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The past year since our first annual report (LA-8717-PR, October 1979-

September 1980) has been another productive one for the Chemistry-Nuclear Che¬ 

mistry Division. On March 1, 1981, the Research Reactor Group transferred to 

CNC Division and became CNC-5. At the end of FY 1981, we had 175 people in 

the Division, including 102 professional scientists, 79 with the degree of 

Ph.D. 
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Under a new Laboratory program designed to recognize and reward scienti¬ 

fic excellence within the Laboratory, 19 Laboratory scientists were named 

Laboratory Fellows. Three of these, Donald W. Barr, Jinwrie D. Doll, and 

Jere D. Knight are in CNC Division. Donald W. Barr was also one of five scien¬ 

tists selected to receive a 1980 E. 0. Lawrence Memorial Award for outstanding 

contributions in the field of atomic energy. He was cited "for his innovative 

and incisive diagnostic methods which assist weapons designers in understand¬ 

ing and interpreting different aspects of their work and lead to improved 

designs." Robert A. Penneman and Joseph Montoya were presented Distinguished 

Performance Awards by the Laboratory. During the year we hosted 14 postdoc¬ 

toral appointees and one of the recipients of the prestigious J. Robert Oppen-

heimer Fellowship awarded by the Laboratory each year to one or two outstand¬ 

ing young scientists. Fourteen undergraduate and graduate students partici¬ 

pated in our very successful summer program. Our interactions with scientists 

from numerous universities and research institutes in this country and abroad 

were facilitated both by visits from outside scientists to Los Alamos and by 

our scientists to other laboratories. Some 60 visiting staff members and con¬ 

sultants have worked with us here, 20 research visitors have participated in 

our LAMPF nuclear chemistry program, and more than 45 visiting scientists have 

given lectures and colloquia here. Many of our scientists have used facili¬ 

ties elsewhere including those at Lawrence Berkeley Laboratory, Lawrence Liver-

more National Laboratory, Sandia National Laboratory, Oak Ridge National Labo¬ 

ratory, the Gesellschaft fUr Schweri onenf orschung (GSI) ilarmstadt, West Ger¬ 

many, and the TRIUMF facility, Vancouver, B. C. 

Visiting committees of eminent scientists reviewed our Medical Radioiso-

topes Research and Stable Isotopes Resource Programs. A new advisory commit¬ 

tee, the Visiting Committee for Nuclear and Radiochemistry was constituted 

this year and met for the first time in May 1981. (See Appendix D.) They 

were most valuable in helping us set priorities for deployment of our resour¬ 

ces in these areas of research. 

The Third Annual Divisional Information meeting was held in Septem¬ 

ber 1981. Division-wide Seminars of general scientific interest have been 

held on a regular monthly basis and have been well attended. (See Appendix E.) 

For the first time, a long-range planning process was undertaken for the 

Division. In this process, we reviewed our current strategic areas of effort 

and our capabilities and facilities, tried to assess the potential for develop¬ 

ment in these areas, and attemped to project new areas to be emphasized or 

nurtured. 

Our instrumentation and facilities for scientific research have been sig¬ 

nificantly improved (See Appendix B) and are state of the art in many areas. 

We continue to strive to maintain and upgrade our physical plant and to foster 

Division interaction among personnel at our many geographically separated 

sites. A significant addition of high quality laboratory space in refurbished 

Building 150 was occupied by part of Group CNC-4 this year. This building 

houses the new Nuclear Magnetic Resonance (NMR) Center and many of the research 

staff of the national stable isotopes resource. When the building is removed 

from the security area early this fiscal year, it should facilitate our inter¬ 

actions with the many uncleared visiting scientists we host. Additional clean 
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room space for a new two-stage mass spectrometer was installed in the Radio-

chemistry Building. 

This report covers contributions during FY 1981 (October 1, 1980-Septem-

ber 30, 1981) to unclassified projects and to unclassified work related to the 

nuclear weapons program. Other Division quarterly and annual reports are also 

published for certain specific programs and should be referred to for more 

detailed information. Publications and presentations during FY 1981 are given 

in Appendix A for each group. 

Some highlights from our accomplishments for FY 1981 are as follows. 

• Very large abundances of iridium have been found for the first time in 

fresh-water-deposited sedimentary rocks where ratios of pollen species 

changed abruptly at the Cretaceous-Tertiary boundary. These findings are 

consistent with the theory that the great extinction at that time was 

caused by the impact of a large extraterrestrial object. 

• Diffusion into the matrix has been found to be an important feature of 

retardation in the migration of radionuclides through tuff and other 

rocks. For tuff this means that the rock on both sides of a fracture 

acts like a sponge, soaking up radionuclides from water flowing through 

the fracture. 

• Approximately one hundred gram quantities of the mass-21 methane ( CD.) 
12 

and mass-20 methane ( CD^) tracers were used successfully to follow the 

path of an air mass from Norman, Oklahoma, through Missouri and then past 

Argonne National Laboratory, the National Bureau of Standards, and Savan¬ 

nah River Laboratory for a total distance of 3000 km. 

• A technique has been developed to measure the internal energy distribu¬ 

tions of products of photodissoc^ation of molecules before the distribu¬ 

tion is degraded by collisions. Pulsed laser photodissociation is 

coupled with pulsed Coherent Anti-Stokes Raman Spectroscopy to measure 

the collision-free photofragment electronic, vibrational, and rotational 

energy distributions within 6 ns. 

• The first quantitative theoretical method for surface diffusion has been 

developed and used to calculate the self-diffusion coefficient for metal¬ 

lic rhodium on one of the faces of its crystals. The calculations are 

being extended to other faces, other systems, and to diffusion-controlled 

surface chemical reactions. 

• General isotope exchange procedures have been developed for rapid 

labeling of radiopharmaceuticals with short-lived isotopes, e.g. , 

bromine-77 labeled steroids for the early diagnosis of hormone associated 

tumors and for the vn vivo determination of hormone receptor content. 

I Bacteria that overproduce amino acids have been trained to selectively 

introduce carbon-13 labels from specifically carbon-13 labeled glucose or 

acetic acid. The amino acids are needed for human metabolic and nutri¬ 

tional studies', and the bacterial synthesis is more convenient and effi¬ 

cient than other methods previously in use. 

I Over 58,000 stream sediment samples have been analyzed for uranium and 31 

other elements with automated neutron activation analysis facilities in 

connection with a nationwide geochemical reconnaissance program. 
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We have shown that soil samples can be nondestructive!y assayed for natu-

ral long-lived radionuclides ( Th, Ac, c Pb, etc.) at levels as low 

as 4 x 10"4 pCi/g. 

We have demonstrated that fission and spallation products produced with 

800-MeV protons incident on thin Metal targets can be transported via a 

He-jet system with an efficiency of 40-50% to a remote station as distant 

as 40 m. 

The inherent coordination and electronic unsaturation of Pt(PCy~), and 

Pt[P(t-Bu)3], ware utilized to promote reactions of bound SO, leading, in 

part, to an x-ray crystal structure analysis of Pt(SO_) (PCy,)-, the 

first reported three-coordinate platinum(O) sulfur dioxide complex. 

Synthetic and x-ray structural studies of a wide variety of d aolybdenum-

S02 complexes have led to stereochenical control over the nietai-SO, bon¬ 

ding geometry as well as a comprehensive understanding of the bonding pro-

perties of side-on (n, ) bonded SO,. Selected complexes were found to be 

quite reactive towards strong Lewis acids, methylating agents, metal hy¬ 

drides, and atmospheric oxygen. 

During our work towards synthesizing uranium(III) alkoxides, we prepared 

and determined the structure of a unique product, tetra-u-phenoxy-di-

Uj-oxo [bis(triphenoxytetrahydrofuranuranium(V) bis-tetrahydrofurandioxo-

uranium(VI)]. This complex represents the first reported example of a 

mixed valent uranium alkoxide. 

The solid state structures of the organic explosives ammonium and potas¬ 

sium picrate have been accurately determined. Potassium picrate shows 

slightly elongated and presumably partially activated N-0 bonds consis¬ 

tent with its enhanced sensitivity. 

Crystal chemical considerations have been applied to proposed nuclear 

waste forms and related materials tc predict stability and actinide ion 

site preference. 

We have shown that the stability of Tc in geologic burial of nuclear 

wastes can be inferred from the containment of fission products by the 

Oklo natural reactor formation for over two billion years. 

We have found that osmium complexes should prove suitable for oxidation 

potential buffering of Pu(V) and (VI) systems and of Pu(III) and (IV) 

systems. 

Pressure cycling of water used for heat extraction from dry rock should 

reduce water loss from the extraction loop, but will also probably de¬ 

crease the permeability of the rock. 

A new reaction vessel was developed for study of deep geothermal reser¬ 

voirs, overcoming previous difficulties with temperature gradients. 

Experimental results with the Na-K-Ca geothermometer show agreement with 

the accepted empirical values. 

Solution models of Pitzer and Tammann-Tait-Gibson, and the Born equation, 

have been tested for their abilities to predict the properties of aqueous 

solutions at high pressures, temperatures, and concentrations. 

Comparison of Project Airstream aerosol filter samples with volcanic his¬ 

tory between 1971 and 1981 indicates that half of the sulfate aerosol 

layer is of volcanic origin. 
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Analysis of samples from heavy methane traci>r experiments in the geother-

mal power area of Northern California is nearing completion with encour¬ 

aging results. 
12 

Heavy methane ( CO.) has been accelerated through the vertical Van de 

Graaff facility in our continuing development of an ultrasensitive tech¬ 

nique for detecting this atmospheric tracer. Unexpected results have 

been obtained that indicate there is a high probability for large angle 

scattering of molecular fragments. 

The (n,2n) cross sections have been measured on the radioactive isotopes 

^Y, 88Zr, 148Gd, 150Gd, and 173Lu. The (n,p) cross sections for 148Gd 
88 

and the (n,np) cross section on Zr were also determined. 
Experimental measurements have been performed on the radioactive targets 
146 148 

Sm and Gd produced through the spallation reaction of 800-MeV pro¬ 

tons on Ta in the LAMPF beam stop. With these targets we have been able, 

for the first time, to establish the theoretically important pairing 

vibrational states in the N = 82 isotopes produced with the (p,t) reac¬ 

tion. 

A unique time-of-flight magnetic spectrometer has been designed to per¬ 

form direct mass measurements of a series of extremely neutron-rich and 

neutron-deficient nuclei with A <100 to be produced by 800-MeV protons on 

U targets. Construction of the spectrometer will begin in FY 1982. 

The similarity in measured yields of both neutron-deficient as well as 

neutron-rich fission product isotopes from 350-MeV positive pion-induced 
238 

and 500-HeV proton-induced fission of U indicates that absorption of 

the rest-muss energy of the pi on (140 MeV) plays a prominent role in this 

nuclear excitation process. 

Our measurements of the theoretically important pion single-charge-

exchange reaction C(n ,n°) N as a function of pion energy show that 

the cross sections are substantially lower than previously reported 

values and are closer to theoretical predictions. 

From a study of the recoil properties of C from the reactions 

C(n ,;iN) C it was learned that the energy dependence of the projected 

forward and backward ranges is markedly stronger for n than n , sugges¬ 

ting important differences in the reaction mechanisms. 

The cross sections for the important primary pion beam monitor reactions 

C(n*,nN) C at energies below 100 MeV were remeasured and were signifi¬ 

cantly lower and more precise than our previous ones. 

A dynamic coupling between the true pion absorption and charge-exchange 
18 

channels and the use of the microscopic description of 0 involving a 

core polarization were proposed to resolve a large discrepancy between 

observed and calculated angular distributions of the 0(n ,n ) Ne(g.s.) 

reaction. 

Rates for the production of nuclides in meteorites by cosmic rays were 

calculated and used to study the exposure histories of meteoritic samples. 

An atlas of uranium emission intensities has been produced and distribu¬ 

ted. It is becoming the accepted wavelength standard for calibration of 

lasers and spectrometers. 



The interaction of a pharmacologically important drug (methotrexate) with 

its target enzyme (dihydrofolate reductase) was studied using specific 

isotopic labeling [90X-2-13C1 (aethotrexate) in combination with NHR spec-

troscopy. The results provide quantitative information on the strength 

of the hydrogen bonding interaction between the methotrexate N-l and a 

residue (presumably asparate-27) on the enzyme. 

Research equipment and personnel involved in nuclear magnetic resonance 

have been combined into a single center. The NMR Center now includes 

two high resolution spectrometers for liquids (at 2.3 and 7.1 T), a vari¬ 

able wideline spectrometer for solids, and office space for 10 staff 

members and visiting staff members. 
13 

During FY 1981 the isotope separation plant produced 8.5 kg C, 1.9 kg 
15N, and 0.2 kg 170 having a .-.outlined value of $66K. 
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CHEMISTRY-NUCLEAR CHEMISTRY DIVISION 

OCTOBER 1980— SEPTEMBER 1981 

Corapi1ed by 

R. R. Ryan 

ABSTRACT 

This report describes major progress in the research and development pro¬ 

grams pursued by the Chemistry-Nuclear Chemistry Division of the Los Alamos 

National Laboratory during FY 1981. Topics covered include advanced analyti¬ 

cal methods, atmospheric chemistry and transport, biochemistry, biomedical 

research, medical radioisotopes research, element migration and fixation, 

nuclear waste isolation research, inorganic and structural chemistry, isotope 

separation, analysis and applications, the newly established Nuclear Magnetic 

Resonance Center, atomic and molecular collisions, molecular spectroscopy, 

nuclear cosmochemistry, nuclear structure and reactions, pion charge exchange, 

radiochemical separations, theoretical chemistry, and unclassified weapons 

research. 

I. ADVANCED ANALYTICAL METHODS 

A. Automated Neutron Activation Analysis (M. M. 

Minor, S. R. Garcia, W. K. Hensley, M. M. Denton, 

and M. E. Bunker) 

In 1975, the Laboratory was asked by DOE to 

design and manage a hydrogeochemical reconnaissance 

for uranium throughout the Rocky Mountain states of 

New Mexico, Colorado, Wyoming, and Montana, and the 

state of Alaska. This effort was one facet of a 

more comprehensive program entitled the National 

Uranium Resource Evaluation (NURE), which is the 

most extensive geochemical and geophysical recon¬ 

naissance ever undertaken in the U.S. The goals of 

the program were to improve the estimates of the 

nation's long-range uranium resources and tc iden¬ 

tify promising areas for future private exploration. 

The program was terminated September 30, 1981. 

CNC-5 has participated in this program by mea¬ 

suring the concentrations of U and other trace ele¬ 

ments in stream sediment samples via neutron acti¬ 

vation analysis (NAA), utilizing a computer-

controlled irradiation and data-acquisition 

facility developed at the Omega West Reactor. Two 

analytical techniques are employed: delayed-

neutron assay and gamma-ray analysis.. The delayed-

neutron technique, involving the detection of beta-

delayed neutrons emitted by certain fission pro¬ 

ducts, is used solely for uranium assay. The 

typical detection sensitivity for uranium in sedi¬ 

ments or soil is 10 parts per billion (ppb). For 

liquids, the detection sensitivity for uranium is 

about 1 ppb. 
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The gamma-ray analysis method involves scan¬ 

ning the gaitma spectrum of an irradiated sample 

with high-resolution Ge(Li) detectors at various 

times following a short neutron bombardment. 

Individual gamma-rays are identified with speci¬ 

fic parent radioisotopes by means of a gamma-ray 

library stored in a computer, and from the gamma-

ray intensities and weight of the sample, element 

concentrations can be calculated. The detection 

sensitivities range as low as a few ppb, and for 

25 elements are «10 ppm. Spectra recorded at 

20 min typically reveal Al, Cl, Dy, X, Mg, Mn, Sr, 

Ti, and V. A second count at 2 weeks yields con¬ 

centrations of Au, 8a, Ca, Ce, Co, Cr, Cs, Eu, Fe, 

Hf, La, Lu, Rb, Sb, Sc, Se, Sin, Ta, Tb, Th, Yb, 

and Zn. A few additional elements, including As, 

Br, Ga, and W can be detected after a delay of 

4 days. 

Four-hundred samples per day can be analyzed 

by the CNC-5 NAA facility if spsctra are recorded 

at 20 min and 2 weeks only, which yields concen¬ 

trations for 32 elements. During FY 1981, over 

58,000 NURE samples were analyzed in this way, 

bringing the grand total for that program up to 

180,000 samples. The utility of the enormous 

amount of geochemical data contained in these 

multielement analyse? is just now beginning to 

be appreciated. 

In addition to the NURE samples, over 7,600 

samples were analyzed for other programs during 

FY 1981. The sample types were quite varied, 

including oil shale, coal residues, vegetation, 

uranium mill tailings, honey bees, hamster lungs, 

and human urine. The urine samples (3,900 in 

FY 1981) are analyzed for fissile material as part 

of the Laboratory's health monitoring program. 
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B. Radiometric Analysis of Uranium Hill Tailings 

<J. W. Starner and M. E. Bunker) 

Uranium mill tailings piles pose major health 

and environmental hazards from (1) the emanation 
222 

of Rn gas, and (2) the leaching of or-active 

radio-nuclides and toxic stable elements by surface 

and/or groundwater. In connection with DOE's Ura¬ 

nium Mill Tailings Remedial Action (UHTRA) project, 

we have developed an analytical capability, based 

on gamma-ray spectroscopy, for assaying field 

tailings and laboratory-conditioned tailings for 

small quantities of long-lived radioactive contami¬ 

nants. 

The long-lived radionuclides of greatest con¬ 

cern are 2?6Ra (1600y), 230Th (7.7 x 104y), and 
210 

Pb (22y). The latter two emit only low energy 
gamma-rays (67.8 keV from 230Th; 46.5 keV from 
210 

Pb), which are rather strongly absorbed by the 

sample itself because the sample must be massive 

(15 to 80 g) to get sufficient counting rate. We 

have essentially bypassed all geometrical problems 

by comparing the intensities of the gamma-rays 

emitted by a Canadian certified radiometric refer¬ 

ence material (U = 0.177%, Th = 0.104%) and the 

sample material in question, with both samples 

canned in identical containers that have been 

sealed for at least 2 weeks in order for radio¬ 

active equilibrium to take place. The gamma-ray 

spectra are observed with high-resolution Ge(Li) 

detectors shielded with 4 in. of Bi. One of the 

detectors has a Be window that is essentially 

transparent to 50-keV quanta. 8y counting indi¬ 

vidual samples for at least 16 hours, we have been 

able to observe gamma rays from the following 

radionuclides (or thair short-lived daughters): 235U, 238U, Z3°Th, 228Th, 228Ra, 227Ac, 
Z26Ra, 21lDPb, and 40K. In favorable cases, we can 

detect individual radionuclides at levels as low 
-4 

as 0.01 d/s/g, corresponding to 4 x 10 pCi/g, 

far below the levels of environmental concern. 

The low-energy portion of a typical gamma-ray 

spectrum is shown in Fig. 1. The recorded spectra 

are analyzed by means of a computer program that 

calculates, for each line observed, the number of 

disintegrations/s/g of the parent nuclide. 
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Fig. 1-

Low-energy portion of a uranium mill-tailings gamma-ray spectrum. 

Sample analyses obtained by the above technique 

have been used in helping perfect UHTRA field-test 

methods and in assessing the effectiveness of si! II 

tailings conditioning concepts being studied by 

the Laboratory's Environmental Science Group 

(LS-6). 

C. Thermo-Optic-Based Differential Measurements 

of Weak Solute Absorptions with en Interferometer 

(D. A. Cremers and R. A. Keller) 

There are many areas in which it is important 

to measure optical absorptions of a solute that 

are significantly less than background absorptions 

due to the solvent or solute. For example, the 

ability to detect trace amounts of actinide com¬ 

pounds having low solubility in ground water is 

important for nuclear waste management. The high 

optical absorptivity of water makes this problem 

particularly difficult. Techniques with the 

sensitivity to detect weak solute absorptions have 

.to contend with noise on the larger background 

gnal. In these cases, the minimum detection 

limit of these techniques may not be realized 

because of the background noise. To regain the 

maximum detection capabilities of these methods, 

it is advantageous to have a differential Method 

of measuring weak absorptions in which the large 

background absorptions are nulled out. 

