope 

i s  q u i t e  large ,  and i s  indicated  i n  Fig. 10 by the  elemental symbols a t  the  

r i g h t  of each band. Within each band of  a given element, the  severa l  i so topes  

of t h a t  element a r e  resolved and can be e a s i l y  seen by v i s u a l  inspect ion of 

Fig. 10. For example, the  Be isotopes  of  mass numbers 7, 9, and 10 a r e  display- 

ed, with a r a t h e r  prominent gap corresponding t o  the  missing ( p a r t i c l e  unstable)  

8 ~ e .  Similarly,  the B i so topes  10, 11, and 12, the  C i so topes  11, 12, 13, and 

14, and the  N isotopes 13, 14, and 15 a re  d i s t i n c t ,  and the  0 i so topes  a r e  

separated although the  numbers of these  events a r e  much smaller. 

Fig. 11 presents  a small sec t ion  of the  da ta  from Fig. 10, a s  viewed from 

a graphics d i sp lay  osci l loscope coupled t o  the  ORIC computer system. These da ta  

a r e  t h e  higher-energy h a l f  of the  boron isotopes  and the  two-dimensional d isplay  

matrix has  been both compressed (x, y d i r e c t i o n s )  and suppressed ( z  di rec t ion)  

i n  t h e  computer t o  enhance t h e  reso lu t ion  f o r  d isplay  purposes. A mask ( the 

s o l i d  l i n e )  has  been drawn on the  d isplay  (Fig. 11) t o  i s o l a t e  those events 
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ident i f ied as  "B fragments above a selected energy, and the sum of a l l  events 

contained within the mask is proportional t o  the d i f f e ren t i a l  cross-section fo r  

"B production a t  the angle under consideration (0 = 16'). The projection LAB 
of the data  within the mask onto the (E&) axis  i s  shown i n  Fig. 12, and 

represents an approximate energy spectrum of the "B fragments selected for  

inspection. The detailed conversion t o  a true energy spectrum i s  a complicated 

process and has not yet been carr ied out i n  our preliminary analysis of the 

data. Except a t  low energies, the correction is  re la t ive ly  small and does not 

a f f ec t  the spectral  shape very much. The jagged nature of the energy spectrum 

i n  Fig. 12 is  an a r t i f a c t  of the display program which connects adjacent data  

points by s t ra ight  l i ne  segments. I n  t h i s  and succeeding figures of t h i s  type, 

the eye should draw a smooth curve through the s t a t i s t i c a l  s ca t t e r  of data t o  

obtain a more r e a l i s t i c  representation. The two large peaks i n  Fig. 12, how- 

ever, are not display a r t i f a c t s  and exist i n  the data. They are  found also i n  

the  "B spectra a t  other angles of observation, and exhibit  a pronounced 

decrease i n  in tens i ty  with increasing angle. A t  the present time, t h e i r  

precise or ig in  and significance is not understood but we consider them t o  be 

qui te  interest ing and the subject of fur ther  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 

10 
events (upper half  of the energy scale), and projected out the B energy 

spectrum a s  s h m  i n  Fig. 14. It i s  quite c lear  even from t h i s  preliminary 

analysis tha t  the 'OB energy spectrum is quite different  from tha t  of the 

fragments, and does not exhibit  any peaks or  s t ructure above s t a t i s t i c a l  

fluctuations. 

We have presented Figs. 10-14 a s  i l l u s t r a t ions  of the kind of data  we have 

obtained i n  t h i s  experiment and the interact ive processes of data  manipulation 
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which a re  involved i n  extracting the energy spectra and d i f f e ren t i a l  cross- 

sections fo r  individual elements and mass produced i n  the 12c + 6 5 ~ u  reaction. 

It may be useful a t  th ia  point t o  show a ser ies  of energy spectra obtained fo r  

different  elements and isotopes, a l l  corresponding to  the same angle of obser- 

vation. This has been done i n  Figs. 15-18 which give respectively the isotopic 

spectra of Li, Be, B, and N reaction products, a l l  at €IuB = 22 deg. I n  each 

case the f u l l  energy range observed fo r  the elements i n  question i s  presented, 

but the energy scales a re  samewhat d i f fe rent  i n  the several figures. Note aleo 

tha t  the ordinate scale i s  indicated fo r  each isotope and tha t  these vary from 

one to'another. 
- 

The Li  and Be spectra i n  Figs. 15 and 16 respectively are  re la t ive ly  

similar and demonstrate bmad energy dis t r ibut ions which are d is t inc t ive ly  

d i f fe rent  fo r  the several isotopes of the same element. I n  general, the average 

energy increases with mass for  a given Z (atomic number). The B spectra i n  

Fig. 17 follow a similar trend for  'OB and isotopes, but the 128 data  seems 

t o  indicare a somewhat narrower energy d is t r ibut ion  for  t h i s  species. It is 

worth noting tha t  the two peaks appare& i n  the "B spectra of Fig. 12 

(em - 16') a re  also v i s ib l e  i n  the "B data  here, but at reduced in tens i ty  

associated with the large angle (0- = 22.). The N spectra i n  Fig. 18 seem t o  

be somewhat d i f fe rent  i n  character. The 13N events are  few i n  absolute n u d e r  

but a re  concentrated i n  a narrow region at the high energy end of the spectrum. 

It i s  tempting t o  speculate tha t  t h i s  e f fec t  is  a consequence of the lack of 

bound excited s t a t e s  i n  1 3 ~  and hence only the ground s t a t e  i s  observable. The 

''11 data seem t o  have a re la t ive  abundance of lover energy fragments. 

t the present t h e  the data analysia for  t h i s  experiment i s  s t i l l  i n  i t s  

gating several different  sorting procedures 

ipulation. 











B, Jbiss ion of Light Charged Par t ic les  i n  Hard Grazing Collisions of 
Very Heavy Ions. 

An experimental program is well  under way t o  invest igate  charged 

p a r t i c l e  emission from highly excited fragments i n  co l l i s i ons  of heavy ions with 

complex nuclei*  The research i s  car r ied  out  a t  the  SuperHILAC accelerator  of 

the  Lawrence Berkeley Laboratory a s  a User Group collaboration with Professor 

J, M. Miller of Columbia University and Professor 3. M. Alexander of SUNY a t  

Stony Brook. The o r ig ina l  concept was i n i t i a t e d  by the  Columbia-Stony Brook 

team, and during the past  year a recognition of considerable overlap i n  i n t e r e s t s  

and plans has resul ted i n  the  incorporation of our Carnegie-Mellon group t o  form 

a three-universi ty collaboration.  

It i s  by now well known6 tha t  the  reactions between complex nuclei  of 

very high Z1Z2 product (e.6, 86 
lg78u i- Kr) a r e  dominated by deep i n e l a s t i c  (o r  

40 q u a s i i s s i o n )  processes. For somewhat smaller Z Z products (e.g. 197k.u + A r )  
1 2  

most react ion channels seem t o  be s imilar  t o  nuclear f i s s ion  t h a t  has been 

characterized fo r  some t h e  with l i g h t  heavy ion p ro j ec t i l e s  (He-Ne), A t  s t i l l  

smaller ZlZ2 products (e.g. 136~a  + 2 0 ~ e  o r  60~ i  + 8 6 ~ r )  complete fusion and 

evaporation processes a re  very important. W e  a re  studying the emission of H and 

H e  products i n  some of the above reactions with the objective of characterizing 

the  emission mechanisms and hence gaining ins igh t  i n to  the  properties of the  

emitters.  

Most of our work a t  the SuperHILAC has been devoted t o  reactions of 

725-MeV 8 6 ~ r  with l g 7 ~ u ,  The experiments were performed using a three-element 

so l id -s ta te  counter telescope consis t ing of a 45 pm S i  surface-barrier  AE1 

detector,  a 500 pm S i  surface-barrier  AE2 detector,  and a 5000 pm Si(Li)  E3 

detector.  This design of detect ion system yielded good separations and 

1 2 3 3  4 unambiguous i den t i f i ca t i on  of H, H, H, He, and He over a wide dynamic 
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range. Signals from the three detectors as  well as  from monitor counters were 

d ig i t i zed  i n  a multiplexed ADC system and recorded event-by-event on magnetic 

tape, a s  well  a s  being analyzed on-line by a computer system for  display 

purposes. The f i r d t  experiments carr ied out were llsingles" experiments with 

the  counter telescope, i n  which energy spectra of H and He fragments have been 

measured a t  several angles from 10' t o  145'. The r e su l t s  obtained fo r  the  

proton spectra from 8 6 ~ r  + "'AU a re  shown i n  Fig. 19. The ordinate i s  plot ted 

a s  the double d i f f e r en t i a l  cross section i n  absolute un i t s  of (mb/sr-M~v). 
t 