We have developed a t.hermo-optic, interfero-

aetric method of measuring small differences 

betweenweak optical absorptions of solutions. A 

signal that would be produced by the interferometer 

in a nondifferential configurat, •;.. was suppressed 

by a factor greater than 400 by using the inter¬ 

ferometer in a differential mode. With the back¬ 

ground signal suppressed, differences in absorp¬ 

tivity between the cells ~l/100th of the background 

were measured. The smallest absorption measured 

with the interferometer was ~5 x 10 cm , which 

is comparable to or below that actually measured 

using other thermooptic techniques. 

In Fig. 2, a comparison is made between results 

obtained with the apparatus in a differential and 

nondifferential configuration. The advantages of 

the differential technique are already evident. 

An analytical curve for I, in CC1. is shown 

in Fig. 3. The detection limit (signal £2a) is 
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With CH,OH as solvent, an increase in absorp-
-5 

tivity of one cell ~2 x 10 could be detected 
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In water, the smallest absorp-

The poor 

performance in water reflects the fact that water 

is not a good solvent for thermooptical measure¬ 

ments. 
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Fig. 2. 

Comparison of results obtained with the apparatus 
in a differential (0) and nondifferential (n) con¬ 
figuration. In both cases, the background absorp¬ 
tion was 2.3 x 10"3 cm-1. The solute absorptivity 
<<x ) added to one cell to increase the absorption 
above the background level is plotted on the 
abcissa. 
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Demonstration that the smallest absorptivity measur¬ 
able with the interferometer is ~5 x 30~6 cm"1. The 
solution was I2/CC14 and the laser power was 100 mW. 

D. The Use of the Optogalvanic Effect and the 

Urania Atlas for Wavelength Calibration of Pulsed 

Lasers (N. J. Dovichi, D. S. Moore, and R. A. 

K. Her) 

We have demonstrated that the optogalvanic 

effect in a commercial hollow cathode discharge can 

be used to calibrate the wavelength scale of a cw 

dye laser to an accuracy of ±0.002 cm . 

A similar technique for the wavelength cali¬ 

bration of pulsed lasers in the visible spectral 

region, or any laser in the ultraviolet spectral 

region, is complicated by wavelength independent 

photoelectron emission that results when high 

intensity laser light strikes the cathode surface. 

Photoelectron emission is especially troublesome in 

the ultraviolet spectral region where the photon 

energy exceeds the work function of uranium metal 

(3.63 eV). In the presence of this background 

signal, wavelength dependent signals associated 

with uranium transitions can be difficult or impos¬ 

sible to observe. 

We have constructed a tubular hollow cathode 

discharge tube such that the laser light can pass 

through the center of the discharge without 

striking the cathode surface. Using this tube, we 

have shown that optogalvanic signals (OGS) asso¬ 

ciated with uranium transitions can be observe^ 

with excellent signal to noise when the dischar& 



is irradiated with the output of a pulsed, tunable 

I e laser. With this tube, the nonresonance back¬ 

ground signal is minimal even In the ultraviolet 

spectral region (Fig. 4). We have demonstrated 

that this system can be used to calibrate the wave¬ 

length of pulsed lasers, and we have compared the 

magnitude of the OGS to the uranium emission spec¬ 

trum intensity in several wavelength regions. The 

results for the ultraviolet spectral region are 

shown in Fig. 4. 

We have also shown that a commercial hollow 

cathod discharge tube can be used as a wavelength 
o 

standard for pulsed lasers at wavelengths >?500A, 

if the laser power is kept low enough to minimize 

nonresonance background contributions. 
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E. Accurate Wave-Number Measurements of Uranium 

Spectral Lines1 (B. A. Palmer, R. A. Keller, F. V. 

Kowalski, and J. L. Hall) 
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Fig. 4. 

Comparison of the ultraviolet OGS from the tubular 
ischarge tube (top) with the ultraviolet emission 

irom a commercial hollow cathod lamp (bottom). 

The uranium emission spectrum is useful as a 

wave-number standard for calibrating spectrographs, 

monochromators, and tunable lasers. The spectrum 

has many sharp lines widely distributed throughout 

the IR, visible, and L'V spectral regions, which 

provide a selection of strong lines in any region 

of the spectrum. Other advantages of the spectrum 

include small Doppler width, absence of hyperfine 

structure, and availability of commercial emission 

sources. 

An atlas of graphs showing the emission spec¬ 

trum of uranium in the region of 11,000-26,000 cm , 

along with tables of wave numbers, relative inten-
p 

sities, and assignments has been issued. Data 

for the atlas were obtained by recording the emis¬ 

sion spectrum from a uranium hollow-cathode dis¬ 

charge on the Fourier-transform spectrometer (FTS) 

at Kitt Peak National Observatory. The wavenumber 

accuracy was estimated as ±0.003 cm . Possible 

systematic errors in the wave numbers listed in 

the atlas were due to (1) uncertainties in the 

absolute wave number of the He-Ne laser used as a 

reference in the FTS, (2) small angular misalign¬ 

ment between the source and the He-Ne reference, 

(3) improper correction for wave-number-dependent 

phase shifts on reflection at the mirrors, and (4) 

inaccuracies in the location of the zero path dif¬ 

ference. The wave numbers reported in the atlas 

are absolute in the sense that all corrections were 

made to the best of our ability and no arbitrary 



adjustments were made to bring the results into 

agreement with previous measurements of uranium 

emission spectra. The agreement among the FTS 

results and previous measurements at Los Alamos and 

at the Laboratoire Aime Cotton supports the accu¬ 

racy of all three sets of measurements. 

To check the accuracy of the wave numbers re¬ 

ported in the atlas and to provide benchmarks of 

higher accuracy, we measured the wave numbers of 

10 uranium lines. The optogalvanic effect (OGE) 

was used to position a tunable dye laser at the 

center of the optical transition. An evacuated 

scanning interferometer (lambda meter) was used to 

compare the wave number of the laser with the wave 

number of an iodine-stabilized He-Ne laser. The 

absolute wave numbers of the uranium lines were 

measured with an accuracy of ±0.0006 cm . For 

the 10 1 i nes, the average di fference between the 

atlas measurements and the work reported here is 

+0.0007 cm (atlas-present), which is well within 

the estimated accuracy of the atlas. We als 

measured the wave numbers of two thorium Tines with 

an accuracy of ±0.0006 cm , and we found that our 

results agreed with previous measurements. Our 

results are summarized in Tables I and II. 
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TABLE I 

COMPARISON OF WAVE-NUMBER MEASUREMENTS ON URANIUM WITH PREVIOUS VALUES 

JILA 
(±0.0006 cm"1) 

16900.3852 
16900.3853 
16900.3859 
16900.3860 
16900.3850 
16900.3855 

15501.6084 
15501.6087 
15501.6086 

15631.8548 

15638.3657 

15688.2119 

16309.4344 

16450.1442 

16505.7725 

16929.7582 

17070.4676 

IMS Alamos FTS° 
(±0.003 cm"1) 

16900.3866 

15501.6094 

15631.8548 

15638.3668 

15688.2116 

16309.4360 

16450.1454 

16505.7721 

16929.7590 

17070.4685 

LOB Alamos^ 
(±0.01cnr'l 

16900.3806 

15501.6179 

15631.8560 

15638.3587 

15688.2000 

16309.4332 

16450.1446 

16505.7694 

16929.7579 

17070.4670 

LAC 
(±0.003 cm"1) 

16900.3875 

-

-

-

16309.4370 

16450.1465 

16505.7731 

-

17070.4692 
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Ne 
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Ne 
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Ne 

Ne 

Ne 

Ne 

Ne 

Ne 

Current 
ImA) 

25 
25 
11 
35 
25 

25 
25 

25 

25 

25 

25 

25 

25 

25 

25 

Power 

1.2 
2.4 
2.4 
2.6 

92 

20 
20 

-

18 

24 

20 

9.2 

12.4 

80 
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The wave numbers listed in this column are from measurements made on strong lines and 
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TABLE II 

COMPARISON OF WAVE-NUMBER MEASUREMENTS 

ON THORIUM WITH PREVIOUS VALUESa 

Los Alamos FTS JILA 

(±0.0006 cm"1) (±0.003 cm"1 

16250.3971 16260.3980 

16558.0209 16558.0201 

NBS 

(±0.0014 cm'1) 

16250.3976 

16558.0193 

Neon-filled hollow cathode operated at 25 mA. 
Laser power 30 mW. 

Unpublished values from a thorium atlas in pre¬ 
paration. 

c A. Giachett-, R. W. Stanley, and R. Zalubu, 
J. Opt. Soc. A. 60, 474 (1970). 

F. Laser Photoionization Mass Spectroscopy 

(C. M. Miller and N. S. Nogar) 

The aiass spectral analysis o1! atomic mixtures 

can be extremely difficult in cases where the 

element(s) of interest is multiisotopic, and there 

exist isobaric interferences in the samples of 

interest. This problem is particularly common in 

analysis in weapons radiochemical diagnostics. A 

potential method for overcoming this difficulty is 

the use of narrow-band lasers to selectively photo-

ionize only the element of nterest, thus eiiraina-

ting the production of isobaiic ions. 

We are currently using excimer lasers, and 

excimer-pumped dye and photodissociation lasers as 

the light sources for photoionization-time of 

flight mass spectrometry (see Fig. 5). Initial 

experiments on ArF-laser single photo photoioniza-

tion of Yb have produced detection limits SlOng 

(Fig. 6) and ionization selectivity with respect 

to Lu S5. Furthermore, we have demonstrated the 

ability to ionize £90% of the atoms passing through 

the laser focal volume during the laser pulse. 

This suggests that much lower detection limits can 

be expected, probably <1 pg. Further, the tech¬ 

nique used appears to have widespread applicability 

(Table III). 

To improve selectivity, we are ex-

loring the use of multiphoton photoionization pro¬ 

cesses that utilize optical resonances with real 

Fig. 5. 

Schematic of experimental apparatus. Abbrevia¬ 
tions: M=Mirror, I=Iris, L=Lens, PM=Power Meter, 
BS=Beam Stop, CP=Cryopump, EM=Electrc.n Multiplier, 
0ISC=discriminator, MCS=multichannel Sealer, DDG= 
Digital Delay Generator, MINI=Minicomputer (11/34), 
HC=Hard Copy. In this view, the sample filament 
is 2 cm behind the laser beam as it passes through 
the source region. 

Fig. 6. 

Sample-size dependence of the ion signal for pulse 
energies of 10 mJ. Sanples were Yb(NO3)3 evapor¬ 
ated from a 1700°C Re filament and interrotated for 
1 min. Error bars represent standard deviation for 
three (A) or more than three (•} analyses of the 
sane sample. 



TABLE III 

AUTOIONIZING STATES OF THE LANTHANIDES 

ACCESSIBLE WITH PRIMARY OR RAMAN-SHIFTED 

EXCIMER LASER WAVELENGTHS 

Element 

U 

Ce 

?T 

116 

ftn 

Sm 

Eu 

W 

Tb 

Dy 

No 

£r 

Tm 

Yb 

Energy Level 

5.961 

5.900 

5.547 

6.039 

5.672 

6.126 

6.019 

6.101 

6.153 

6.789 

6.419 

Primary Laser 
medium 

ArF 

ArF 

ArF 

ArF 

ArF 

ArF 

KrF 

KrF 

ArF 

ArF 

ArF 

Shifting 
Medium 

HD 

HZ 

L-N? 

Dj 

L-N; 

H? 

D2 

CD4 

CH4 

— 

Shift8 

Si 

Si 

Sj 

Si 

S] 

Si 

AS2 

AS3 

Si 

ASj 

- -

aS = Stokes Shift, AS = Anti-Stokes, numerical 
indicates order of shift. 

intermediate states. Using 452 nm radiation from 

a tunable dye laser to ionize Lu via a resonance 

enhanced two-step process, we have observed ioniz?-

tion selectivity 850:1, compared to Yb or Cs at 

the same wavelength. We are currently exploring 

the analytical potential of this ionization scheme. 

Multiple photon ionization schemes based on the 

use of photodissociation lasers are also being pur¬ 

sued. Photolysis of Til with the 193nm output of an 

ArF laser phoduces lasing on a Tl excited-to-ground 

state transition at 376 nm. This laser output 

can, in turn, be used to photoionize Tl via a reso¬ 

nance enhanced two-photon process. We anticipate 

this ionization process to be both highly selec¬ 

tive, because the laser light is necessarily 

resonant with a Tl transition, and very sensitive, 

because all hyperfine states can be addressed 

simultaneously. 
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II. ATMOSPHERIC CHEMISTRY AND TRANSPORT 

A. Ten Years of Stratospheric Sulfate Measurements 

Compared with Volcanic Activity (W. A. Sedlacek and 

£. J. Mroz, A. L. Lazrus* and B. W. Gandrud*) 

The existence of a layer of sulfate aerosols 

in the lower stratosphere was discovered by Junge 

and Manson in 1960. Since that time, a few mea¬ 

surements have confirmed its presence and given 

rise to various thoughts about the extent and 

source of the layer. There is still some differ¬ 

ence of opinion as to the proportions of the sul¬ 

fate that come from biogenic, anthropogenic and 

volcanic sources. The aerosols in the lower stra¬ 

tosphere have been shown by numerical modelers to 

have considerable impact on the surface temperature 

of the earth and, hence, climate. Measurements 

following a few of the very large volcanic erup¬ 

tions in the past 100 years confirm the general 

conclusions of these models. 
2 

Project Airstream aerosol filter samples have 

been analyzed for sulfate during about the last ten 

years. This past year we have retrieved data from 

files here and at the National Center for Atmosihe-

ric Research (NCAR), retrieved and analyzed filters 

that had been in storage at NCAR and the USDOE 

Environmental Measurements Lab. (EML), and devel¬ 

oped computer codes to examine the data as a com¬ 

plete set. Each sampling cycle yielded about 100 

data points with each sample spanning approximately 

three degrees of latitude at a particular altitude, 

four altitudes are covered at each latitude. The 

latitude range was 75°N to 51°S in the early 1970's 

but has been reduced to 75°N to the equator in 

recent years. Examination of the data points re¬ 

vealed great variations in local sulfate concentra¬ 

tions, that ranged from 0.1 parts per billion by 

National Center for Atmospheric Research. 



mass (ppbm) to over 10.0 ppbm. Often locales 

I ving significantly high sulfate concentrations 

could be associated with explosive volcanic erup¬ 

tions Uiat had been observod to inject material to 

stratospheric altitudes. However, there were also 

similar regions of enhanced sulfate for which no 

documented volcanic injection could be found. In 

three of the<=e cases, subsequent investigation into 

meteorological and satellite image data revealed 

volcanic sources that had previously gone unob-
3-5 

served. We now believe that there are poten¬ 

tially as many as eight additional such poorly 

documented volcanic injections into the strato¬ 

sphere during 1971 to 1981. The number of these 

episodes, eleven, is not greatly different from the 

number of documented stratospheric volcanic injec¬ 

tions, nineteen, during the same time period 

(three of these would not have been documented in 

the stratosphere except for fortutitous examination 

of GOES satellite photos). 

We have attempted to determine what fraction 

of the stratospheric sulfate aerosol came from vol¬ 

canic origins. By averaging the data from each 

sampling cycle and plotting vs time (Fig. 7) we 

are presented with a picture of the variations in 
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Fig. 7. 

Average stratospheric sulfate concentrations for 
each sampling cycle as a function of collection 
time. Total data and only northern hemisphere 
data are plotted separately. After April 1974 
sampling did not extend very far into the southern 
hemisphere except for October 1980. Documented 
stratospheric injections of volcanic debris and 

• ^documented but "sulfate-suggested" injections 
•e indicated by time dependent arrows along the 

top. 

sulfate aerosol concentrations. Large values are 

clearly associated with the major volcanic erup¬ 

tions of Fuego volcano in 1974, the series of 

eruptions of Ht. St. Helens in 1980 and the recent 

eruptions of Alaid and Pagan. Based on the presump¬ 

tion that stratospheric sulfate that originated 

from biogenic and anthropogenic sources at the 

earth's surface should be in a state of near che¬ 

mical equilibrium because of its nearly constant 

production rate and the time delay in diffusion 

from the surface to the stratosphere, we concluded 

that sulfate concentrations from these sources 

could not exceed the lowest values observed. Two 

time periods of relatively constant low sulfate 

concentrations occurred during the decade, mid 1973 

to early 1974 and late 1978 through 1979. Using 

the data from these two periods to establish an 

ambient sulfate concentration that might come only 

from nonvolcanic sources and comparing that with 

the average for the entire decade revealed that at 

least 55% of the stratospheric sulfate present 

during the decade of the 70's was clearly of vol¬ 

canic origin. As a check of this conclusion, we 

tried weighting the data by the number of samples 

in each cycle and also by partitioning into nor¬ 

thern and southern hemispheres. The results varied 

from 53% to 57%. This result is only a lower limit 

for the fraction of the stratospheric sulfate re¬ 

sulting from volcanob, because we can not exclude 

noneruptive volcanic sources that release sulfur 

gas species into the boundary layer with subsequent 

diffusion to the stratosphere, or slower chemical 

conversion of more stable sulfur gases injected 

into the stratosphere, from contributing to the 

ambient statospheric sulfate. 

A third conclusion from the decade of stratos¬ 

pheric sulfate data is the rate at which volcanic 

debris injected into the stratosphere is removed 

from the stratosphere. The sulfate aerosol injected 

by Fuego volcano in October 1974 had an e-fold 

removal rate of 11.5 months. Calculation of a 

removal rate for debris from the 1980 eruption of 

Mt. ' . Helens is precluded by interference from 

following eruptions of Ht. St. Helens itself, 

Gareloi, Alaid, and Pagan. These rates are depen¬ 

dent, of course, on the altitudes at which the vol¬ 

canic debris is put into the stratosphere, the na¬ 

ture of the material (distribution of particle sires 

9 



and fraction that is ash vs sulfur species), the 

latitude of the injection, etc. 

Hofmann and Rosen have contended, by com¬ 

paring ambient periods in their balloon-borne 

dustsonde data to the data of Junge from I960, that 

there is a 9% per year rise in stratospheric sul-

fate that they attribute to anthropogenic sources. 

Our work may suggest a T% per year increase, but 

the data on which this conclusion would be based 

are those which have the smallest signal to noise 

ratio and, consequently, the least precision. If 

indeed fossil fuel combustion is contributing to 

the ambient stratospheric sulfat* aerosol (which 

produces a cooling effect at the earth's surface) 

and also contributing to the increasing atmospheric 

CO, concentration (which produces a warming effect 

at the earth's sutface), this is an instance of 

natural buffering of man's influence. 

There are obviously several more thing; to be 

learned from this data set about rates of disper¬ 

sion, stratospheric transport, turbulence, and 

climatic effects that we have not yet begun to 

examine. 
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tion," Geophys. Res. Lett. 8 761-4 (1981). 
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5. M. P. McCormick, NASA-Langley Research Center, 

personal communication relative to SAGE satel¬ 

lite confirmation of our sulfate evidence for 

a tropopause penetration by the October 1980 

eruption of Ulawun volcano. I 
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B. Atmospheric Tritium and 14C02 (A. S. Mason) 

The airborne atmospheric tritium program and 

its support of the USDOE Environmental Measurements 
14 

Laboratory's CO, activities became part of Pro¬ 

ject Airstream at the beginning of FY 1981. CNC-7 

assumed scientific direction of the program in 

addition to continuing the field support it had 

provided since 1975. 

The October 1980 deployment marked the first 

substantial stratospheric tritium sampling in the 

Southern Hemisphere and established an excellent 

baseline for future studies in that region. There 

had been no significant tritiated water vapor (HTO) 

inputs into either hemisphere since 1976. Tn:= 4-

year time span is a factor of 3 to 4 longer than the 

characteristic times for interhemispheric and strato¬ 

sphere-troposphere exchange, thus the profiles and 

inventory obtained reflect a quasi-equilibrium con¬ 

dition. Figure 8 shows the HTO profiles obtained. 

The April and July 1981 deployments were conducted 

in the Northern Hemisphere, extending the unique 

long tern data base for study of water and hydrogen 

transport and chemistry by tracer applications. 

Interpretive efforts with the HTO data have 

resulted in improved estimates of the removal time 

of water from the lower stratosphere. This has con¬ 

siderable significance in the modeling of atmos¬ 

pheric chemistry in the altitudes significantly 

impacted by air transport exhaust products. 

Operational utilization of the tritium sampling 

equipment for collection of C02 was first performed 

last October with good success. This accomplishment 

permitted the replacement of an obsolete whole air 

sampling system by an improved and cleaner system in 

July. Although the new system is unable to collect 
14 

a sufficient sample for CO determination, it is 

highly superior in all other respects. The EML is 

procuring additional sampler components for fur— 
14 

ther expansion of the CO, collection program. 

10 
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Fig. 8. 
Atmospheric HT0 concentration isopleths in pCi/SCM from Airstream 20 deployment in October 19&0. The 
dotted line represents the average tropopause height along the flight path. Isopleths were generated 
by weighted interpolation of adjacent data points. 

Atmospheric CO. data are important in the study 

of the global climatic impact of fossil fuel 

burning because they are a measure of the dilution 
14 

of contemporary CO,, which has a modern C 
14 

content, with for«il CO- from which the C has 

decayed. 

A cooperative effort is underway in Los Alamos 

to design a local sysie, for extraction of atmosphe¬ 

ric tritium and CO, cjmp1es from collection traps. 

The equipment win support both H-Division's new 

ground level HT/HTO sampler and the CNC-Division 

Project Airstream sampler. Both samplers are based 

on technology developed at the University of Miami. 

The available tritium counting equipment fs ade¬ 

quate for the health-related project, but does not 

at present offar the sensitivity required for the 

meteorology and atmospheric chemistry applications. 

C. Ultrasensitive analysis of Heavy Methanes 

(H. Fowler, J. Wilhelmy, J. Tesmer (P-9)) 

Progress toward the FY 1981 goal of demonstra¬ 

ting that the vertical Van de Graaff accelerator 

could be used to measure very low abundance ratios 

of 13CD4 in CH4 has been limited by the available 

accelerator time. Additionally, an accident in¬ 

volving the accelerator's elevator has further 

limited available tine. 

We considered several detection methods and 

chose an electrostatic analyzer as part of the de¬ 

tection scheme. During June we had the first oppor¬ 

tunity to accelerate CD. in the Van de Graaff. 
12 13 
CO. was chosen for this trial rather than CD. 
4 4 

to prevent possible contamination problems. During 

this run, Cot was accelerated to 3 MeV and 



yielded several unanticipated beams ranging from 

mass = 1 to mass = 32. The gas consumption of the 

ion source was estimated to be a few cc/h, an en¬ 

couraging result. 

Subsequent to this first run, the detection 

scattering chamber was finished and installed on 

one of the 4 in. beam lines. A second test with 

CD. was made using the new scattering chamber and 

a Q.I mg/cm gold scattering foil. In this experi¬ 

ment we again observed several unexplained peaks in 

the scattered ion spectrum. Another experiinert 

using 0 and OH gave scattered o" ions of the pre¬ 

dicted energies. These duta are shown in Fig. 9. 

We plan to repeat the CD^ experiments and to 

characterize the scattered molecular fragments. 

Installation of a generating voltmeter (GVH) should 

allow much more precise measurement and control of 

the accelerator voltage. We will then try to imple¬ 

ment the full detection scheme as outlined in last 

year's annual report. We hope that we can then 

address the problems of tuning and operation of the 

accelerator with essentially zero extracted beam. 
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Fig. 9. 
2 

Oxygen ions scattered at 48.9 deg by a 0.10 mg/cm 
gold foil. 

Finally, we will try to actually make some quantita¬ 

tive measurements and decide if we must resort to a 

different type of ion source (electron bombardment 

vs duoplasmatron). 

D. Atmospheric Studies in Complex Terrain (ASCOT) 

(H. ATei, J. P. Balagna, J. C. Banar, C. J. Duffy, 

D. W. Efurd, H. W. Fowler, 0. J. Frank, P. R. 

Guthals, J. 0. Knight, A. E. Norris, G. E. Oakley, 

A. E. Ogard, and D. J. Rokop) 

A series of five meterological tracer experi¬ 

ments was performed to study nocturnal airflows in 

the geothermal power production area in Northern 

California. The objective of these exDeriments was 

to generate a set of data to provide inputs to 

subsequent modeling efforts. Of particular impor¬ 

tance in this case is the need to assess the impact 

of the developing power industry in this area. 

Although a large number of participants from many 

laboratories were involved in various aspects of 

these experiments, the main contribution by the 

division to the project was providing tracer 
12 13 

experiments using two tracers, CD. and CO., 

developed at Los Alamos. 

In each experiment the two tracers were re¬ 

leased simultaneously but at different elevations 

to elucidate the relative vertical mixing of the 

air along the transport path. It was hoped to be 

able to learn about the interaction of the shallow 

drainage winds flowing down the valleys with the 

warmer air aloft. The tracers were contained in 

small pressurized bottles and flowed to the release 

points via plastic tubing. For the elevated re¬ 

leases, the tracer delivery tube was held aloft 

with a 5-m tethered helium-filled balluon. 

Sampling was made by collecting whole air samples 

of 5 to 30 2. in volume. 

Figure 10 shows the area studied along with the 

location of the release and the samplers. The heavy 

methane tracer release location is designated by HM. 

Integrated 8-h samples were collected at the num¬ 

bered locations using Los Alamos-developed samplers. 

Half-hour sequential samples were also collected 

over an 8-h period at positions S-l and S-4. In 

addition, vertical profiles were determined at posi¬ 

tion S-4 and the Sandia National Laboratory site. 

12 
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Fig. 10. 

General Area Map of ASCOT Experiments in Northern California. Coordinates are UTM coordinates in miles. 

S imp es collected from four of the five experi¬ 

ments have been analyzed and modeling of the data 

has begun. Some of the results from experiment 4 

are shown in the accompanying figures. The results 

from the two sequential samplers are shown in 

Figs. 11 and 12. Only the data for CD. are shown 
12 

here since the CD. tracer exhibited similar 
13 

behavior. The leading edge of the CD4 tracer 

plume arrived at position S-l about 30 min. after 

the start of the release, indicating a mean trans¬ 

port speed of about 1.0 m/s. The arrival of the 

plume at position S-4 was delayed by about 1.5 h 

corresponding to a plume speed of about 1.1 m/s 

between S-l and S-4. At both S-l and S-4 the bulk 

of the plume had passed in a period of about 1 h 

after the onset. 

Vertical profiles of the tracers measured at 

position S-4 as a function of time are shown in 

Fig. 13. Here it is interesting to note that the 

highest concentrations of the tracers were measured 

in the 0 to 400-ft elevation range even though the 
12 

CD. was released at 300 ft above ground level and 

that very little of either tracer was observed at 

the highest sampling altitude. The passage of the 

plume as inferred from the time sequence of the 

0400 0600 
TIME.PDT 

Fig. 11. 
13CD4 concentration as a function of time at posi¬ 
tion SI during ASCOT experiment 4. 
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13CD4 concentrations as a functin of time at posi¬ 
tion S4 during ASCOT experiment 4. 

Fig. 13 

Heavy methane tracer concentrations measured as a 
function of time and altitude at position S4 during 
ASCOT experiment 4. 

vertical profiles is in good agreement with that 

measured by the sequential sampler at the same 

location (S-4). 

Another set of vertical profiles was measured 

at a site (SNL) about 2.3 km from S-4. The results 

of these measurements are shown in rig. 14. The 

data are presented in a different format than that 

in Fig. 13 because the samples were essentially 

instantaneous measurements. The points of interest 

are that the plumes at the SNL site are elongated 

relative to that at S-4 and that the plumes of both 

-racers arrived at the same times and peaked at 

about 2.5 h after the start of the release. It 

is also noteworthy that the plumes arrived at the 

SNL station about 1/2 to 1 h later than at S-4 

even though the SNL station was 2.3 km farther from 

the release point. Essentially no CD. was 

observed at the highest altitude (1000 to 1500 ft) 

as in the case for S-4 but 12, CD4 was observed 

at the highest altitudes sampled. Finally, the 

concentrations of traceis measured at the SNL 

station a>-e about a factor of 10 lower than at S-4, 

and the highest concentrations of tracers are still 

observed near the ground. No results from the 

integrated samples are presented here because of 

the difficulty in relating the various sites with¬ 

out including the topography and winds. 

Estimates hava been made of the total amount 

of tracer passing the sequential samplers, and it 

is possible to account for all of the 13CD. 
4 

released, but there must have been a substantial 
12 

amount of CD^ in locations where no sampling took 

place. The most likely explanation at. this time is 
12 

that the CD. was mixed into winds above the 

g.ound boundary layer and was transferred out of 

the ex^rimental area. A detailed analysis of the 

winds present during the experiment is underway to 

verify this hypothesis. 
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Fig. 14. 

Heavy methane tracer concentrations measured as a 
function of time and altitude at the SNL Balloon 
Sampling Site during ASCOT experiment 4. 

The data from these tracer experiments will be 

combined along with tracer results from the other 

ASCOT participants to form a data set describing the 

general nocturnal air shed in the experimental area. 

To facilitate analysis of the large number of 

samples from these experiments, a second system 

for separation of methane from air samples was 

constructed, tested and put into operation. Over 

a period of several months more than 300 samples 

returned from the ASCOT experiments were success¬ 

fully processed on this apparatus. 

The apparatus used for transferring air sam¬ 

ples from plastic bags (up to 20 S. volumes) into 

metal cylinders has been converted from manual to 

pneumatic valve operation. The piston transfer 

pump has been replaced by a bellows model that may 

be evacuated and will compress air from an inlet 

pressure of 1 atm to a maximum outlet pressure of 

115 psi. The entire apparatus has been assembled 

in a cabinet mounted on wheels for easy mobility. 

III. BIOCHEMISTRY 

A. Nuclear Magnetic Resonance Studies of the 

Interaction of Bacterial Dihydrofolate Reductase 

with Specifically Labeled Inhibitors (R. E. tondon, 

R. L. Blakley,* L. Cocco,* J. P. Groff,* C. Temnle, 

Jr.,** and J. A. Montgomery,**) 

Nuclear magnetic resonance (NMR) is the only 

spectroscopic technique' capable of probing individ¬ 

ual nuclei of complex molecules or mixtures of 

•nolecules in solution. We have previously carried 

out NMR studies of dihydrofolate reductase in which 

a strain of S. faeciuro auxotropic for the amino 

acids was utilized to obtain the specifically 

labeled enzyme. Labeling experiments utilizing 

[methyl-" C] methioninu, [guanido- C]arginine, and 

[y- C]tryptophan have been carried out, allowing 

studies of the dynamic characteristics of the 

enzyme, as well as a characterization of the inter¬ 

actions with substrate, cofactors, and inhibitors. 

Dihydrofolate reductase is of particular interest 

because it is a target for chemotherapeutic agents 

such as methotrexate, used in the treatment of 

various types of cancer, and trimethoprtm, an 

inhibitor of bactericil reductase, which is now 

used extensively in combination with sulfa drugs 

for treating a variety of infectious diseases. 

To obtain information of value in undei— 

standing the molecular basis for the inhibitory 

action of these drugs, an alternative labeling 

approach was followed in which the drug, rather 

than the enzyme, was isotopically labeled. The 

C-2 position of the pteridine ring of the inhibi¬ 

tors was selected as the optimal site for carbon-13 

enrichment for severs1 reasons: (1) quaternary 

carbons such as C-2 show minimal broadening in bio¬ 

logical macromolecules, and thus give resonances 

that are relatively sharp and readily resolved; and 

(2) this position is adjacent to the protonation 

site at N-l of the pteridines and hence its NMR 

parameters, particularly the chemical shift, would 

be sensitive to protonation believed to be impor¬ 

tant in determining the affinity of these drugs for 

the following enzyme. 

*University of Iowa School of Medicine. 

**Southern Research Institute. 
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13C NMR studies carried out with the labeled 

methotrexate in solution indicated a high sensi¬ 

tivity of the chemical shift of the C-2 resonance 

to protonation of N-l, with a total shift of about 

6.0 ppm. The pK for the drug was determined to be 

5.73. In contrast, studies with the enzyme cora-

plexed methotrexate indicate that it is protonated 
1 2 

beyond pH 10.0. ' This dramatic increase in pK 

reflects the strong hydrogen bonding interaction be¬ 

tween the protonated drug and the enzyme. Although 

such an interaction is known to occur from the 

crystal structure determined for the corresponding 

enzyme from L. casei, a determination of the change 

in pK is critical to an understanding of the inhibi¬ 

tion mechanism of this class of drugs. Thus, 

previous determinations of the pK of the bound drug 

utilizing uv difference spectroscopy indicated a 
4 

value of 8.55 for the pK of bound methotrexate. 

As a result of the relatively smaller change in pK 

in the enzyme-drug complex, factors other than the 

hydrogen bonding interaction to N-l were implicated 

in the inhibition mechanism. In contrast, our 

results indicate that this single interaction is 

sufficient to produce the high inhibitory potency 

observed for methotrexate. This labeling approach 

is optimal for probing specific drug-enzyme inter¬ 

actions. 
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B. Conformational and Dynamic NMR Studies of 

Biologically Active Peptides (R. E. London, C. J. 

Unkefer,* J. M. Stewart,** and J. R. Cann**) 

During the past decade there has been an 

increasing awareness of the physiological impor¬ 

tance of biologically active peptides. Recently 

developed solid phase peptide synthesis techniques 

provide an ideal methodology for the incorporation 

of stable isotopes into various systems of interest. 

In collaboration with Profs. John M. Stewart and 

John R. Cann at the University of Colorado Medical 

School, we have utilized these labeling techniques 

in studies of the biologically active nona-peptide, 

bradykinin, sequence: Arg-Pro-Pro-Gly-Phe-Ser-Pro-

Phe-Arg. The kinins exhibit a broad range of phar¬ 

macological actions that include contraction of 

the uterus, ileum, and venules; bronchoconstriction; 

relaxation of the duodenum and arterioles (leading 

to lowered blood pressure); increased capillary 

pprmeability; 1eucochemotaxis; and causation of 

pain. 

*NIH Fellow. 

**University of Colorado Medical School. 
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Carbon-13 chemical shift anlaysis as a func¬ 

tion of pH and spin lattice relaxation measurements 

indicate that the peptide is conformationally 
2 

mobile in solution. Alternatively, circular 

dichroism (CD) measurements have suggested that the 
fi 7 ft 

Ser -Pro -Phe residues of the peptide adopt an 

intramolecular!.;' hydrogen bonded y-turn structure, 

the probability of which is temperature dependent. 

The NHR measurements have shown that this is at 

most a minor conformer of the peptide, the probabil¬ 

ity of which does not appear to be temperature 
3 4 

dependent' ' 

Our more recent studies of the peptide have 

focused on the three proline residues that play a 

significant role in determining peptide conforma¬ 

tion. In contrast to the conformational homogene¬ 

ity of peptide bonds formed with ami no acids that 

are trans planar, peptide bonds formed to itnino 

acids such as proline ttnd to adopt either the cis 

or trans geometries, with the cis and trans struc¬ 

tures defined in terms of the orientation of succes¬ 

sive a-carbons. All of the peptide bonds involving 

Pro residues of bradykinin were found to be predomi¬ 

nantly trans, however, an unexpected conformational 

heterogeneity was found in the bradykinin analog in 

which Gly replaced Ser at position 6: ([Gly ]-

bradykinin). NHR studies utilizing an isotopically 

enriched peptide, [90%-l,2-13C2Gly
6]-bradykinin, 

indicate that this heterogeneity reflects the 

presence of both cis and trans isomers of the 

Gly6-Pro7 peptide bond.5 

More recently, each of the Pro residues in the 

peptide has been replaced with AIB (o-amino-

isobutyric acid) residues. The latter represent a 

more conforroationally constrained ami no acid that 

is analogous to one of the possible conformational 

forms of proline. Bioassay results indicate that 

only the AIB substituted analog is relatively 

active. Recent NHR studies carried out in DHSO 
2 3 

solvent indicate that the AIB and AIB analogs 

have a much higher probability for adopting a 

p-turn conformation involving the four N-terminal 

residues. It therefore appears that this conforma¬ 

tion is inactive. Further studies of the peptide 

analogs in water, as well as parallel CD studies, 

are currently in progress. 

The cis/trans conformational heterogeneity 

noted above for the Gly -bradykinin has also been 

observed in other biologically active peptides. 

For example, a pH dependent cis/trans ratio has 

been observed in angiotensin, presumably correspond¬ 

ing to the His -Pro bond. In this case, it was 

proposed that this ratio might be an important 

determinant of biological potency. To understand 

this phenomenon better, we have recently carried 

out studies of the dipeptide, His-Pro, as well 

as the tri-peptide, Acetyl-His-Pro. In addition 

to our carbon-13 NMR studies, H NHR spectra 

were obtained at 400 HHz in Trondheim, Norway. 

Analogous to the observations in angiotensin, 

increase in pH leads to a dramatic increase in the 

cis/trans ratio, with the deprotonation of the 

imidazole side chain clearly the significant factor. 

The 1H NMR analysis indicates that at lower pH, the 

protonated imidazole forms an ionic bond with the 

terminal carboxyl group, stabilizing the trans 

conformation. This stabilization is lost as the 

imidazole is deprotonated, increasing the cis/trans 

ratio. 

REFERENCES 

1. J. M. Stewart, "Chemistry and Biologic Acti¬ 

vity of Peptides Related to Bradykinin," 

in Handbook of Experimental Pharmacology. 

Vol. XXV Supplement (Springer-Verlag, Heidel¬ 

berg, 1979). 

2. R. E. London, J. M. Stewart, J. R. Cann, and 

N. A. Matwiyoff, "13C and 1H Nuclear Magnetic 

Resonance Studies of Bradykinin and Selected 

Peptide Fragments", Biochemistry 17, 2270-2277 

(1981). 

3. R. E. London, "Quantitative Evaluation of y-

turn Conformation in Proline Containing Pep¬ 

tides using 13C NMR", Int. J. Peptide Protein 

Res. 14, 377-387 (1979). 

4. J. R. Cann, R. E. London, J. M. Stewart, and 

N. A. Matwiyoff, "Effect of Temperature Upon 

the Circular Dichroism of Bradykinin," Int. J. 

Peptide Protein Res. 14, 387-392 (1979). 

17 



5. R. E. London, J. M. Stewart, R. Williams, J. fi. 

Cann, and N. A. Matwiyoff, "Carbon-13 NMR 

Spectroscopy of [20%-l,2-13C2Gly
6]-bradykinin. 

Role of Serine in Reducing Structural Hetero¬ 

geneity," J. Am. Chem. Soc. 101, 2455-2«62 

(1979). 

6. R. J. Vavrek and J. H. Stewart, "Bradykinin 

Analogs Containing a-Amino-isobutyric Acid 

(AIB)," Peptides I, 231-235 (1980). 

7. H. E. Bleich, R. J. Freer, S. S. Stafford, 

and R. E. Galardy, "Correlation of the Biolo¬ 

gical Activity and Solution Conformation of 

[Asp1,He5] and [Phe4,Tyr8] Angiotensin II," 

Proc. Nat. 

(1978). 

Acad. Sci. U.S.A. 75, 3630-3634 

C. In situ Metabolic Studies of Microorganisms 

and Perfused Organs Using Isotopic Labeling and 

Nuclear Magnetic Resonance (T. E. Walker, C. H. Han, 

J. Y. Hutson, R. E. London, W. E. Wageman, C. B. 

Storm,* C. J. Unkefer,** and N. A. Matwiyoff) 

We have extender) our studies with Microbacter¬ 

ium ammoniaphilum to include several U> vivo C 

13,. NMR experiments using [1- C]glucose as a 
1 

sub¬ 

strate.'1 From these results we have been able to 

observe the effects of oxygen on the levels of 

various metabolites as shown in Fig. 15. The 

level of succinate is low with sufficent aeration 

but increases significantly following a cut off of 

oxygen. The effect on L-lactate is even more 

dramatic, increasing from undetectable levels and 

than decreasing upon resumption of the oxygen flow. 