Similar data fo r  deuterons and t r i t o n s  a re  indicated i n  Fig. 20, and the 

corresponding r e su l t s  fo r  alpha pa r t i c l e s  are  presented i n  Fig. 21. 

The energy and angular d i s t r ibu t ions  of the  l i g h t  pa r t i c l e s  from the 

reactions of 8 6 ~ r  with l g 7 ~ u  are, on the whole, consistent with the hypothesis 

t h a t  they a re  emitted i n  the  equilibrium de-excitation of the excited t ransfer  
\ 

products formed i n  these reactions. The consequences of t h i s  idea a r e  being 

investigated by means of a Monte Carlo calculation,  using a s  input da ta  (1) the 

energy and angular d i s t r ibu t ions  of the t ransfer  products i n  the K r  -:- Pb 

reactions a s  reported by Vandenbosch, e t  el., and (2) the  energy spectra i n  

the equilibrium emission of l i g h t  pa r t i c l e s  from Kr-like and Au-like excited 

t ransfer  products as estimated from a combination of theory and experimental 

r e su l t s  for  excited nuclides s imilar  t o  those under study here. We hope t o  be 

able t o  derive the probabi l i t i es  f o r  emission of the  various l i gh t  pa r t i c l e s  

from the separated Au-like and Kr-like t ransfer  reaction products. 

I n  order toyprovide experimental data  on the relationships of the 

emitted l i g h t  pa r t i c l e s  t o  the t ransfer  reaction partners, we have proposed and 

now car r ied  out a coincidence and cor re la t ion  experiment i n  which we have 

measured the energy spectra of l i g h t  pa r t i c l e s  (H and He) emitted a t  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 86~r on lg7Au. By careful 

consideration of the kinematics associated with the deep inelastic events, it 

is possible to arrange the various detectors at angles which emphasize or 

exclude the detection of light particles 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 from transfer fragments with known momenta, excitation 

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 understanding of the deep inelastic process. In addition, 

while the experiments 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 example, alpha emission from the "neck" in fission. In the system 

86~r + lg7Au, 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 respect to the "scission'@ axis. This also was one of 

the objectives of the coincidence experiment. 

The experiment was carried out at the SuperHILAC in the new 30" 

scattering chamber in the Users Area. The Kr-like or Au-like fragments (as well 8 

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

window gas ionization chamber as a & counter and a 500 wsn Si surface barrier 



detector  a s  the  stopping counter E5. A large-angle 3-detector sol id-s ta te  

telescope of the  type described above w a s  used t o  iden t i fy  the  H and He products. 

As we have already measured the  s ing les  angular d i s t r ibu t ions  with good angular 

resolution,  the  present set-up was designed t o  emphasize the r a t i o  of coincident . 
t o  s ing les  events with much la rger  angles of acceptance. The gas telescope 

subtended a so l id  angle of approximately 1.4 m s r  and the  so l id -s ta te  telescope 

covered about 20 msr. I n  addit ion t o  the  usual logic  and coincidence require- 

ments imposed on the  two detector  telescopes, an acceptable event i n  the l i gh t -  

p a r t i c l e  telescope s t a r t ed  a time-to-amplitude converter (TAC) which was subse- 

quently stopped by the  a r r i v a l  of a heavy fragment i n  the  gas telescope. This 

t i m e  information served not only a s  .a coincidence device but a l so  provided 

crude time-of-flight data  which was useful  i n  dist inguishing K r  fragments from 

Au fragments on-line. I n  t h i s  experiment we used the  new Mod Comp I V  computer 

a s  the primary da ta  acquis i t ion system with great  success. I n  addit ion t o  

having v i sua l  displays of the  s ing les  spectra  i n  each of the detectors  and the 

TAC, we were a l so  able t o  observe 2-dimensional DE-E displays from both the  

so l id -s ta te  and gas telescopes and each of  them displayed a s  a function of the 

TAC output. 