Two interesting metabolites were also observed, a, 

a-trehalose and a- and p-glucosylamine. Although 
2 

the trehalose is a naturally occurring disaccharide 

(particularly in yeasts), the glucosylamine appears 

to be an artifact derived from the reaction of 

glucose and ammonium ion present at relatively high 

concentrations. 

We have been able to quantitate several bio¬ 

chemical pathways important for the synthesis of 

L-glutamate by carefully evaluating the label 

Fig. 15. 

Time dependence of the metabolite intensities from 
a series of proton decoupled Fourier transform °C 
NMR spectra (25.2 MHz) of an oxygenated suspension 
of Microbacterium amnoniaphilum initially contain¬ 
ing ~[T::T5C~(90~~atoi!i %)] glucose. The time given 
for each point is the interval for accumulation of 
the spectra after transfer of the cells to fresh 
medium containing [l-l3C]glucose. Oxygen supply 
was cut off and restarted at the times indicated. 

distribution in L-[ C]glutamate derived from 

[1- CJglucose. The enrichment at C-4 in the 

product is equal to half the enrichment in t. •» 

starting glucose provided that the only direct 

pathway to glucose is the Embden Meyerhoff pathway 

and the first third of the Krebs cycle. The 

percent participation of the phosphogluconate 

pathway can be calculated from Eq. 1 because the 

C-l label is lost in the first step of the 

pathway. 

+ (l-f)-O = a (1) 

•Howard University. **NIH Fellow. 

In this equation, f is the fraction of molecules 

that are metabolized via the Embcten Meyerhoff 

pathw.jy, a. the initial enrichment of the [i-13C] 

glucose and a the observed enrichment of C-4 in 

the oroauct glutamate. By this technique, we 

calculate that only 13% of the gljcose is processed 

by ths phosphogluconate pathway. 

Quantitation of the glyoxylate and Krebs cycle 

activities can be approached us;ing the observed 
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njutamate enrichments and a mixture analysis of the 

. ferent isotope isomers. It is important in this 

type of study to obtain accurate carbon enrichment 

values by 1H NMR rather than by 13C NHR because of 

the correlated nature of the carbon labeling that 

com 
13,. 
complicates the C- C coupling analysis in the 

C NMR spectra. Table IV summarizes the important 

labeling pathways, the labeling patterns that 

result, and the percent participation of the 

different pathways. Clearly the most significant 

pathway (58%) is through phosphoenolpyruvate and 

the first third of the Krebs cycle. The observed 

Krebs cycle activity (6%) was initially unexpected 

because this cycle is presumably shut down because 

of the reduction of orketoglutarate dehydrogenase 
4 

activity. Evidence for the activity of this cycle 

comes primarily from the observed negative correla¬ 

tion in the labeling of C-l and C-2 of glutamate. 

TABLE IV 

POSSIBLE LABELING PATTERNS FOR C-2, C-3, AND C-4 OF 

[13C]GLUTAMATE DERIVED FROM [l-13C]GLUC0SE 

Pathway 
Desig- Labeling Pathway 
nation Pattern Source of Label % 

o * * 
X C.-C,-C,-C. Phosphoenolpyruvate 58 

carboxylase + 1/3 
Krebs cycle 

Cl C2 C3 C4 Fumarase activity + 

r -r -r r Ll L2 C3 L4 

single turn of 26 
glyoxylate cycle 

* x x x Multiple turns of 
Z "-,-C -C.-C. K r e b s o r 10 

glyoxylate cycles 

Si.-gle turn Krebs 

-c -c -r 
2 C3 L 

* Indicates a labeling probability a derived from 
the enrichment of the acetyl CoA. 

o Indicates a labeling probability p derived from 
the enrichment of the bicarbonate pool. 

By following the enrichment at C-3 and C-4 in the 

experiment depicted in Fig. 15, we have further 

deduced that during the course of the reaction, the 

relative importance of the pathways changes such 

that only later does the glyoxylate pathway become 

important. If this pathway can be blocked by an 

appropriate inhibitor, we should be able to de¬ 

crease the label at C-3 and thus produce [2,4- C] 

glutamate thai is more selectively enriched. 

The yield of L-glutamate from acetate was poor 

from M. ammoniaphi1 urn, therefore, we began working 

with Brevibacterium flavum. which produces 

L-glutamate in a yield of ca. 20% from acetate. 

The labeling pattern is the same as that derived 

from M. ammoniaphilum. namely [1- CJacetate 

produces [1,5- C]glutamate and [?- C]acetate 

produces [2,3,4- Ciglutamate. The label at C-l 

of glutamate, however, is actually observed in 

glutamate from both substrates, which suggests that 

when producing glutamate from acetate, the Krebs 

cycle must be very active in contrast to the 

results obtained from glucose grown cells. 

An isoleucine requiring mutant of B. flavum 

is being used for the biosynthesis of C and N 

enriched L-proline from ammonium sulfate and 

glucose. The labeled L-proline will be used in a 

variety of NHR studies on the structure of proteins 

and peptides. Proline is a particularly interest¬ 

ing amino acid because of the possible cis-trans 

isomers and its importance in determining tertiary 

protein structure. The labeling pattern of C 

enriched proline should be identical to that of 

L-glutamate produced from the same substrate by 

the parent organism. The mutant, however, produces 

only poor yields of L-proline from acetate and thus 

if one desires L-[l,5- C]proline, it must be made 

by a different route. Two possibilities are being 

pursued. In the first, the organism is grown on 

glucose, the cells harvested and transferred to a 

medium containing [1,5- C]glutamate. This tech¬ 

nique presumably would require a second carbon 

source for energy production that could exchange 

with the labeled glutamate unless glutamate dehydro¬ 

genase activity is blocked. The second technique 

involves making a cell-free extract that is used 
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to catalyze production of L-proline from labeled 

L-glutamate. This method requires the addition of 

catalytic amounts of ATP and NADPH plus a system 

for regenerating them as they are used. The mutant 

B. flavum also produces varying amounts of alanine. 

valine and glutamate dependent on growth conditions 

and may prove to be a good source of these ami no 

acids as well. 

Our studies of C-enriched amino acids have 

also been extended to the aromatic amino acids 

L-tyrosine and L-phenylalanine. These ring-labeled 

aromatic amino acids will be used in a variety of 

investigations aimed at understanding the metabo¬ 

lism of phenylalanine in the genetic disease phenyl-

ketonuria, in determining enzyme-substrate inter¬ 

actions, in making biophysical measurements on 

phenylalanine and cyrosine containing peptides, and 

on oxygen incorporation into neurochemical metabo¬ 

lic pathways. The best synthetic route to these 

amino acids is the synthesis of C enriched phenol 

from [ C]acetone, the biosynthesis of tyrosine 

from phenol using Erwinia herbicoia and conversion 

of tyrosine to phenylalanine. The biosynthesis of 

tyrosine by E. herbicola proceeds by the enzyme 

B-tyrosinase operating in the reverse (anabolic) 

direction and is induced by growing the bacteria 

in the presence of L-tyrosine. This enzyme is very 

versatile and will utilize a variety of compounds 

as substrates, e.g. D- or L-serine, pyruvic acid, 

pyrocatechol, m- and £-cresols and m- and o-

chlorophenols. 

In addition to C NHR studies on the metabo¬ 

lism and biosynthesis of labeled ami no acids, we 

have begun a program of study of whole organs per¬ 

fused with C enriched substrates. Although the 

technique of organ perfusion is well documented, 

the application to the study of metabolism by C 
q 

NHR is relatively new. We are focusing initially 

on the mouse liver, which provides us with a wide 

range of experimental options including the uptake 

of glucose, the synthesis of glycogen, the metabo¬ 

lism of drugs, and gluconeogenesis. The microsur-

gical techniques necessary for perfusing an intact 

mouse liver are tedious; however, as we are able 

to use larger organs (such as rat liver) in larger 

NMR tubes, the procedures will become easier. We 

expect eventually to report on a variety of meta¬ 

bolic experiments involving not only liver but 

other organs and tissues as well. Mammalian cells 

grown in tissue culture and labeled with C 

enriched substrates will also be studied. 
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15, N NHR Studies of Histidine (H. Alei) IV. BIOMEOICAL RESEARCH 

The amino acid histidine is of particular in¬ 

terest in biological systems because it is known to 

be part of the active site of many enzymes. This 

activity is directly related to histidine's propen¬ 

sity for complexation of metal ions by way of the 

basic nitrogen of its imidazole ring. Figure 16 

shows the structure of histidine and the various 

forms in which it exists in aqueous solution as a 

function of pH. 

For the past several years we have been using 

N NMR to study the interaction in aqueous solution 
2+ 2+ 

of Zn and Cd with imidazole, 1 methyl-imidazole 

and, most recently, histidine. We have found that 

the association of the metal ion with the basic ni¬ 

trogen of the imidazole ring produces measurable 

shifts in the NMR signal for both nitrogens. From 

a study of the magnitudes and directions of these 

shifts as a function of solution composition and 

pH, we get information about the specific site of 

metal-ion attachment and the maximum number of 

imidazole rings associated with a single metal ion. 

In the most recent study with histidine, we 
2+ 2+ 

have shown that Zn or Cd can complex histidine 

in its amphionic form (Fig. 16) with complexation 

constants and N NMR shifts comparable in magni¬ 

tude with those for complexation between the same 

metal ion and imidazole. In addition, the two 

tautomers ("pN3" or "pNj," Fig. 16) of the histidine 

amphion complex the metal ion with approximately 

equal facility. These results indicate that N 

NMR may prove to be a useful tool for studying the 

active sites in the more complex enzyme systems. 

Besides providing a possible means for distin¬ 

guishing those histidine residues involved in the 

active site (associated with metal ion) from those 

which are not, the technique might also yield 

information about the geometry and kinetics of the 

metal-ion association. 

A. The National Stable Isotopes Resource 

(N. A. Matwiyoff and R. £. London) 

The national stable isotopes resource (SIR) is 

operated as part of the ICONs program, named for 

the isotopes of carbon (12C, 1 3C), oxygen (160, 1 70, 

0), and nitrogen ( 'N, N). The program encom¬ 

passes the production of large quantitites of the 

separated isotopes by the low-temperature distilla¬ 

tion of CO and NO; the development of efficient 

synthetic methods for the incorporation of the 

isotopes into complex molecules; the improvement of 

techniques, especially nuclear magnetic resonance 

(NMR) and mass spectroscopy, for the analysis of 

isotopically labeled compounds; and participation 

with extramural investigators in cooperative 

research and development programs to develop the 

utility of stable sotopes in the biosciences and in 

environmental studies. The focus of the SIR, a 

joint effort of Groups CNC-4 and LS-5, is on 

developing uses of stable isotopes in the bio¬ 

sciences by 

Producing and providing enough separated C, 

N, and oxygen to support the program; 

Synthesizing labeled compounds for accredited 

investigators when those compounds are not 

readily available from commercial or other 

sources at acceptable costs; 

Developing an active program of research col¬ 

laboration with investigators in the bioscien¬ 

ces community, providing as necessary, isotope 

labeled compounds and analysis and data inter¬ 

pretation with NMR and mass spectrometry; 

Advising and assisting investigators using iso¬ 

topes of carbon, oxygen, and nitrogen; 
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Fig. 16. 
The ami no acid histidine is shown in the various forms in which it can exist in aqueous solution depending 
upon pH. As pH is increased (from left to right in the above figure) the dominant species goes from the 
positively charged cation to the electrically neutral amphion to the negatively charged anion. In addition, 
the amphion and anion can each exist in two tautomeric forms distinguished by whether Ht or N3 of the iniida-
zole ring is protonated. 

Hosting visiting scientists for training in 

use of stable isotopes and encouraging exchan¬ 

ges of talks, short courses, and extended 

research opportunities; 

Collaborating with other resources in synthe¬ 

sis and mass spectrometric and NMR analyses to 

speed development of isotope methodology; and 

Performing core research designed to keep the 

resource at a state-of-the-art level. 

Highlights of several projects supported by 

the SIR during the past year are described below. 

1. Total Body Water Measurement in Humans 

with 180 and 2H Labeled Water. Accurate and rapid 

determinations of total body water (T8W) would be 

valuable in many clinical situations. These 

include assessment of fluid status in patients with 

heart failure, renal failure, or severe burns. In 

addition to these clinical uses, TBW measurements 

were needed for the determination of body composi¬ 

tion in nutritional studies. During the past four 

decades, numerous indirect methods for the deter¬ 

mination of total body water have been used. Each 

of these has been based on the dilution principle. 

Water-soluble tracers such as antipyrine or urea 

have been tried, but give rise to errors because 

the tracers are either bound to proteins, rapidly 

metabolized and excreted, or are slowly and incom¬ 

pletely distributed to all the body components. 

The best and most frequently used tracers have been 

water labeled with either tritium or deuterium. 

Deuterium or tritium labeled water traditionally 

has been used for the measurement of total body 

water by application of the dilution principles. 

However, these methods have not enjoyed wide cli¬ 

nical use. The use of deuterium is hampered by the 

tedious and time consuming nature of the analysis, 

whereas the use of tritium involves a radiation 

hazard. In addition, exchange of the label with 

nonaqueous hydrogen in the body raises questions 

about the accuracy of total body water values. 

Using isotopically labeled compounds obtained fro-

the stable isotopes resource, Dr. P. D. Klein ana 
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co-workers at the Baylor College of Medicine, Chi 1-

" -en's Nutrition Center and the MIT Clinical 

Research Center have shown that water labeled with 
-t o 

0 can yield faster and more accurate results. 

Total body water was measured simultaneously using 

water labeled with both 180 and 2H. The 180 and 2H 

dilutions were measured by mass spectrometry. The 

relative precision of the body water value using 
-| o 

the 0 method was 2% for both serum and breath 
1 Q 

analysis. The 0 was fully equilibrated within 2 

to 3 hr after administration, and results from the 

analysis of breath CO, could be readily obtained 

within 1 hr after sampling. The H, 0 dilution 
2 

space averaged 3% less than the HHO dilution 
space, because the latter exchanges with nonaqueous 

18 
hydrogen. For this reason, the H, 0 dilution 

should be a more accurate measure of total body 

water than the ZHH0 dilution. 

2. Biosynthesis of L-Amino Acids Selectively 

Enriched with Carbon-13. The staff of the stable 

isotopes resource has developed many of the synthe¬ 

tic methods for the incorporation of stable iso¬ 

topes into natural products, drugs, and other com¬ 

pounds of interest in tracer and structural studies. 

Current work is focused on the biosynthesis of 

those L-amino acids for which efficient organic syn¬ 

thesis methods are not now available and for which 

there is a need either in human iiietaboMc and nutri¬ 

tional studies or in the investigation of the struc¬ 

ture and dynamics of proteins enriched with labeled 

amino acids. In the use of biological systems for 

the selective enrichment of natural products there 

are two prime practical considerations: (1) the 

optimization of the incorporation of the C label 

from the precursor into the product; and (2) the 

minimization of the degree to which the label 

becomes randomized in the product because of the 

flux of the precursor and its metabolites through 

various pools. This year, the staff of the re¬ 

source has developed methods for the manipulation 

of mutant bacteria that overproduce amino acids so 

that they selectively introduce C labels from 

specifically C-labeled glucose and acetate. The 

bacterial synthesis is convenient and efficient and 

should result in substantially reduced costs for 

'hese materials when the technology is transferred 

».o private industry. 

3. Synthesis and Solution Structure of the 

Type 2 Blood Group Oligosaccharide. The oligosac-

charide components of glycoproteins and glycolipids 

are of interest because of their demonstrated roles 

in several recognition events. Knowledge of the 

solution conformations (structures) of these oligo¬ 

saccharides is limited, yet is essential for the 

complete understanding of their specificities. 

The most promising approach to establishing solu¬ 

tion conformations of such complex oligosaccharides 

is nuclear magnetic resonance (NMR) spectroscopy 

which, in certain systems, can give data interpret-

able in terms of conformations of component mono-

saccharide rings and conformations about the gly-

cosidic bonds. Application of NMR spectroscopy 

requires the isolation or synthesis of substantial 

amounts of oligosaccharides (>20 pmoles). Data 

acquisition is facilitated by larger amounts of 

material, and certain interactions can be assessed 

only if compounds enriched with 13C at specific 

sites are prepared. Professor R. Barker and his 

coworkers at Cornell University, using precursors 

supplied by the stable isotopes resource, have 

accomplished the enzymatic synthesis of 20 - 50 mg 

amounts of the immunologically active core tri-

saccharide of the ABO Type 2 blood group antigens 

specifically enriched with C. The solution 

conformation of the monosaccharide components of 

the core trisaccharide was shown by C NMR spec¬ 

troscopy to be similar to those of the unsubsti-

tuted monosaccharides or their simple glycosides. 

B. Development of a Data Base for Carbon-13 En¬ 

riched Molecules (R. E. London and M. A. Phillippi) 

The design of sophisticated biological nuclear 

magnetic resonance (NMR) experiments involving 

isotopic labeling requires a data base that in¬ 

cludes such parameters as relaxation behavior, 

coupling constants, C assignments, etc. We have 

collected and published these data for a variety of 

biologically interesting systems. During the past 

year, we extended our studies on the effects of 

multiple isotopic enrichment on the relaxation 

behavior of enriched systems. 

Multiple C enrichment in a molecule intro¬ 

duces the possibilty of 13C - 13C dipolar inter¬ 

actions that can contribute significantly to the 
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relaxation behavior of the labeled spins. Gener¬ 

ally, the C - C dipolar interaction is con¬ 

siderably smaller than the C - H dipolar inter¬ 

action for directly bonded spins. As a result, 

the former effect is readily observable only 

for nonprotonated carbons. Enrichment below the 

100% level allows simultaneous observation of the 

C resonance corresponding to the singly labeled 

species, and the C multiplets corresponding to 

the multiply labeled molecules. Because the only 

difference in the relaxation behavior of these two 

sets of signals is the C - C dipolar interac¬ 

tion, subtraction of the results obtained for the 

singly and multiply labeled species allows quantita-

tion of the 13C - 13C dipolar terra. This result 

can in turn be related to the molecular dynamics of 

the corresponding carbon - carbon bond. In con¬ 

trast, the typical C relaxation measurements on 

unlabeled systems are sensitive to the molecular 

dynamics of the carbon - hydrogen bonds in the 

molecule. Thus, this approach provides data more 

directly related to the motion of the molecular 

skeletal framework of carbon bonds. 

We have extended these resu.ts to include the 

effects of long rotational correlation times thai, 

frequently characterize macromolecules of bio¬ 

logical interest. In general, the recovery of the 

total magnetization after an initial inverting 

pulse is bi-exponential: 

A(t) = 
-A,t -x2t 

Results for a nonprotonated carbon (spin A) bonded 

to a protonated carbon (spin M) are illustrated in 

Fig. 17. From this figure, it can be seen that 

for most values of the rotational correlation time, 

the recovery curves for both spins are approx¬ 

imately exponential, i.e., coefficients Cl and C2 

are close to 1 or 0. This generalization breaks 

down near correlation times of 10 s, at which 

both recovery curves become significantly nonex-

ponential. For slower motions than this, a "spin 

diffusion" process becomes dominant, causing both 

the nonprotonated and protonated carbons to exhib¬ 

it identical relaxation behavior, which is domina¬ 

ted by the contributions of the protons directly 

bonded to spin H. 
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Spin lattice relaxation behavior for an AMJX ] sys¬ 
tem where A correspogds to a ncnprotonated carbon 
for which r_H = 2.16 A, H corresponds to a proton¬ 
ated carbon with «"_„ = 1.09 A, and the proton(s) X 
is decoupled, (a) illustrates the T] behavior for 
A(A) and M(D) carbons in the absence of dipolar 
carbon-carbon interaction, the Ts contribution cor¬ 
responding to theocarbon-carbon dipolar interaction 
with r.p = 1.53 A and the two reciprocal eigen¬ 
values A2-

x and Xg-2 describing the relaxation of 
the A and H spins in the cross-relaxing system. 
Isotropic motion with rotational correlation time 
indicated on the abscissa is assumed. For long 
correlation times the carbon - carbon relaxation 
times become equal in magnitude. (b) corresponds 
to the same calculation but assuming N,, = 2 (i.e., 
two protons directly bonded to H), nence corre¬ 
sponding to the theoretical behavior of labeled 
glycine. (c) Coefficients Ct and C2 corresponding 
to the eigenvalues X, and A2 plotted in (a) as a 
function of the rotational correlation time. As 
can be seen from the curve, the spin lattice relax¬ 
ation behavior is effectively exponential over most 
of the range of correlation times considered and 
corresponds to the eigenvalue X^. (d) Coeffients 
corresponding to the eigenvalues Xj and A2 ^

or *-ne 

M relaxation. As a result of the crossover near 
r = 10"7 s, the relaxation behavior is transferred 
from the Xj to the X2 curve for very slow motion. 

In addition to these results, we have noticed 

an unexpected phenomenon in some of the multiply 

labeled systems examined during the past year. In 

particular, unprotonated C nuclei bonded to 

protonated r 

resonances. 

C nuclei exhibit unexpectedly broad 

This result does not reflect the 

C - C dipolar interaction, but instead can be 

ascribed to the effect of the rapidly relaxing 
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J-<tonated carbon. It has lony been known that 

•n k nuclei bonded to quadrupolar nuclei can show 

line width effects from the rapid relaxation of 

the quadrupolar spins. In the present case, the 

rapid relaxation of the protonated carbon in a 

biological macromoiecule laads to a similar effect. 

Calculations of the expected 1i:,sshape can be used 

to deduce the spin lattice relaxation time of the 

directly bonded, protonated carbon, and the result 

compared with a direct measurement. 

We believe that these measurements and theore¬ 

tical studies are of importance for the eventual 

application of C labeling in studies involving taminants resulting from the reaction are found at 

reduction of oxidized Br species to Br . The pH 

and isotonicity are adjusted using NaOH and 

sterile phosphate filtration. This method is adap¬ 

table to a "cold kit" preparation. 

Quality control is easily performed using 

ascending paper radiochromatogra.nhy. Whatman #1 

chromatography paper is spotted with 1 to 3 u£ of 

labeled dye solution. A separation of Br" from 

BSP and 77Br-BSP is accomplished within 75 min 

using an acetate buffer, pH 4.5. In this system, 

Br" migrates to an average R, of 0.87, BSP and 
77 
Br-BSP to R- 0.67. Any radiopharmaccutic; 1 con-

biological macromolecules. 

C. Radiobromination of Bromosulfophthalein, 

(P. Wanek and Z. Svitra) 

Bromosulfophthalein (BSP) has been used exten¬ 

sively for the detection and measurement of human 

liver dysfunction. The test is based on the 

ability of the hepatic parenchyma to rapidly remove 

the dye from the blood and more slowly excrete it 

into the bile ductules and bile duct. This 

mechanism may be either delayed or accelerated 

depending on the condition of the liver and its 

drainage structures. 

Radiolabeling BSP would broaden its utility, 

in that liver abscesses, ascites tumors and the 

state of the gall bladder could be assessed. Also, 

the amount of the dye needed for diagnostics can be 

reduced substantially. 

We have chosen to radiobrominate BSP( Br-BSP) 

using a process that involves the electrophilic 

addition of in-situ-produced Br, to the organic 

dye. Five mg of BSP and 0.3 mg of KBrO, powders 

are placed in a sterile 1 mZ serum vial. A Teflon-

backed rubber stopper is crimp-sealed over the 

vial. To dissolve the powders and to adjust the 

pH to 1.0, 0.2 m£ of an equal mixture of sterile 

water and 1 M HC1 is added through the rubber 

septum using a disposable syringe. One to three 

mCi of aqueous Br is then added. The vial is 

rotated to insure mixing and allowed to stand at 

room temperature for 30 min. Sulfur dioxide 

"is is bubbled through the solution to insure 

a distance of less than R, 0.56. Other chrcmato-
1 2 

graphic systems described in the literature do 

not separate thfcse labeled contaminants, nor are 

these contaminants described in similar iodination 

work2'3. 

Using this labeling method, we have found that 

3.1 mCi of Br can be added to 5 mg BSP with a min¬ 

imum labeling yield of 97-98%. However, varying 

percentages of radiopharsaceutical contaminants con¬ 

tinue to be a problem. As many as five labeled 

impurities have been found chromatographicaily. 

These radioactive species may enter the liver and 

be metabolized at considerably different rates, 

thus altering the function test. Efforts are con¬ 

tinuing to identify and remove these contaminants. 

Biological studies using Br-BSP are encour¬ 

aging. A preliminary biodistribution study in the 

rat model using a Br BSP containing less than 

10% radiocontamination (including 2% free Br ) 

was found to be completely cleared from the blood 

within 10 min and 90% cleared from the liver 

within 45 min. These results compare favorably 

with human clearance of BSP. 

REFERENCES 

1. R. Suwanik and M. Tub is, "A Simplified Model 

for the Preparation of I-Labeled Sulfobromo-

phth?iein," Int. J. App. Radiat. Isotopes. 19, 

883 (1968). 

2. H. Goris, "I-Iodobromsulfalein as a Liver and 

Biliary Scanning Agent," J. Nucl. Hed. 14, 

820-825 (1973). 

25 



3. J. Potocki and P. Rudkowski, "Preparation of 

Iodine -131 Labeled Bromosulphtahalein," Neuk-

leonika. 21, 1075-1078 (1976). 

D. Hew Radiobromination Methods. Radiobromina-

tion Via Aryltrimethylsilyl Intermediates 

Wilbur and K. W. Anderson) 

(D. S. 

Sadiobrorcine-labeled compounds are of interest 

in radiopharmaceutical development. It is therefore 

of primary importance that methods be available for 

introducing radiobromine into a variety of types of 

compounds in various positions. For compounds con¬ 

taining aromatic rings it is generally accepted 

that the best position to radiohalogenate is on the 

aromatic ring. This preference arises from the 

fact that aryl-halogen bonds are usually more stable 

than other carbon-halogen bonds. Thus, the radio-

bromine will probably be less labile in-vivo. 

At present there are several methods of intro¬ 

ducing radiohalogens into highly activated rings 

(e.g. phenols and anilines); however, only a few 

methods have appeared in the literature for intro¬ 

ducing radiobromine into less active aromatic rings. 

Particularly noteworthy is the in-situ generation 

of a radiobrominating agent produced by the oxida¬ 

tion of bromide-77 with tetrafluoro-N-chlorosuccin-

imide (TFNCS). Radiobromination of toluene in 

trifluoroacteic anhydride with this method yielded a 

mixture of ortho- and para- Br-bromotoluene in 52% 

radiochemical yield. Unfortunately, for practical 

laboratory radiobromination of compounds this me¬ 

thod has two drawbacks: all experiments must be con¬ 

ducted in a dry box and a mixture of radiobrominated 

compounds arises. The only other methods reported 

for radiobrominating aromatic rings that 3-e not 

highly activated involve the decomposition of dia-

zonium salts or triazine analogs of compounds in 

the presence of salts of bromide. Although these 

methods £~e regiospecific, yielding only one 

aryl position radiobrominated, the yields for the 

reactions are consistently very low. 

It has been known for nearly three decades 

that aryltrimethylsilyl compounds will react with 

electrophilic bromine to yield arylbromides; 

however, this method has not been utilized to intro¬ 

duce radiobronine into aryl compounds. Because the 

aryltrimethylsilyl intermediates are often easily 

synthesized, an investigation to determine if the;iK 

could be used to introduce radiobromine (regio-

specifically) into aromatic rings was carried out. 

To simplify the evaluation of the reaction para¬ 

meters, a model compound study was begun by synthe¬ 

sizing the three regioiscmers of toluene, i.e., 

ortho-trimethylsilyltoluene (o-TMST) 1, meta-tri-

methylsilytoluene (m-THST) 2, and para-trimethyl-

silyltoluene (p-TMST) 3. 

Aryltrimethylsilyl Toluenes 

CH, 

LiBf/0X. 
M.OH 

Si(CH,), 

Cleavage of Aryltrimethyisilyl Toluenes 

CH, CH, CH 

Reactions of aryltrimethylsilyl compounds had 
4 7 

previously been reported in carbon tetrachloride ' 
Q 

and methanol solvents using bromine (Br_), but 

none have appeared where the brominating agent 
q 

was generated in-situ. As methanol and ethanol 

have been shown to be good solvents for the in-situ 

generation of brominating agents, our initial 

studies dealt with the cleavage of aryltrimethyl¬ 

silyl toluenes with brominating agents (non-radio¬ 

active) generated in-situ. A variety of bromina¬ 

ting species were investigated as potential radio¬ 

brominating agents (Table V). Of those looked at, 

N-bromosuccinimide(NBS) and NBS/chloride appeared 

to be inferior to N-chlorosuccinimide(NCS)/bromide 

and tert-butylhypochlorite(TBHC)/bromide. The 

reaction of NCS/bromide was chosen for radiobromina¬ 

tion studies because NCS reacts with aryltrimethyl-

silyl toluenes(THST) very slowly, whereas TBHC 

reacts rapidly with TMST's. Although the reactions 

of the oxidizing agents with bromide are much 

faster than with THST, radiobrominations on a "no— 

carrier-added" (nca) level employ a large exces. 
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TABLE V 

STABLE BROHINATIONSa 

p-THST 

B-TMST 

o-TBST 

Values 

Rxn Tiae 

5 a in C 

1 br 

5 Bin 

1 hr 

5 Bin 

1 br 

were obtained 

NBS 

14 

72 

2 

4 

9 

55 

ms/ci" 

11 

88 

1 

17 

11 

82 

NBS/Br 

86 

91 

37 

75 

86 

85 

TBHC/Br" 

100 

b 

13 

99 

100 

atases of 
observed peaks in the broainated product. 

{-) values were not taken. 

CTise was Measured fron addition of oxidizing agent. 

of oxidizing agent. Therefore, the chlorination 

reactions are important, as the chlorinated pro¬ 

ducts must ultimately be separated from the 

radiobrominated products. 

Preliminary radiobrominations were conducted 

with bromine-82 (T h = 35.3 hr, y = 776 keV), which 

has a low specific activity and is not suitable for 

in-vivo imaging, but can be used for some initial 

biodistribution studies. The reaction of 

NCS/bromide-82 did give good radiochemical yields 

(Table VI), as might be expected because the 

chemistry should be the same as for stable bromi-

nations. Comparison of the radiochemical yields 
12 

(10 to 12%) recently reported for preparation 

of bromine-82 labeled haloperidol exemplifies how 

much better this method is. 

Attempts to utilize NCS as the otidant in nca 

radiobrominations with bromine-77 (T h = 57 hr, 

1 = 239 & 521 keV) did not give the iesired radio-

brominated products. However, use of the more re¬ 

active TBHC for the oxidizing agent gave reasonable 

radiochemical yields (Table VI). Unfortunately 

this method does introduce considerable amounts of 

the chlorinated products, which frequently may be 

separated from the radiobrominated products by 

high performance liquid chromatography. Comparison 

of the yields obtained with this method versus 

those obtained when oxidizing with TFNCS demon¬ 

strates that this method is superior. Indeed 

their method also yields chlorinated products. 

Studies with varying the pH of the reaction 

solution for the in-situ radiobrominations with 

TBHC/BR-77 indicated that much poorer yields would 

be obtained at decreased pH, but somewhat better 

yields might be obtained at increased pH Because 

highly nucleophilic bases such as hydroxide ion are 

undesirable because of potential side reactions 

with other functional groups, the nonnucleophilic 

base potassium tert-butoxide (TBO-) was studied. 

Interestingly, somewhat different results were 

obtained for the nca radiobrominations (Table VI). 

More work must be done with these reactions before 

the observed differences can be explained. 

Studies are continuing with radiobrominations 

via aryltrimethylsilyl derivatives. Further 

studies will be conducted involving the introduc¬ 

tion of radioiodine (1-131: T \ - 8.08 days, 

Y = 364 keV and 1-123: T h = 13.3 hr. , -y = 159 keV) 

aryltrimethylsily intermediates. 
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p-TMST 

a-TMST 

O-IHST 

Rxn 

5 
1 

5 

1 

5 
1 

TABLE VI 

RADIOBROMINATIONSa 

Tiae 

ain 

hr 

ain 

hr 

ain 

br 

^Values were obtained by 
activity that eluted at 

»CS/82Br-

93 
94 

62 

80 

92 

93 

TBHC/77Br" TBHC/77Ir~ TN>" 

46 

52 

40 

67 

58 

63 

HPLC and represent percentage* of 
sace retention t iae as broainatcd 

16 
74 

<1 

46 

95 

radio-
products . 
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A. Rock-Water Interactions (R. Charles, R. Vidale, 

G. Bayhurst) 

1. Introduction. Experimental and theore¬ 

tical work is continuing on the chemical reactions 

expected in deep geothermal reservoirs, particu¬ 

larly the hot dry rock reservoir at Fenton Hill. 

A new reaction vessel (Sec. 2.) as well as a new 

analytical procedure (Sec. 3.) have been developed. 

Previously, one rock type was reacted with recycled 

aqueous fluid in the experimental circulation sys¬ 

tems. The systems have now been modified and re¬ 

calibrated with respect to temperature to allow 

pre-equilibration of fluid with one rock type and 

flow of the fluid over another rock type (Sec. 4.)• 

Beside imitating analogues in natural systems, this 

experiment has application to the Fenton Hill pro¬ 

ject. Observed reactions can be related using 

multisystems (Sec. 5.). 

2. Temperature Calibration of a New Rapid 

Quench Vessel. Temperature gradients within cold 

seal pressure vessels are of constant concern to 

experimental petrologists. The rapid quench pres¬ 

sure vessel suggested by Greenwood (verbal communi¬ 

cation) and developed by Wellman is very sensitive 

to orientation and pressure media. The vessel 

consists of two 3.2-cm-diam rod vessels 30.5 cm 

long attached in series by high pressure cone seals. 

One vessel is heated and the other water cooled. 

The sample temperature is dropped quickly at the 

end of an experiment by tipping the vessel so that 

the sample capsule slides down the open bore from 
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the heated vessel into the water cooled vessel. -10°, -5°, -2.5°, 0°, 2.5°, 5°, and 10° at tempera-

I Jert, et al. and Ludington pointed out defi¬ 

ciencies in this design because of unacceptable 

temperature gradients across the sample capsule 

if the vessel was horizontal, using water as the 

pressure medium. 

A different vessel designed by Vidale consis¬ 

ting of one piece of Rene 41 61 cm in length and 

3.2 cm in diameter that was calibrated and found to 

have acceptable gradients. Calibrations were done 

over 6.8 cm of the hot end of the vessel at angles 

of inclination (measured from the horizontal) of 

tures of 300, 450, 600, and 750°C and 2 kbar = P. .. 
tot 

Results show a water pressure medium is satisfac¬ 

tory at all temperatures if the hot end is raised 

+5° (see Fig. 18). 

A similar set of measurements were performed 

on a standard 30.5-cm vessel with a filler rod. 

The results show the temperature gradient to be 

essentially inclination-independent from -10° to 

+10° although the temperature correction is incli¬ 

nation-dependent. 

Fig 18. 

>mperature gradients (°C) for the 61-cm rapid quench vessel at the angles of inclination indicated. 
t +10°, the hot end of the vessel is raised 10° from the horizontal. 
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3. The Effect of HF on the Analysis of A1. 

Ba, Ca, Mg, and Sr in the Presence of Si. The 

development of geothermal energy production and 

geologic storage of nuclear waste has resulted in 

a need to characterize, in terms of major and 

trace constituents, waters introduced into geologic 

systems, natural groundwaters and waters resulting 

from rock-water interaction laboratory experiments. 

Frequently, only limited quantities (10 m£ or less) 

of sample from laboratory experiments are available, 

thus necessitating the use of a multi-element anal¬ 

ysis technique. The Spectrometrics Inc. Model III-A 

direct reading 0. C. argon plasma emission spectro¬ 

meter system has been found suitable for these 

analyses. 

To maximize the parallel data acquisition capa¬ 

bility of the spectrometer system, a multielement 

standard representative of the samples being ana¬ 

lyzed is necessary. Many of the water samples re-

suiting from high pressure, high temperature rock-

water interaction studies have silicon to sodium 

ratios of 7.3 or more. Commercially available sili¬ 

con standards for plasma emission and atomic adsorp¬ 

tion spactrophotometry are prepared from Na2Si0-

dissolved in water, giving a silicon to sodium 

ratio of 0.59. Thus, sodium silicate is not 

suitable for preparing a multielement standard 

that will be used to analyze samples having much 

more silicon than sodium. 

Silicic acid was dissolved in a dilute HF 

(approximately 2 to 3M) solution to prepare a low 

sodium silicon standard. This solution was stan¬ 

dardized versus a commercial Na,SiO- silicon 

standard. After standardization, the silicic acid 

solution was used as a stock solution of Si to 

prepare multielement standards suitable for use 

in the analysis of our water samples. 

As a check on the accuracy of the O.C. plasma 

determinations, a variety of groundwaters were ana¬ 

lyzed by conventional flame atomic absorption (AAS) 

and by D.C. plasma emission spectroscopy (DCPES). 

Results for Al, Ca, Mg, and Si showed large discre¬ 

pancies between the two methods, with the emission 

results being consistently low. 

The samples were made 0.1M in HF and reana¬ 

lyzed by emission. The reanalysis indicated a sig¬ 

nificant increase in apparent concentration of 

these elements, approaching those obtained by AAS. 

This observation led to a series of experiments 

designed to evaluate the effects of varying concen¬ 

trations of both Si and HF on the DCPES analysis of 

Al, Ba, Ca, Mg, and Sr. 

A series of solutions containing 1 ug/rnU of 

each of the above elements (analytes) plus Si at 

10 ug/m£ were prepared containing added HF concen¬ 

trations ranging from none to 0.025M. At 0.003M HF 

the Al emission signal showed a 30% increase in 

intensity relative to the solution with no added 

HF, and Ba, Ca, Mg, and Sr showed a 15% increase. 

Solutions containing 1 ug/m« analytes plus 50 pg/m£ 

Si showed the same results as the previous experi¬ 

ment. When the concentration of analytes were 

raised to 10 ug/mi and the concentration of Si 

raised to 300 ug/m£, relative enhancements ranged 

from 120% for Al to 20% for Mg, piateauing at 

0.005M added HF. No increase of emission inten¬ 

sities were observed for any of the analytes as a 

function of added HF without the presence of Si. 

To successfully analyze samples having high 

silicon to sodium ratios, it is necessary either to 

standardize the silicon channel on a single element 

basis, i.e., with a separate standard, or to add HF 

to the samples to match the level of HF in the 

multi-element standard prepared using the HF 

silicic acid stock solution. 

4. Granite - Antphibolite Interaction. Hot 

dry rock geothermal reservoirs may contain rocks of 

differing bulk composition as does the Fenton Hill 
4 

system (see Laughlin and Eddy ). The modified 

circulation system, designed to examine reaction 

between aqueous fluid and different rock types 

is shown schematically in Fig. 19. In ths current 

experiment, fluid pre-equi1ibrates with Tijeras 

Canyon granite in the ballast vessel and the i 

passes over prisms of Soudan amphibolite ir. the 

temperature gradient vessel at the temperatures 

indicated. Both rock types are similar in compu-

sition to the less plentiful cores of granodiorite 

(9519 ft depth) and amphibolite (5983 ft depth) 

found in the hot dry rock reservoir. 

The reservoir fluid was sampled before circula¬ 

tion was initiated using sampler [ and is moritored 

throughout the experiment. Fluid exiting the rod 

vessel was sampled (sampler II) at 2, 7, 16 days, 

and 5 wk and will be sampled at 8 wk. 'he first 
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(Granite) 

(Sampler I) 

Fig. 19. 

Schematic diagram of the temperature gradient system. Rock prisms are located at tht- temperature indicated 
(±5°C). The ballast vessel and the tubing connecting it with the temperature gradient vessel are held at 

run temperature. The system from fluid sampler II to the ballast vessel is at room temperature. Total 

pressure is 1/3 kbar. 

analyses indicate transport of Na, K, Fe, F, and Cl 

to the amphibolite and Ca away from the amphibolite. 

Na-K-Ca chemical geothermometer temperatures from 

the ballast reservoir have remained constant at 

about 300°C. Fluid from the temperature gradient 

vessel yields temperatures of about 275°C. Trans¬ 

port of K (K metasomatism) is expected to reveal 

growth of K-bearing micas, clays, and possibly zeo¬ 

lites on the amphibolite. 