Throughout t h i s  run, the  accelerator,  the corn?uter, and a l l  of our 

instrumentation performed with minimum d i f f i c u l t y  and we were able t o  accomplish 

the f u l l  objective of the  experiment, a t  l e a s t  so f a r  a s  data-taking i s  concerned. 

A s  the  experiment was qui te  recent, none of the  da ta  has yet  been analyzed other  

than fo r  consistency checks, and hence we a r e  unable t o  report  spec i f ic  r e s u l t s  

a t  the  present t i m e ,  

194 
C. Fusion, Fission, and Charged Pa r t i c l e  Emission from Hg 

Compound Nuclei. 

A strong advantage t h a t  heavjl-ion beams provide for nuclear reactions 

~ s tudies  i s  the  opportunity t o  separate the e f f e c t s  of angular momentum from 



,-- 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 difficulty is that one cannot control the impact parameter 

(or .4 value) of each reaction channel as we can control the energy and mass 

of the collision partners. Thus we must try to calibrate our theoretical 

calculations by obtaining systematic experimental information as a function of 

angular momentum (A) and energy (E), from reactions of known mechanisms. Then 

we may use the observed reaction characteristics along with our theories to 

infer l? and E deposition for reactions of unknown mechanism (i.e. deep inelastic 

scattering). 

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 reaction processes 

to calibrate the characteristics of fission and H and He emission from equili- 

brated intermediate nuclei. The techniques employed are very similar to those 

described in Section IIIB above for the SuperHILAC experiments, namely solid- 

state telescopes for light-charged particle identification and a gas ionization 

chamber telescope 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: 

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 h and 



197 75 f i respect ively .  The proximity of 19$g t o  Au allows these  experiments t o  

have a d i r e c t  bearing On our 8 6 ~ r  + lg7Au s t u d i e s  a t  t h e  SuperHILAC, and i t  i s  

fo r tuna te  t h a t  the 68'' cpclotron can produce matched 12c and  19F beame t o  y i e l d  

154 * 
Hg a t  t h e  same e x c i t a t i o n  energy but  with d i f f e r i n g  angular momentum d i s t r i -  

butions.  

Fig. 22 presents  a logarithmic p l o t  of t h e  angular  d i s t r i b t i o n s  f o r  

evaporat ion res idues  from the  two reac t ions  s tudied,  The s t rong forward-peaking 

and the  confinement of the  evaporat ion res idues  t o  small angles are  fea tu res  

expected he re  f o r  c o l l i s i o n s  involving t o t a l  momentum t r a n s f e r .  The di f ference  

i n  s lopes  f r o  the  two react ions  i n  Fig. 22 a r i s e s  from the  d i f f e r e n t  v e l o c i t i e s  
/ 

of t h e  center-of-mass i n  t h e  12c and 19F induced react ions .  

Our measurements of the  fission-fragment angular d i s t r i b u t i o n s  are  

shown i n  Fig. 23. These d i s t r i b u t i o n s  f o r  both the  1 2 ~  and 191? react ions  a r e  

found t o  be proport ional  t o  ( s i n  Ocsm ) - I ,  which would be predicted f o r  f i s s i o n  

following compound-nucleus formation. 

Some represen ta t ive  charged p a r t i c l e  spec t ra  ( s ing les )  f o r  the  

175 12c 4- 1 8 2  and 19F + Lu reac t ions  a r e  presented i n  Fig. 24. The upper p a r t  

4 
of t h e  f igure  gives He energy spec t ra  a t  a forward angle and a t  two backward 

angles f o r  t h e  19J? induced react ions .  The lower p a r t  of Fig. 24 compares proton 

energy spec t ra  a t  a backward angle f o r  t h e  two heavy-ion reac t ions  leading t o  

194 JC 
Hg at an e x c i t a t i o n  energy E = 97.5-MeV. The H and H e  spec t ra  a t  o the r  

angles a r e  similar and vary i n  a manner cons i s t en t  with t h a t  indica ted  i n  

175 
Fig. 24. The angular d i s t r i b u t i o n  of 4 ~ e  from t h e  "F 4- l u  r eac t ions  i s  

p lo t t ed  on a logarithmic sca le  i n  Fig. 25. This f igure  demonstrates very n ice ly  

t h a t  t h e  a lpha-par t ic le  emission p robab i l i ty  i s  enhanced i n  t h e  forward d i r e c t i o n  

but becomes q u i t e  f l a t  a t  angles i n  t h e  backward hemisphere. I n  f a c t ,  w e  have 

observed t h a t  t h e  angular d i s t r i b u t i o n s  of H and He  f o r  both t h e  12c and 19F 
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I induced reac t ions  are  e s s e n t i a l l y  i s o t r o p i c  a f t  of 90' c.m. The c.m. energy 

1 4 
d i s t r i b u t i o n s  of H and He products ( a f t  of 90' c.m.) a r e  a l s o  independent of 

angle. These observations provide c l a s s i c  s ignatures  of p a r t i c l e  evaporation 

from an e q u i l i b r a t e d  composite system. 

I n  Table VA we present  prel iminary values of the  cross-sect ions  f o r  

evaporat ion residues,  f i s s i o n ,  and the  i s o t r o p i c  (compound-nucleus) components 

of H and He emission. 

Table VA. In tegra ted  Cross-Sections (mb) f o r  Products (only the  
compound nucleus components) from Several Heavy Ion Reactions. 

,-. 
*. . 

'L., React ion  12C + "F 4- 1 7 5 ~ u   ON^ + l g 7 ~ u  
product' -, 121-MeV ( lab)  135-MeV (lab) 170-MeV (lab) 

He 142 182 1- 80 126 

F i s s ion  512 2 50 756 9 76 1400 

Evap . res idues  450 -(- 100 361 SO - 

For comparative purposes,-we have a l s o  included i n  the  t a b l e  some approximate 

19 7 cross  sec t ions  f o r  t h e   ON^ + Au system. (These rough numbers were obtained 

a t  the  SuperHILAC during a "tune-up1' run when the  K r  beam w a s  unattainable.)  We 

emphasize t h a t  these  r e s u l t s  a r e  based only on a preliminary ana lys i s  of the  
1 

d a t a  and may change somewhat with refinement. Table VB conta ins  the  derived 

angular momentum cut-off  va lues  that: d iv ide  up the  entrance channel spectrum of 

R-waves i n t o  var ious  "reaction zones", a s  computed with the  standard sharp 

cut-off  approximations. We take  t h e  sum of t h e  c ross  sec t ions  f o r  f i s s i o n  plus  

evaporation res idues  t o  represent  the  cross-sect ion f o r  a l l  equ i l ib ra ted  

composite nucle i .  It can be seen from Table VB that, the re  i s  s i g n i f i c a n t  



Table VB. Derived Angular Momentum Cut-Offs ( h )  
f o r  Several Heavy Ion Reactions 

'-'\ Re ac t ion 
Channel "\,. 121-MeV ( lab)  135-MeV (lab) 

Evap. residues only 29 t 3 33 t 4 

Evap . res idces  42 t 3 59 +_ 3 
plus  f i s s i on  

Maximum R 
(calculated f o r  a l l  
channe 1 s ) 

competition involving non-equilibrium react ion channels and t ha t  t h i s  competition 

c l e a r l y  depends on the  incident (entrance) react ion channels. 

A t  the  present time, the  experimental da ta  a r e  being analyzed i n  terms 

of the  influence of angular momentum s l i c e s  i n  the  entrance channel on the  decay 

p robab i l i t i e s  i n  the various e x i t  channels.8 These r e s u l t s  should provide a 

useful  comparison with theory. The l i qu id  drop and s t a t i s t i c a l  models say with 

194 
grea t  confidence t ha t  f i s s i o n  probabi l i ty  increases rapidly  with R f o r  Hg. 

4 The s t a t i s t i c a l  model says (with much l e s s  ce r ta in ty)  t h a t  He emission 

194 
probabilitydecreaseswith R f o r  Hg. Wehope o u r r e s u l t s  c a n i n d i c a t e  the  

important decay signatures fo r  lg4Hg at  97.5-MeV; i .e .  the  regions of angular 

momentum space which a r e  associated with f iss ion,  proton, and a lpha-par t ic le  

emission. I f  t h i s  proves t o  be the  case, then t h i s  pattern,  along with the 

energy spectra,  can be used t o  ca l i b r a t e  the  l eve l  dens i t i e s  i n  the  s t a t i s t i c a l  

model and may develop i n to  a useful  indicator  of angular momentum deposit ion i n  

8 6 
deep i n e l a s t i c  sca t te r ing  of K r  by lg7fiu. 