5. Multisystems. Modeling of rock-water 

interactions may be done by calculating all pos¬ 

sible reactions between the phases observed, both 

original and secondary (experimentally grown), 

after the method of Schreinemakers as modified 

by Korzhinskii6, and Zen7'8. The purpose of this 

development is to relate divariant phase assem¬ 

blages, found either in the field or experiment, 

to one another by sets of intensive variables. 

Examples of such variables are pressure, tempera¬ 

ture, and chemical potentials (p.) of water, car¬ 

bon dioxide, oxygen, and sulfur. 

According tc the phase rule: 

{degrees of freedom) (components) 

P 

(phases) 

riant assemblages, f will, in general, be less than 

2 and can be negative. Systems with f < 0 are 

called multisystems. These contain a number -f 

invariant, univariant, and divariant assemblages. 

Table VII lists some examples. 

A computer plotting routine was developed to 

generate multisystem nets in ct.amical potential 

space for f = -1 and f = -2. This year it has been 

expanded to handle systems where f = -3. 

The nets have direct application in the experi-

mental systems. Charles and Bayhurst developed a 

net explaining the alteration grown on grandiorite 

when reacted with distilled water and detecting 

other assemblages not directly observed. An f - -3 

system consisting of two components and seven 

phases is being used to relate the phase assembla¬ 

ges found at Sulphur Springs (Jemez Mountains) in 

u - MM r, space. This net is partially completed 
2 2 ana is described in the work on Sulfur Springs. 
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TABLE VII 

NUMBER OF ELEMENTS IN MULTISYSTEM NSTS (c = components) I 
Degrees of 
Freedom 

0 

-1 
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Phases 

c 

c 
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+ 3)(c * 4)(c + 5) 

2 • 3 

Univariant 
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(c + 2)(c • 3)(c • 4) 
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2 - 3 - 4 
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B. Geothermometer (R. Charles, T. Benjamin, 

R. Vidale, and P. Rogers) 

The Na-K-Ca geothermometer, which is used in 

geothermal systems to determine the maximum tem¬ 

perature in the geothermal reservoir from the con¬ 

centrations of Na+, K+, and Ca in the emergent 

aqueous solution, is assumed to operate by equili¬ 

bration of the aqueous solution with a mineral 

phase assemblage at depth. The constants of the 

empirical expression derived by Fournier and 

TruesdeJl should be a function of the thermo-

dynamic parameters of the controlling mineral 

reaction. 

Experimental results show the fluid equili¬ 

brates with the rock over a period of 1 to 4 months 

depending upon the temperature of the experiment. 

Figure 20 displays the results for two experiments. 

Data are taken from Charles and Charles and Bay¬ 

hurst3. Grandiorite reacted both at 200°C and 30OcC 

yields Na-K-Ca geothermometer temperatures in agree¬ 

ment with the empirical thermometer (±15°C). In g< 

nerai, experiments show that rocks containing the 
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Fig. 20. 

Temperatures calculated from the solution chemistry using the empirical Na-K-Ca geothermometer of Fournier 
and Truesdell1 for granodiorite reacted at known temperatures of 200cC and 300°C. Horizontal lines 
centered at 200cC and 300°C represent the estimated ±15°C error in the empirical geothermometer. Equili¬ 
bration takes about 1 wk at 300°C and about 4 months at 200°C. 

three feldspar endmembers plus quartz reacting with REFERENCES 

water yield Na, K, and Ca concentrations that fit 

the geothermometer. Alterations found on the rock 1. 

after reaction with water include clays and zeolites. 

The standard literature values for the thermo-

dynamic parameters of a quartz-feldspar plus water 

reaction are not consistent with the constants of 

Fournier and Truesdell . The constants in the geo- 2. 

thermometer expression have been re-evaluated by a 
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tion phase reactions involving thermodynamically 4. 

similar clays and zeolites may buffer the solution 

to the observed compositions. A single formulation 

of the Na-K-Ca geothermometer may, therefore, be 

appropriate over a given temperature range for 

dilute aqueous systems in a number of different 

altered rocks. 
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C. Sulphur Springs (R. Charles. 

G. Bayhurst, and C. Duffy) 

R. ' idale, 

Sulphur Springs in the Jenez Mountains in Nor¬ 

thern New Mexico is possibly the only vapor-domina¬ 

ted geothermal reservoir in the Jemez. In coopera¬ 

tion with ESS Division, we have been mapping and 

gathering samples in order to describe the develop¬ 

ment of this hydrothermal system through time. 

Principal alteration phases observed at Sulphur 

Springs are alunite (KFeA1,(SO.)2(OH).), alunogon 

(A12(SO4)3-17H2O), halotrichite (FeAl2(S04)4-22H20), 

szymolnokite (FeSO^-H-O), pyrite (FeS2), adularia 

(KAlSi3O8), and kaolinite (Al4Si4010COH)8). In 

addition, there is almost ubiquitous quartz and 

sulphur. Occurrence of the two-phase assemblages 

alunogen + adularia. szymolnokite + pyrite, 

szymolnokite + alunogen, halotrichite + alunogen, 

and alunite + kaolinite suggest at least part of 

the Sulphur Springs system may be treated as an 

assemblage with two inert components. 

Table VIII expresses the system as a multi¬ 

system with f = -3, which consists of 32 invariant 

assemblages and 17 univariant assemblages resulting 

from compositional degeneracies. Currently, this 

net is being oriented in uQ - pH 0 space to deter¬ 

mine the relative positions ef the divariant 

(2 phase) assemblages mentioned above. The rela¬ 

tively older alterations (alunite bearing) are 

related to the younger (alunogen, halotrichite, and 

szymolnokite bearing) through this net. 

P. Ruthenium and Technetium Geochemistry at the 

Oklo Natural Reactors (P. B. Curtis, T. Benjamin, 

and A. J. Gancarz) 

1. Introduction. Geologic burial is the 

favored method being considered for the disposal of 

commercially generated radioactive wastes. Appro¬ 

priately chosen sites are thought to be relatively 

inert environments with respect to the stability of 

engineered wast" containers. In addition, the geo¬ 

logic media itself will provide the ultimate con¬ 

tainment, assuring that the wastes will remain 

isolated from the biosphere for adequate periods of 

time. However, efforts to evaluate the effective¬ 

ness of * .' geologic environment in this regard are 

limited by our understanding of the effects of 

natural, physical, and chemical processes acting 

over periods of time ^uch longer than that recorded 

by any human experiences. Tha Natural Repository 

Analogue program is a research effort to study the 

chemical processes and conditions that affect the 

retention and transport of elements in the earth's 

crust. The work examines the stability of elements 

in the geologic record and their response to 

natural conditions over appropriately long periods 

of time. 

Thick lenses of uraninite at the Oklo uranium 

mines in the Republic of Gabon in equatorial Africa 

sustained nuclear fission for a period of a few hun¬ 

dred thousand yeers at a time two billion years 

before the present. The mere existence of these 

TABLE VIII 

THE SULPHUR SPRINGS SYSTEM 

Phases 

alunite 

alunogen 

halotrichite 

szymolnokite 

adularia 

kaolinite 

pyrite 

Inert Components 

Fe 

Al 

Mobile Components 

0 

S 

K 

Si 

H20 

Mobile Phases 

quartz 

sulphur 
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of naturally occurring fission reactors 

o-cests to their remarkable stability for about 

half the age of the earth. They are a direct 

demonstration of the ability of the earth's crust 

to contain waste from nuclear reactors for geologic 

periods of time. As such, they validate, in prin¬ 

ciple, the concept of geologic disposal of such 

wastes. However, more significantly the reactors 

provide the opportunity to characterize quantita¬ 

tively the stability of the rocks which contain 

them with respect to more than 30 elements, the 

products of neutron capture, nuclear fission and 

radioactive decay and the transport of these 

elements into the geologic surroundings. For these 

purposes stability refers to the loss or gain of 

specific chemical elements within a defined period 

of time and transport refers to the movement of 

element from sites where they are deficient to 

sites where they are enriched relative to some 

tiiie in the past. This examination can be done 

on a system that has many physical and chemical 

properties similar to proposed repositories, has 

existed in a crustal environment for geologic 

periods of time, and has been subjected to many 

of the conditions that must be considered in evalu¬ 

ating the stability of man-made facilities. 

Technetium-99 is a radionuclide of particular 

concern in the storage of radioactive wastes. It 

has a half life of 2.13 x 10 years, necessitating 

storage times on the order of a million years. 

After such an interval, 96% of the 99Tc will have 
99 

decayed to the stable nuclide Ru. Technetium 

is an element that does not occur naturally, in 

significant quantities on the earth, so that its 

geochemical properties must be inferred from 

experimental and theoretical considerations. At 
99 

the Oklo reactors approximately 700 kg of Tc were 

produced. The isolation and transport of this 

extinct raaionuclide can be studied today by the 
99 

relative abundances of its stable daughter Ru. 

2. Characterization of the Stability and 

Transport of Ruthenium and Technetium. Chemical 

elements were produced and destroyed in the natural 

reactors. With the exception of the decay of 

•"turally occurring radioactive elements, such pro¬ 

ses are not known to have natural ly occurred at 

any other place in the earth. A list of these 

nuclear products includes a third of the naturally 

occurring elements and several that are princi¬ 

pally man-made. They were the result of the three 

important nuclear processes; fission, neutron cap¬ 

ture and radioactive decay. The composition of 

this nuclear material basically depends upon three 

reactor operating parameters: 1) The elapsed time 

since the reactors were critical defines the ini¬ 

tial abundances of the naturally occurring isotopes 

of uranium, the primary fuel for the reactors. 2) 

The duration of nuclear criticality determines the 

relative contributions of time-dependent nuclear 

processes. 3) The neutron fluence and neutron 

energy distribution control the number and propor¬ 

tion of the energy-dependent neutron induced proces¬ 

ses. These parameters are determined by measuring 

absolute or relative abundances of nuclides that 

are particularly sensitive to at least one of the 

operating parameters and assumed to be unaltered 

during or since the nuclear processes occurred. 

Differential equations are formulated describing 

the variation of these parameter-sensitive abun¬ 

dances due to production and destruction by time-

dependent processes. Finally, appropriate values 

are calculated by iterating operating parameters 

until solutions to the differential equations match 

the isotopic ratios or nucliae abundances of the 

parameter sensitive species. These parameters are 

used to calculate quantities of elements produced 

in the sample. Quantities produced compared with 

those presently in the rock charcterize the gain or 

loss of nuclear products. 

Four isotopes of ruthenium are produced by 

fission: 99Ru, 101Ru, 102Ru and 104Ru. The latter 

three are produced instantaneously, that is the 

isobaric precursors are short-lived relative to the 

time scale of relevant geologic processes. However, 
99 

the formation of fissiogenic Ru is delayed by the 
rtn 

long-lived precursor Tc. If, at some time within 

one million years after the time of production, 

conditions were such that ruthenium and technetium 

were chemically fractionated, it would be mani-
99 

fested today by depletions or enrichments of Ru 

relative to the other fissiogenic isotopes of Ru. 

Such fractionation is quantified by the ratio 

»* _ (99Ru)/(101Ru • 102Ru)measured 
102-("Ru)/(101RU Reproduced 
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If A* is less than unity, technetium was preferen¬ 

tially depleted relative to ruthenium. Values 

greater than unity indicate fractionation of the 

two elements in the opposite sense. 
99 99 Because Tc and Ru are related by time 

dependent radioactive decay, the degree of Ru/Tc 

fractionation places limits upon the time when 

fractionation occurred and the extent to which the 

two elements were fractionated. If a Tc/Ru frac¬ 

tionation factor is defined as follows. 

f = (Tc/Ru)A/(Tc/Ru)B 

where A is the ratio immediately after fractiona¬ 

tion and B the ratio immediately before, the rela¬ 

tionship between f, A* and T,, the time of fraction¬ 

ation is 

f = 1 - 1-A* 

An upper limit is established on this time 
99 

when f=0, i.e. all Tc is removed from ruthenium. 

Considerations of all available ruthenium isotopic 

data from Oklo places limits on the time of frac¬ 

tionation between 4 and 16 x 10 years after the 

end of production. This length of time during cri¬ 

tical ity and a few hundred thousand years there¬ 

after has been defined as the thermal period. The 

thermal period in the rocks that comprised the re¬ 

actors was characterized by large radiation doses 

from a variety of radioactive emanations. Neutron 
21 2 

fluences were as high as 10 n/cm and decaying fis¬ 

sion products produced —10 curies of beta-gamma 

emitting radioactivity. Total energy production 
4 

was —10 HW-years, which resulted in increased tem¬ 

perature, perhaps as high as 600cC in some rocks. 

Hot aqueous solutions were circulating through the 

rocks within the reactor zone during this time. 

There are abundant ruthenium isotope data 

on samples from two regions of nuclear reaction, 

zone 2 and zone 3-4. These data show that the 

degree of element loss was different in each of the 
two zones. In zone 2, 26% of the fissiogenic 
101,102,104Ru a n d 3 4 X Q f t h e m a s s g g e ] e m e n t (Ru 

and/or Tc) are missing. The missing proportions in 

zone 3-4 are 8X of 1 0 1< 1 0 2> 1 0 4
R u a n d 15% of mass 99. 

These represent deficiencies of -100 kg of ruthe¬ 

nium and ~70 kg of mass 99 from zone 2 and -6 kg • 

ruthenium and -4 kg of mass 99 from zone 3-4. The 

variable quantities not only reflect differences in 

the proportions lost but also differing quantities 

produced in each of the two zones. 

The degree of chemical instability with re¬ 

spect to these elements correlates with the inten¬ 

sity of the nuclear reactions in each of the two 

zones. Thermal plus resonance neutron fluences in 

zone 2 were ~10 n/cm , whereas in zone 3-4 they 
20 ? 

were -10 n/cm . Corresponding beta-gamma activity 

levels were ~10 and ~10 disintegrations. 
4 

Estimated power outputs were 1.9 x 10 MW-years for 

zone 2 and 1.5 x 10 HW-years for zone 3-4, corres-
2 2 

ponding to thermal loadings of 140 W/m nd 5 W/m , 

respectively. These values bracket predicted 

thermal loadings of proposed repositories during 

"the thermal period. In this respect the Oklo 

reactors represent an excellent natural analogy to 

proposed geologic-repositories. The differing 

element retention properties in the two zones must 

be in response to these differing conditions and, 

thus, constrains the period of element redistri¬ 

bution to the thermal period. 

Distances over which the deficient elements 

have been transported can be determined from their 

excesses in rocks peripheral to the zones of criti-

cality. There are very little data on such rocks, 

however three peripheral samples contain quantities 

of excess ruthenium and excesses of Tc relative 

to Ru. Each of these samples was taken at loca¬ 

tions between 10 and 15 m from the edge of the 

nearest reactor zone. The samples all lie updip 

from the reactor zones i the same stratigraphic 

plane at positions that are consistent with mobili¬ 

zation by thermal convection of hydrothermal fluids. 

However, samples from beneath the reactor zones 

must be analyzed before such an interpretation can 

be verified. Concentrations of excess fissiogenic 

ruthenium and technetium in peripheral rocks are 

consistent with containment within a few tens of 

meters of the reactor zones. These represent dis¬ 

tances of transport for these elements. 

Redistribution of ruthenium and technetium 

must be considered with respect to two processes. 

First, the nuclear products escape from their ur; 

ninite host. Solid state diffusion seems to be the 
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Iost plausible process to account for the initial 

roduct release. Once the nuclear products are out¬ 

side the host grain, a second set of processes con¬ 

trol their migration. These involve hydrology and 

the chemistry controlling the distribution of the 

elements between mobile and immobile phases. 

Although the two processes are interdependent, we 

have evaluated the data in the extreme as though 

each in turn were rate controlling. In this way, 

conservative limits can be established for each. 

The critical value in examining diffusive loss 

is the effective diffusion coefficient, D/a , where 

D is the Fickian diffusion coefficient and a is the 

effective radius of the host grain. A model of 

' fiu )oss by diffusion during the thermal per-
2 

iod was used to calculate an average value for D/a 

of 7.8 x 10"8 year"1 in zone 2 and 2.5 x 10"8 year"1 

in zone 3-4. Similar model considerations yield 

similar estimates for the value of the effective 

diffusion coefficients of Tc. These considera¬ 

tions also suggest that 60-70% of the mass 99 
99 

deficiency can be attributed to the loss of Tc. 

Once the elements were released from their 

uraninite hosts, they were removed from the rock 

and transported over distances of 10 to 15 m. 

They could have been transported over those dis¬ 

tances very quickly and remained immobilized since 

or transported continuously for some extended 

period of time. We have argued that the loss of 

elements from the reactor zone must have coincided 

with the thermal period. Consideration of contin¬ 

uous transport by fluid flow through the reactor 

zones for the duration of the thermal period sug¬ 

gests that the rate of movement of ruthenium and 

technetium was 10 um/yr. 

An aspect of the waste management program that 

has received considerable effort is the measurement 

of sorption ratios. This ratio is defined as the 

concentration of an element on a solid phase rela¬ 

tive to its concentration in a coexisting aqueous 

phase. Many values have been measured in the labor¬ 

atory anri used in models of hydrologic flow to in¬ 

fer the retardation of element migration by sorp¬ 

tion (or other reversible processes) on immobile 

phases of the rock. If the processes controlling 

the distribution are in equilibrium, this quantity 

s the equilibrium distribution coefficient (Kji. 

We have evaluated an "apparent distribution 

4 99 

coefficient" of 10 m£/g for ruthenium and Tc. 

This value is no more accurate than several orders 

of magnitude, but it is, nevertheless, a large 

value and points out the remarkable ability of the 

Francevillian sandstones to contain these nuclear 

products even after they were released from con¬ 

tainment in uraninite. 

Limits on the quantity of uranium removed from 

the reactors by dissolution of uraninite were used 

to calculate the volume of water that flowed 
12 

through them. This calculated value was 10 9. 

flowing at a rate of about 5 m/yr. Dividing the 

quantities lost from the reactor zones by this 

volume provides estimated molar concentrations of 
-10 99 

10 of ruthenium and Tc in the aqueous phase. 

Again, the values represent rather broad assump¬ 

tions, but they are likely to be accurate within 

two or three orders of magnitude. Certainly they 

represent the most meaningful observation available 

regarding the concentration of these rare elements 

in aqueous solutions in deep crustal rocks. 

To examine possible controls on the aqueous 

concentrations of these elements, the thermo-

dynamic stability of their oxides with respect to 

aqueous species was considered. Solubilities are 

influenced by the formation of complexes, the ionic 

strength of the aqueous phase, the formation of 

solid solutions, multiple host phases etc. However, 

because virtually nothing is known about such 

complexities with respect to these trace elements 

nor the conditions at Oklo during the thermal 

period, only the simplest cases have been con¬ 

sidered. Both ruthenium and technetium have 

multiple valence states. The tetravalent oxide 

of both elements is very insoluble while the 

oxidized oxyanion is soluble. Thermodynamic data 

were used to calculate the concentration of the 

oxidized species in equilibrium with the reduced 

oxide as a function of temperature. The oxygen 

fugacity was that in equilibrium with the hematite-

magnetite buffer at pH = 7.5. These are conditions 

that lie in the middle of the uranium ore stability 

field on an Eh vs pH diagram. Table IX shows the 

remarkable temperature dependence of the concentra¬ 

tion of the oxidized species. 