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

A s  an a l t e rna t i ve  approach t o  the  s tud ies  described above, we a re  

using r eco i l  techniques i n  t he  inves t iga t ion  of se lected nuclear reactions 



induced by heavy ions. The processes of pa r t i cu l a r  i n t e r e s t  i n  t h i s  experiment 
1 

a r e  those involving complete fusion of the  beam p ro j ec t i l e  and ta rge t  nucleus, 

followed by evaporation of nucleons o r  small c lus te r s .  Stacks of f o i l s  consis t -  

ing of appropriately arranged t a rge t s  and t h i n  catchers a re  i r r ad i a t ed  by the  

required heavy ion beam and the  react ion products of choice a re  analyzed o f f -  

l i n e  ( a t  Carnegie-Mellon University) by rad ioac t iv i ty  i den t i f i c a t i on  and measure- 

ment. For the  i n i t i a l  invest igat ion we.have se lected the  two react ions  

and 

both of which lead t o  t he  same product v i a  ra ther  d i f f e r en t  entrance channels. 

The object ives  of the  experiment a re  the  determination of the energy dependences 

of the  react ion cross-sections and the di f ferences  i n  exc i ta t ion  functions which 
/ 

depend on entrance channel. 14,15 Recoil range measurements w i l l  provide a t e s t  

f o r  l i n e a r  momentum t r ans f e r  as  a c r i t e r i o n  of complete fusion processes. 

The react ion product 7 2 ~ e  has a h a l f - l i f e  of 8.5 d and decays exclusive- 

l y  by e lec t ron  capture t o  the  f i r s t  excited s t a t e  a t  0.046 MeV i n  7 2 ~ s .  Detec- 

t i o n  of t he  46-keV de-excitat ion gamma ray provides a d i r ec t  measure of  the  

72 
7 2 ~ e  formation cross-section.  Although the  As ground s t a t e  i s  radioactive 

72 
with a h a l f - l i f e  of 26 h, and hence w i l l  be i n  equilibrium with Se, there  i s  

no s i gn i f i c an t  in terference i n  the  spec t r a l  region of i n t e r e s t  under the  

conditions we propose fo r  counting. I n  a preliminary experiment ca r r ied  out 

I ,\ 
a t  the  SuperHILAC accelera tor  of the  Lawrence Berkeley Laboratory, a stack of 

I A1 f o i l s  with t h i n  evaporated 60Ni  t a rge t  layers  was i r r ad i a t ed  with 170-MeV 

2 0 ~ e  ions. The stack was shipped back t o  Carnegie-Mellon University and the  

separated f o i l s  were examined t o  determine the  ease o r  d i f f i c u l t y  of evaluating 
\ 





t he  i n t ens i t y  under the  46-keV gamma-rsy l ine .  Some typ ica l  gamma ray spectra  

~ ,,f 

I a re  shown i n  Fig. 26. The upper ha l f  of the  f igure  was taken with a high 

2 
resolut ion i n t r i n s i c  Ge detector  of a rea  200 mm and thickness 5 mm, whereas 

3 the  lower spectrum was recorded with a large  (60 cm ) coaxial  Ge(Li) detector  

of conventional type. Although the  l a t t e r  spectrum shows the  presence of 

72 
a c t i v i t i e s  o ther  than Se, it is  c l ea r  from the  upper spectrum i n  Fig, 26 t h a t  

the  Ge detector  e a s i l y  provides a very c lean separation of the  46-keV ghmma 

ray of  i n t e r e s t  and hence can serve a s  an assay device. The h a l f - l i f e  measured 

f o r  the  46-keV peak i n t ens i t y  from successive counting i n t e rva l s  was i n  excel lent  

agreement with the expected value, tlI2 
7 2 

( Se) = 8.5 d. 

A t  t he  present time preparations a r e  being made fo r  carrying out  the  

proposed (and approved) experiments described above. 
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