Data were not available to calculate the change 

of the free energy of the ruthenium reactions as a 

function of temperature. Values in the table were 
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TAPLE IX 

CALCULATED CONCENTRATION OF AQUEOUS SPECIES IN 

EQUILIBRIUM WITH THE TETRAVALENT OXIDE (MOLES/LITER) 

T(°C) 

25 

50 

100 

200 

300 

400 

tTcO4"l 

4.6 

1.9 

9.0 

1.2 

1.2 

8.0 

X 

X 

X 

X 

X 

X 

lo-22 

10'19 

10"15 

ID'8 

io"4 

10"2 

i 

1 

7 
9 

3 

4 

2 

:R> 

X 

X 

X 

X 

X 

X 

< 2 ] 

10"52 

10'47 

10"38 

10"25 

10"17 

10'11 

[Ru(OH)*2] 

1 

5 

3 

5 

3 

9 

X 

X 

X 

X 

X 

X 

ID-22 

lo-22 

10-21 

ID"20 

10"19 

10"19 

determined assuming this quantity was constant 

throughout the temperature range. In general AGR 

decreases with increasing temperature and the con¬ 

centration of ruthenium species are likely to be 

increasingly greater with increasing temperature 

than those given in the table. Note that the 

concentration of aqueous tetravalent ruthenium 
+2 

(Ru(0H)2 ) is significantly less than the esti¬ 

mated concentration at Oklo. Simple dissolution 

of this oxide does not appear to have been a 

significant factor in the mobility of ruthenium. 

The concentration of the oxidized species of 

ruthenium and technetium at 25°C are also far below 

the concentration determined at Oklo. However, the 

temperature dependence of these reactions is so 

strong that at temperatures likely to have been 

attained by the reactors, the calculated concen¬ 

trations are well within those determined in the 

fluids at Oklo. This observation further substan¬ 

tiates our premise that these two elements were 

redistributed during the thermal period. In addi¬ 

tion, the strong temperature dependence suggests 

that the distances of transport were controlled by 

the temperature gradient around the reactor zones. 

E. Development of Eh Buffers (B. P. Bayhurst, 

T. Newton, A. E. Ogard, and G. Rundberg) 

The behavior of an element that can exist in 

more than one oxidation state will depend on the 

oxidation potential, or Eh, of the solution in 

which it is found, as well as on the pH, and the 

concentrations of complexing anions. For 

reason it is important to control the Eh in 

tory experiments designed to determine solubility, 

distribution ratios, etc. One way of controlling 

Eh in laboratory experiments involves the use of 

Eh buffers. These are analogous to pH buffers but 

consist of equilibrium mixtures of the oxidized and 

reduced forms of a particular substance. 

Our investigation of possible redox buffers 

has focussed on redox indicators because a large 

number of these systems have been studied and a 

wide range of potentials is available. However, 

in addition to having an appropriate potential, a 

satisfactory Eh buffer system must be relatively 

stable in both the oxidized and reduced forms, show 

relatively rapid redox reaction rates with the 

actinide species of interest, but not react in 

other ways. 

Our work has involved the organic indicators 

indigo carmine and thionine, and various complexes 

of osmium in the +2 and +3 oxidation states- It 

appears that the organic systems will be most use¬ 

ful at Eh values near or below 0 V., for use witn 

uranium species, and tha inorganic systems will be 

useful at Eh values between 0.1 and 0.9 V, for use 

with plutonium. 

Work at Eh values below that of the Hz02"02 

couple, (0.68-0.059-pH) V., is difficult because 

of oxidation by O. in the air. We find it neces¬ 

sary to work in an inert-atmosphere glove box when 

studying systems with Eh values less than about 

0.1 V. 

The formal potential (that given by equi-

molar concentrations of oxidized and reduced 

forms) for indigo carmine is reported to be 

(0.291-0.059-pH) V.1 Using this dye we have main¬ 

tained stable Eh values of -0.19 ± (0.02) V at 

pH 7 for several days. However, indigo carmine is 

not without difficulty: unstable Eh values are 

observed if attempts are made to reduce the last 

0.01% using a potentiostat. Also, we have been 

unable to reproduce the reported Eh-pH function. 

Our values at pH = 1.1 and 7.6 are 0.10 V lower 

and 0.04 V higher, respectively, than the pub¬ 

lished values. 

Our preliminary experiments with thionine show 

that it may be useful at Eh values somewhat highe 

than those provided by indigo carmine. The formal 
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potentials are reported to be 0.563 V and 0.064 V 

pH = 0 and pH = 7, respectively. Reasonably 

Satisfactory behavior was observed at pH 5.6 after 

stirring the solution and sparging it with argon 

for several days, then reducing the solution with a 

potentiostat. After this treatment, the measured 

formal potential came to within 0 003 V of the 

theoretical value in 3 days. This length of time 

may indicate sJow attainment of equilibrium at the 

electrodes. 

Our work with osmium complexes has proven less 

difficult than that described above, primarily 

because higher formal potentials have been involved. 

With the help of Prof. D. M. Klassen, Visiting 

Staff Mamber from HcMurry College, we have prepared 

seven osmium complexes with formal potentials 

ranging from about 0.42 to 1.05 V. The preparative 

methods used were based on those described in the 
2 3 

literature. • In addition, Prof. Klassen has pro¬ 

vided a sample of a complex with a formal potential 

of 0.15 V., 0s(acac)(bipy)2Cl2.* 

The stabilities of the complexes in solution 

were determined by observing changes in spectra as 

a function of time. These experiments were run in 

cells sealed after sweeping out the air with argon. 
2+ 2+ 

The tris-complexes, Os(bipy), and Os(dimebipy), , 
with formal potentials of 0.88 and 0.69 V, respec¬ 
tively, were found to be the most stable. The com-

9+ 2+ 

plexes 0s(acac)(bipy)," and 0sCl(py)(dimebipy)2 
were found to be least stable, showing spectral 

changes at room temperature as large as 4%/day at 

certair wave lengths. 

Th> rates of reduction of Pu(VI) to Pu(V) and 

of Pu(lV) to Pu(III) L-.y the osmium buffers were 

found to be quite rapid. This is expected on the 

basis of the minimal structure changes associated 

with the reduction. The apparent second order rate 

constants for four such reactions are summarized in 

Table X. 

The reduction of Pu(V) to Pu(IV), or the re¬ 

verse, involves a drastic change in structure 

(PuA* * PuO2
+, in acid). Reactions involving this 

change were found to be very much slower than those 

summarized in Table X. The rate constant for the 

TABLE X 

REDUCTION OF PU(VI) AND PU(IV)a 

Rate.. Constant 
Potential (M sec ) 

Reductant (V) Pu(VI) Pu(IV) 

>3 

0s(dimebipy)3'' 0.694 3 

2+ 4 b 2 b 

Os(bipy), 0.885 4.4 x 10 6.8 x 10 

2+ " ""• °.7 x 105 1.9 x 104 

1.5 x 

a24 ± 2°C, ~2 x 10'6 H Pu, (2-6) x 10"6 M reductant. 
b0.01 M HC104. 
C0.001 H HC104. 

oxidation of Pu(IV) by Os(bipy), was found to be 

~4 M"1 S" 1 in 0.001 M HC104. Similarly, the reduc¬ 

tion of Pu(V) by 0s(dimebipy),3+ in 0.006 H HCiO. 
-3 -1 was found to have a rate constant <3.2 x 10 M 

sec . This corresponds to a half-time for reac¬ 

tion in 10"4 H 0s(II) of >25 day. 

The conclusions we have reached from this 

work are: a) further development will be required 

before satisfactory buffer systems are available 

for potentials below -0.2 V. , b) certain of the 

osmium complexes will almost certainly be useful 

where Pu(V) and Pu(VI) are predominant and where 

Pu(III) and Pu(IV) are predominant, and c) osmium 

complexes may react too slowly for use where 

Pu(IV), or Pu(III), and Pu(V) are predominant. 
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F. Permeability Measurements (C. J. Duffy) 

Permeability measurements in the past year have 

been made on core samples of gneissic rocks from the 

EE-2 drill hole at Fenton Hill. The effect of tem¬ 

perature on permeability has been measured as well 

as the effect of temperature cycling. Measurement 

of permeability at room temperature is easier, 

quicker, and involves fewer uncertainties than ele¬ 

vated temperature measurements, but because the 

temperature at which the samples were taken is in 

the 200 to 300°C range, it is important to know the 

effect of temperature on permeability. Figure 21 

shows the results of measurements of permeability 

(k) at 20, 77, 131, 156, and 200°C on core EE-2 

14964-1 as a function of effective confining pres¬ 

sure (P ). The effective confining pressure is the 

confining pressure on the sample minus the fluid 

pressure in the sample pores. (The sample number 

indicates that the core was taken from the EE-2 

drill hole at a depth of 14964 ft.) There is a 

definite decrease in permeability with increasing 

temperature. It will be seen later that some of 

this decrease may have been due to pressure cycling 

as the sample experiences one pressure cycle at 

each temperature. However, most of the effect at 

least up to 131°C is probably due to change in 

temperature. 

The decrease in permeability with increasing 

temperature is probably due to a better fit among 

crystals in the rock at higher temperature. 

Because the minerals in the rock are generally 

anisotropic with respect to thermal expansion, 

if the temperature of the rock is changed from 

that at which it has texturally equilibrated, the 

openings between mineral grains nay be expected 

to enlarge, thus increasing the permeability. 

This change is apparently not permanent. Tempera¬ 

ture cycling experiments have been performed whichj 

show that permeability stays constant at a given! 

temperature during temperature cycling between 

20 and 200°C. 

Experiments cycling P have also been per¬ 

formed. Figure 22 shows the results of a pressure 

cycling experiment on EE-2 13956-1. Pressure 

cycling was carried out between pressures of 

approximately 2 and 28 MPa. A relatively steady 

decrease in permeability was observed during the 

14 pressure cycles to which the sample was sub¬ 

jected. Figure 23 shows the results of a similar 

experiment on EE-2 13641-1. This core differs from 

EE-2 13956-1 in that it contains several approxi¬ 

mately 5-mm cracks that are nearly parallel to the 

flow direction of the tests. This sample shows a 

considerably greater decrease in permeability with 

pressure cycling than the other sample, expecially 

at high effective confining pressure. 

The pore space through which fluid flows in 

these rocks is characterized by high aspect ratios. 

That is, they are long thin openings. These are 

held open by material that bridges the openings. 

When confining pressure in excess of the pore 

pressure (effective confining pressure, P ) is 

placed on the sample, stress is concentrated at the 

bridging points. Although the stresses used in 

these experiments cannot fracture the rock as a 

whole, they are apparently sufficient to crush 

some of the bridging material. This results in 

decreased pore aperture and, consequently, reduced 

permeability at a given P . The larger decrease 

in permeability in the cracked sample may be indic¬ 

ative of more fragile bridging material. Whether 

this is typical of fractured rock is uncertain. 

The findings indicate that pressure cycling in 

the geothermal loop at Fenton Hill will probably 

decrease the permeability of the containing rock. 

One difficulty with the hot dry rock concept is 

that it is difficult to extract heat from rock that 

is not quite near the fracture because of the low 

thermal conductivity of the rock. One method of 

increasing the heat, which can be extracted from a 

geothermal loop, may be to cycle the fluid pressure 

in the loop. When the pressure in the loop is 

lowered, water previously lost from the loop should 

flow back into the loop from the rock where it wil 
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Fig. 21. 

Effect of temperature on the permeability of EE-2 14964-1. 
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Effect of pressure cycling on the permeabi"Jity of EE-2 13956-1. 
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Fig. 23. 

Effect of pressure cycling on the permeability of EE-2 13461-1. 

have been heated. Unfortunately, the pressure 

cycling experiments suggest that this will be a 

progressively slower process with each successive 

pressure cycle. Pressure cycling should, however, 

reduce the problem of water loss from the loop. 

G. The Migration of Radionuclides Through Geo¬ 

logic Media: Laboratory Column Studies (E. N. 

Treher) 

Elutions of radionuclides from columns of 

crushed tuff, granite, and argil lite have been used 

as a simple first step in trying to relate labora¬ 

tory batch-type measurements to a flowing system. 

Because radionuclides are often sorbed quite strong¬ 

ly by these materials, small columns (£0.5 cm dia¬ 

meter by 2 to 5 cm long) are used to minimize the 

duration of an experiment. Even so, the elutions 

of some of the columns have continued for ~2% years. 

The columns are loaded with ~5-10 u£ spikes of 

groundwater containing one or more of the radioiso-

topes 85Sr, 137Cs, 133Ba, 152Eu, and 9 5"TC. (A few 

columns have also been run with uranium or neptu¬ 

nium.) Groundwater is pushed upward through the 

column using syringe pumps at flow rates of 20 to 

60 m/y, although the effects of faster flow rates 

were studied in some cases. The velocity of the 

radionuclide is measured directly and then compared 

with respect to the groundwater velocity (measured 

using HTO or nonsorbing I) to calculate the re¬ 

tardation factor, Rf. The Rf is related to the 

sorption ratio, K^, by the expression R, = 1 + 

(p/e)Kd, where p is the density of the rock column 

and £ is the porosity. 

Several general observations can be made from 

the data of approximately 40 columns. Three types 

of elution behavior are observed: symmetric peaks 

where 50X of the activity is eluted at the peak, 

asymmetric peaks, and no peaks—but instead a 

slow, usually uniform elution. When elution peaks 

are observed, column K^ values are generally 1 to 3 

times lower than batch K. values on the same rock 

for 85Sr and 137Cs and 2 to 5 times lower for 

Ba. Some of the difference between column and 

batch measurement results may be due to fine mate¬ 

rial (<35 urn) present or formed during many batch 
9 

measurements and not present in the columns. 

The peakless elutions have thus far been 

obtained only with cesium on columns with clay o 
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mica or zeolites present in more than trace amounts. 

* Cesium K, values obtained from columns of these 
d 

* materials ara higher than the correspond:.,g batch 
K. values. Peakless elutions may be caused by =n 

137 
irreversible sorption of some portion of the Cs. 

In all cases the batch desorpt^on ratios on these 

materials are considerably higher than the sorption 

ratios, and this might also be explained by irrever¬ 

sible sorption. 

Of the isotopes studied to date, 95mTc04" is 

the only one strongly affected by kinetics. This 

is not surprising since the retardation mechanism 

of technetium is probably by reduction of TcO4 

to Tc(IV), perhaps as TcO., rather than by ion 

exchange. At flow rates of ~2000 m/y, in either 

air or in a controlled atmosphere of nitrogen with 

$0.2 ppm 0, and S20 ppm C02> argil lite column 

sorption ratios are 0.30 to 0.47 m2/g. The corres¬ 

ponding batch sorption ratio in air is 68 m£/g. 

If flow rates are slowed to 14 m/y, allowing more 

time for reaction, the technetium R. increases to 
d 

69 mi/g. 

Europium is the only element yet studied which 

seems to show two distinct species. On two columns 

of tuff from the Nevada Test Site an initial mobile 

species (possible colloidal) was detected well 

ahead of most of the europium. On a highly zeoli-

tized tuff, Gl-2289 from Yucca Mountain Drillhole 

USW-G1, 9.3% of the 152Eu was removed in the first 

6 column volumes (CV). After 140 CV the remainder 

has still not been removed, although if the column 

Rd were similar to the batch Rd, 50% should have 

been removed in 110 CV. On another tuff, JA-18 

from Jackass Flats Drillhole J-13, -1.8% of the 
152Eu was removed with an f?d = 633 m«/g. That 

column is also still flowing without further elu-

tion of europium, indicating an R^ > 2900 m£/g. 

The corresponding batch sorption ratios are 

1400 m£/g for sorption and 2500 m£/g for desorption. 

Additional measurements need to be made with euro¬ 

pium as well as with actinides and other lantha-

nides, particularly when the number and size of col¬ 

loidal species in the initial traced solution is 

well characterized. 
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H. Element Migration by Interaction of Hot Dry 

Rock. Brine, and Working Fluid (T- Benjamin, 

P. Rogers, G. Bayhurst, R. Vidale, and C. Duffy) 

An understanding of the interaction among 

minerals and fluids in the earth's crust is essen¬ 

tial to addressing the potential problems and bene¬ 

fits of tappi"g wet and dry geothermal reservoirs 

and to discovering the mechanisms for formation of 

natural ore-forming fluids. The effects of dissolu¬ 

tion and deposition in geothermal reservoirs must 

be known to permit their efficient utilization. 

Geothermal systems provide an analogue to the ear¬ 

liest stages of ore fluid formation by the leaching 

or dissolution of strategically important elements 

from minerals in contact with the aqueous fluid. 

Conditions could exist for economically concentra¬ 

ting these elements from operating power-producing 

geothermal systems. The initial goal of this work 
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is to be able routinely to obtain high-quality ana¬ 

lytical data for a large number of major, minor, 

and trace elements from rock and from mineral sepa¬ 

rates as a first step in experimentation to better 

understand and quantify element leaching, transport, 

and deposition. 

In pursuit of a routine procedure for the 

determination of the trace element distribution in 

rock from hot dry rock systems, new 40 element 

neutron activation analyses on mineral separates 

and whole rock samples of Fenton Hill granodiorite 

(8904) have been obtained. Although similar in 

concept and execution to the neutron activation 

analyses reported by Vidale et al., there are 

several important differences: 1) new hand-picked 

pure separates of biot.ite and magnetite replaced 

less pure separates; 2) new procedures for routine 

neutron activation of sub-gram size samples at the 

Omega West Reactor (OWR) have been initiated, these 

samples being among the first to be run; and 

3) concentrations of 40 elements, a 50% increase 

over those reported by Vidale et al., are routinely 

obtained. 

The present data set is considered preliminary 

and is not reported at this time because of two 

problems resulting from OWR changing to small 

sample analysis: 1) the glass wool used for 

spacing the small sample vials appears contami¬ 

nated in Ti and Au yielding high and variable 

blanks and a corresponding problem in blank 

correction; and 2) the forr different detection 

systems, though calibrated with the NBS Coal Fly 

Ash standard, did not yield good agreement among 

four small sample granodiorite (G-?J standards 

included with the 8904 samples. Even with these 

problems there are many real differences between 

the data of Vidale et al. and the new analyses. 

Host differences are factors of 2 to 4 and are 

subject to refinement after correction of the 

aforementioned problems and a second neutron acti¬ 

vation analysis. Scandium shows a 1 to 2 orders 

of magnitude decrease in the new data, which will 

be rechecked. Following this second irradiation 

the samples will be dissolved and analyzed by 

plasma emission spectrometry and ion chromatography. 

A small number of grains from each mineral separate 

will be retained for electron microprobe (major 

elements) and proton microprobe (trace elements) 

analyses. These analyses will not oniy provioe a 

check on the neutron activation data but will also 

y'eld data on a number of additional elements. 

As a very preliminary attempt, because of 

data limitations, to determine the magnitude of the 

Fenton Hill granodiorite's contribution to the 

element concentrations of tne Fenton Hill HDR 

working fluid, a constrained least squares calcu¬ 

lation was performed using the input (plus makeup^ 

water composition, the new neutron activation whole 

rock (plus interstitial salts) data, and an esti¬ 

mate of the Jemez brine as components of the output 

water. As reported by Vidale et al., only nine 

days of the 75 day Fenton Hill run have sufficient 

.iata on buth input and output compositions to 

attempt the three-component fit. Na, As, Br and 

combinations of Cs, Ca, Ba, and K froir days 19, 23, 

36, 38, 40, 43, 45, 47, and 50 were used. The 

averages and errors of the mean 'or the nine 

data sets yield estimates of 0.G5 ± 0.03% and 

0.18 ± 0.07% for the contributions of granodiorite 

and brine, respectively, to the Fentoi Hill working 

fluid during a single pass through the system. The 

remainder is the input water (plus makeup) that is 

pumped into the system. No further conclusions or 

quantitative statements are warranted at this point. 

New water data and the repeat of the neutron acti¬ 

vation analyses may be sufficient to attempt con¬ 

strained least squares fits using the compositions 

of the 7 principal mineral phases from the Fenton 

Hill granodiorite to deduce the sources of tf*3 

trace elements. Further insights into ion exchange 

processes and alteration phase deposition at Fenton 

Hill may also be obtained. 

REFERENCES 

1. R. J. Vidale, I. Binder, and A. J. Gancarz, 

"The Application of Fluid Chemistry Studies 

to a Hot Dry Rock Geothermal System: 

I. Neutron Activation Studies," Los Alamos 

National Laboatory report LA-8766-MS (1981). 



eous Solution Geochemistr (P. S. Z. Rogers) 

Introduction. Aqueous solutions ire 

important in many processes being investigated in 

this laboratory, including radionuclide migration, 

element transport, in deep hydrothermaI fluids, and 

geothern.al energy utilization. Mineral alteration, 

element transport, anrl thermal effects occurring in 

such applications are highly dependent on the pro¬ 

perties of the associated aqueous fluid. The deter¬ 

mination of solution properties is thus fundamental 

to an understanding of these processes and is the 

objective of research described in thi= section. 

The many different aqueous solutions invoiced 

in natural processes cannot all be studied experi¬ 

mentally because the;/ are often complex mixtures of 

electrolytes 3nd can range from dilute gv-oundwaters 

to concentrated brines. A model that can predict 

the properties of mixed solutions, yet is based o 

a minimum amount of data on a few key systems, is 

necessary. The model also must be suitable for 

uses at the hig;; temperatures and pressures encoun¬ 

tered in many applications. 

Three diffurent models have been *ested for 

their ability to predict the properties of aqueous 

solutions at high temperatures, pressures, and con¬ 

centrations, rhey include a solucion model devel¬ 

oped by Pitzer to predict the properties of complex 

mixtures at room temperature, the Borr equation, 

and the Tammann-Tait-Gibson (TTG) model. The 

Pitzer model wes fir.t extended to cover the high 

concentrations that can occur in natural brines, 

thun was successfully tested for its ability to 

pred:ct mineral solubility at high temperatures. 

The Born and TTG equations were examined for their 

ability to predict the temperature and pressure 

dependence of various thermody^amic functions. 

These projects are discussed in more detail below. 

2. Aqueous Solutions at Very Hiph Concen¬ 

trations. Experimental data for aqueous solutions 

of a few very soluble electrolytes extend to high 

concentrations, with ionic strengths at saturation 

sometimes exceeding 25 molal. The description of 

agueous solutions at these high concentrations 

provides a severe test of any model of electrolyte 

operties, and, thus, illustrates the limits of 

our understanding of solute interactions. The 

description of concentrated electrolyte solutions 

is of strong practical interest for prediction of 

the prope.'tie's of evaporite deposits, Dead Sea 

brines, and concentrated geothermal brines. 

Pitzer and coworkers have developed a sys¬ 

tem of equations to describe the properties of 

electro.yte so'utions at low to moderate concentra¬ 

tions. Their equations include *.hre« empirically 

adjusted parameters, two determining the behavior 

of an ionic strength dependent second virial coef-

fi<4ent and the third representing a concentration 

independent third virial coefficient. They have 

used this system of equations to reproduce the acti¬ 

vity properties of over 200 pure electrolytes and 

to Jescribe the properties of complex mixtures, 

including seawater. 

The properties of .>ure electrolytes can be 

reproduced up to ionic strengths ranging from 6 to 

12 molal, using only the second and third virial 
2 

coefficients . To extend Pitzer's model for use at 

even higner ionic strengths, equations have been 

derived to include the fourth, fifth, and higher 

order vfrial coefficients. The extend.d model has 

been tested using a recent compilation of activity 
o 

data for calc''jm chloride, (hich covers an ionic 

strength range of 27 molal. Table XI gives the 

results of fitting the experimental values of the 

mean activity coefficient of calciui" chloride with 

the extended model The experimental values are 

TABLE XI 

ACTIVITY COEFFICIENTS OF AQUEOUS CALCIUM 

CHLORIDE SOLUTIONS AT 25°C 

Mean 
Wolaiity 

.005 

.05 

.5 

1.0 

3.0 

5.0 

7.0 

9.0 

Activity 
Coefficient 

.787 

.577 

.447 

.497 

1.459 

5.858 

18.17 

34.20 

Percent 
Deviation 
with E 

Parameters 

.3 

.4 

.5 

.3 

.5 

.4 

.3 

.5 

Percent 
Deviation 
with 3 

Parameters 

.2 

.1 

.3 

.9 

.7 

1.4 

37. 

227. 



listed in col'imn 2, whereas column 3 gives the 

percentage deviation from those values of the 

results of a fit of the activity coefficients using 

Pitzer's model extended through sixth order. >:er 

comparison, percentage deviation values for the low 

concentration fit previously obtained with the 

unextended (third order) model are given in 

column 4. The extended model gives a dramatic 

improvement in the quality of fit at high concen¬ 

trations, without compromising agreement in the 

dilute region. 

3. Solubility Predictions at High Tempera¬ 

tures. To test the effectiveness of tne Ditzer 

model at high temperatures, predictions of the 

solubility of calcium sulfate in sodium chloride 

solutions have been compared with those obtained by 
g 

Kerrisk from a number of other models commonly 

used in geochemical calculations. Predicted anhy¬ 

drite solubilities at 200°C and 250°C are shown in 

Fig. 24. The upper solid line represents smoothed 

experimental data for anhydrite solubility at 200°C, 

whereas the lower line represents the data at 250°C. 

The open circles give anhydrite solubilities pre¬ 

dicted by fftzer's model at 200°C, which are in 

excellent agreement with the experimental results. 

Other symbols in Fig. 24 represent anhydrite solu¬ 

bility predictions at 250°C, obtained by Kerrisk 

from dirferent geochemical models. Unfortunately, 

anhydrite solubility predictions from Pitzer's model 

cannot, be made above 200°C, because the required 

input data are not available above that temperature. 

Although the solubility predictions must be com¬ 

pare.; at 200°C and 250°C, it is clear that Pitzer's 

model gives a better representation of anhydrite 

solubility. 

4. Electrolyte Solution Theories. Two 

additional solution models were examined in an 

attempt to find a method that might be suitable 

for predicting the properties of electrolyte solu¬ 

tions above 200°C. These models differ radically 

from each other and from Pitzer's model in their 

approach to describing solution properties. By 

ANHYDRITE SOLUBILITY AT 200,250 DEG C 

0.06 

0.05-

;~0.04 

2 0.03-

W 0.02-
.5 

0.01-

0.00 

o = THIS WORK 
a = REDEQL 
o = WATEQF(D) 
. = WATBQFflJH) 
v = SENECA2 

2 3 

NaCl Molality 

Fig. 24. 

Comparison of predicted and experimental anhydrite (CaSO) solubilities in sodium chloride solutions. 
Soothed experimental values are given by the solid lines (200°C-upper line, 250°C-lower line). Symbols 
represent solubilities predicted by various models. 
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comparing the different models, the relative 

•ortance of the various short range and long 

range forces present in electrolyte solutions can 

be determined. This leads to a better under¬ 

standing of the basic properties of electrolyte 

solutions and may eventually result in a predic¬ 

tive model fo- high temperature aqueous solutions. 

The first model examined was based on the Born 

equation, which gives the contribution of long 

range electrostatic forces to the free energy, as¬ 

suming a hard sphere electrolyte of average raoius 

R in a continuous dielectric medium with dielectric 

constant D, 

Helgeson and Kirkham used the Born equation to 

calculate the electrostatic contribution to the 

volume and its pressure and temperature derivatives, 

basing extrapolations to higher temperatures on 

volumetric data available below 200cC. However, 

Smith-Magowan and Wood " recently measured the high 

pressure heat capacities of NaCl solutions and 

found thst the pressure dependence at 300°C pre¬ 

dicted by Helgeson and Kirkham is 78* too high. 

To determine the cause of this discrepancy, the 

Born radius necessary to reproduce the high tempera¬ 

ture heat capacities was redetermined (in collabora¬ 

tion with R. H. Wood, University of Delaware.) The 

same radius was found to reproduce recent high tem¬ 

perature volumetric properties, as shown in Kig. 25. 

At 200 bar, the agreement between the experimental 

volumetric properties (points) and those predicted 

by the Born equation (solid line) is good above 

~250°C, but poor below that temperature. One expla¬ 

nation for this behavior is that, at low tempera¬ 

tures, the contributions of the long range electro¬ 

static forces (approximated by the Born equation) 

and various short range forces are of about the 

same order of magnitude. At high temperatures, 

however, the effects of the electrostatic forces 

become very large (because of the decrease in 

dielectric constant) and simply overwhelm any 

contributions from short range forces. It is in 

this region that the Born equation is a successful 

iel for solution properties. 

\ 

400 SUO 

T E M P E R A T U R E ( K ) 

Fig. 25. 

Temperature dependence oj the partial moial volume 
at infinite dilution (V°) at 200 bar. Cirrles 
(some with error bars) represent experimental 
determinations. The snlid line gives values pre¬ 
dicted using the Born equation. 

The extrapolated propprties for NaCl solutions 

emulated by Helgeson and K'irkham are i error 

because the experimental data they considered exten¬ 

ded only to 200cC. At that temperature, the contri¬ 

butions of short range forces are still significant, 

and the Born equation is inadequate. The Born equa¬ 

tion also wac shown to be inadequate below 300°C at 

higher pressures. In this region the electrostatic 

contribution decreases rapidly as the pressure in¬ 

creases, and again short range forces contribute 

significantly to solution properties. Thus the 

Born equation is an adequate model for aqueous solu¬ 

tions only near the saturation curve. 

The second model studied is a revised version 

of the TTG model recently used by Leyendekkers12'13 

at room temperature. The TTG model assumes that 

the orientational and electrostriction effects of 

the solute ions on water in the solution can be 

mimicked by an increase in pressure on pure water. 

Thus, the contribution of the water (in the 

solution) to any solution property can be calcu¬ 

lated using the properties of pure water at a 

higher effective pressure. The difference 

between the experimental value of the property 

and the contribution of the water is assumed to be 

related to the intrinsic properties of the solute. 

Leyendekkers has shown that a single effective pres¬ 

sure function for each electrolyte can be used to 
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describe several different thermodynamic and non-

. thermodynamic properties. In addition, at room 

temperature the effective pressure function is inde¬ 

pendent of system pressure up to at least 1 kbar. 

This aspect of the TTG model was especially intri¬ 

guing, because it would allow estimation of the 

pressure dependence of solution properties. 

Unfortunately, attempts to extend the TTG 

model showed that many of the assumptions made in 

deriving the TTG equations were not correct at high 

temperatures. In particular, the effective pres¬ 

sure function changes dramatically with pressure at 

high temperatures. However, approximate values of 

the model parameters for sodium chloride solutions 

at 200 bar were obtained, and it is interesting to 

compare these results with those from the Born equa¬ 

tion. 

The TTG equation for the total volume of solu¬ 

tion at system pressure P is 

TABLE XII 

TTG PARAMETERS FOR SODIUM CHLORIDE VOLUMETRIC 

PROPERTIES AT 1.0 m AND 200 BAR 
1 

m V in 

P+Pe 
where Vw is the volume of pure water at the 

higher pressure P+Pe, Pe is the effective pressure 

function (which depends on concentration), V. is 

related to the intrinsic volume of the solute, and 

a is the solution molality. The results of fitting 

the volumetric properties of sodium chloride with 

this equation are given in Table XII, which lists 

the effective pressure, the change in the volume of 

pure water in going from pressure P to P+Pe, and 

the intrinsic volume. The intrinsic volume of the 

solute decreases by approximately 30% from 25 to 

300°C, indicating that short range forces pull the 

solvation sphere closer to the solute ions at high 

temperatures. The effective pressure remains rela¬ 

tively constant between 100 and 300°C; however, the 

change in the volume of water increases rapidly 

near 300°C. Again, the results indicate that elec¬ 

trostatic contraction of the water is the major 

contribution to solution properties at high tempera¬ 

tures and low pressures. This contribution is pre¬ 

dominant only because of the large compressibility 

of water in that region. 

T 
CO 
25 

50 

100 

150 

200 

250 

300 

Pe 
(bar) 

242 

230 

170 

154 

148 

147 

160 

VP _ vP+Pe 
w(cm3Wg) 

.0100 

.0093 

.0078 

.0091 

.0124 

.0201 

.0436 

Vin 
(cnrVmol) 

Z9.1 

29.5 

27.6 

26.6 

22.6 

19.3 

19.4 

5. Future Work. A calorimeter capable of 

operating from 0°C to 350°C will be constructed 

to determine the thermodynamic properties of both 

single and mixed electrolyte solutions. The exper¬ 

imental information will be used to extend suitable 

aqueous solution models to high temperatures and 

thus provide a basis for modeling more complex 

aqueous systems. 
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1. Reduction of SO, with Transition Metal 

Hydride 
Complexes (G. J. Kubas, G. D. Jarvinen, 

D. C. Moody, K. V. Salazar, and R. R. Ryan). The 

reduction of SO, with H, or CO to give sulfur and 

H,0 or CO, could be an attractive method for the 

removal of SO, from flue gases. Among the objec¬ 

tives of our studies of transition metal sulfur 

dioxide complexes we include finding metal systems 

that will act as catalysts for the redaction of S0~ 

or will provide mouels for the elementary steps in 

a catalytic cycle. A great deal of mechanistic 

information has been gathered about homogeneous 

transition metal systems that act as catalysts for 

the hydrogenation of organic substrates. Transi¬ 

tion metal hydride complexes have been shown to be 

important intermediates in these catalytic cycles. 

Thus, in seeking homogeneous systems to cataly¬ 

tically or stoichiometrically hydrogenate SO,, we 

have been studying the reactions of metal hydride 

complexes with S0-. 

Solutions of the complexes RhCl(PPh3)3 and 

CoH(N2)(PPh,)3 are known to catalytically hydrogen-

ate alkenes and other unsaturated compounds at 25"C 

under one atmosphere of H,. We were interested to 

see if these known hydrogenation systems would re¬ 

duce S0_. Under an atmosphere of H_ at 25°C these 

complexes oxidatively add H., to give RhH2Cl(PPh3)3 

and CoH,(PPh.,),, which are intermediates in the cata-

lytic hydrogenation cycles. Addition of SO, to a 

CHC13 solution of RhH2Cl(PPh3)3 under H2 results in 

rapid evolution of H_ and formation of a dimeric 

complex with the composition [RhCl(PPh3)2(S02)lz. 

The same complex is obtained by reacting SO, with 

solutions of RhCl(PPh3)3 or RhCl(PPh3)2(C2H4). The 

structure of the complex as determined by x-ray 

diffraction is shown in Fig. 26. The Rh atoms 

exhibit square pyramidal coordination with SO, 

binding at the axial position. The SO, coordina-

tion geometry is n -pyramidal and the S-0 stretch¬ 

ing frequencies of the complex (1166, 1031 cm ) 

and its reaction with 0, to give a sulfate are con-

sistent with the general properties of q -pyramidal 

SO, complexes. Apparently 50, displaces the 

hydride ligands of RhH2Cl(PPh3)3 as »z and this 
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Fig. 26. 

Molecular structure of [RhCl(PPh3)2(SO2)]2. 
groups have been omitted for clarity.) 

(Phenyl 

precludes any further interaction of the S0_ 

and hydride ligands at least under these mild 

conditions. 

Addition of SO, to a yellow THF solution of 

CoH_(PPb,), results in rapid precipitation of a 

purple complex with the composition Co(SO),(THF). 

The same purple complex results upon addition of 

S02 to a solution of CoH(N2)(PPh3)3 or CoH(CO)-

(PPh3)3. The loss of PPhg and the color change 

suggest an oxidation of the Co. A series of broad 

absorptions in the S-0 stretching region between 

1200 and 850 cm suggests that the purple complex 

contains SO, bound in more than one environment or 

coordination geometry. The reaction of SO, with 

CoH(CO)(PPh3)3 occurs slowly relative to the trihy-

dride and dinitrogen complexes and yields crystals 

of the purple complex rather than a fine powder. 

The crystal structure as determined by x-ray dif¬ 

fraction has not been satisfactorily refined so far, 

but a very interesting coordination complex is 

emerging consisting of a hexamer of Co atoms, each 

with a coordinated THF molecule, connected by SO, 

molecules bonding in two new bridging geometries 

through the 0 atoms. The fate of the hydride lig¬ 

ands is not known at this point. For this Co system 

It seems that the formation of this very stable and 

nearly insoluble hexamer blocks any catalytic cycle 

for the hydrogenation of SO,. 

The group VI hydride complexes Cp2HH2 (M = Mo, 

W) are not very active catalysts for hydrogenation 

of alkenes relative to the group VIII systems dis- j 

cussed above, but the Cp2MH2 complexes readily hy- I 

drometalate electron deficient alkenes and alkynes 

to give stable hydrido alkyl complexes. The Cp.HH, 

complexes have a base strength comparable to organic 

amines and form adducts with Lewis acids such as 
3 4 

BF,. ' Thus we thought a donor-acceptor complex 

Cp2MH2(S0.) with S02 acting as a Lewis acid followed 

by interaction of the hydride and SO, ligands seemed 

a plausible reaction scheme. 

Addition of SO. to a toluene solution of Cp2H«2 

(M = Ho, W) at 25°C results in the rapid formation 

of a nearly quantitative yield of a thiosulfate com¬ 

plex Cp,M(S,03) and water. A crystal structure de¬ 

termination, shown in the Fig. 27, has established 

the bidentate S,0-thiosulfate coordination for the 

Ho complex. Partial reduction of SO, hai. occurred 

in forming the thiosulfate and water. Heating a 

toluene solution of the thiosulfate complex at 

100°C with excess SO, under 60 atmospheres of H? 

gave no apparent reaction. Formation of the stable 

thiosulfate complex appears to prevent further 

hydrogenation of SO The reaction occurs much too 

rapidly near 25CC to provide any details of the 

mechanism, and at low temperature no definitive 

information has been obtained. The reaction of 

S02 with the related complexes Cp2TaH3 and Cp ReH 

Fig. 27. 

Molecular structure of Cp2Ko(S203). 
atoms have been omitted for clarity.) 

(Hydrogen 
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ie being carried out to better define the reaction 

1. way and to determine if thiosuifate formation 

can be avoided so that further reduction of SO, 

might be accomplished. 

The stoichiometric hydrogenation reactions of 

the cluster hydride (u-H)20s3(C0)1Q with various 

organic substrates have been studied extensively. 

This unsaturated 46 electron cluster has been shown 

to add a variety of two electron donors to give sat¬ 

urated 48 electron clusters, often involving hydro¬ 

gen transfer to unsaturated portions of the donor 

molecule. We have been investigating the reaction 

of this complex with SO,, which is a two electron 

donor ligand with the potential to accept hydrogen. 

Of additional interest was the possibility that co¬ 

ordination of SO. to the metal atoms of a cluster 

complex could result in new types of SO- bonding 

and reactivity that cannot occur in a mononuclear 

complex. 

A series of products is produced when (u-H),-

Os,(CO)lf) and excess SO- react in solution near 

25°C. The first complex observable in the infrared 

or H nmr spectra of the reaction mixture is (u-H),-

0s3(C0)1Q(u-S02). This complex has been isolated 

and its characterization includes a crystal struc¬ 

ture, which is shown in Fig. 28. The SO. ligand 

acts as a two electron donor coordinating in a 

bridging geometry. One hydride ligand bridges the 

012 

0sl-0s3 bond as shown. The other ligand bridges 

the same 0s2-0s3 bond as the S02 but was not 

located in the refinement of the structure. How¬ 

ever, its presence can be observed in the H nnr 

spectrum and inferred from the arrangement of the 

carbonyl ligands around 0s2 and 0s3. The structure 

is also closely analogous to that determined for 

(u-H)2Os3(C0)lo(u-CH2) by neutron diffraction,
6 with 

SO, replacing the methylene bridge. The bonding in 

the S02 complex can also be described by the same 

qualitative molecular orbital scheme used for the 

methylene complex because the frontier orbitals of 

SO- and CH_ have similar symmetry properties for 

interacting with the metal orbitals. 

The bridging S0_ complex is not stable in 

solution near 25°C and gives additional products. 

In the H nnr spectrum the hydride resonances of 

(u-H)2Os3(C0)10(u-SO2) at T 24.2 and 28.5 gradually 

diminish while two new resonances at T 4.8 and 26.1 

grow in intensity. The peak at T 4.8 is broad and 

is probably due to a hydroxyl proton undergoing 

chemical exchange at an intermediate rate. Thus we 

seem to be observing an interaction of a hydride 

ligand with coordinated S02jto give some type of 

0-H containing species. An IR spectrum of the 

solid isolated from the ruction solution shows 

u(S0> at 1074 and 809 cm suggesting an n -bonded 

S02 ligand. We are continuing to characterize this 

interesting new product and hope to study the inter¬ 

action of the hydride and SO, ligands in some 

detail, which has not been possible in any hydride-

S0 systems reported to date. 

The 0-H containing species is not the final 

product in solution as the H nmr spectrum at longer 

times continues to change and the IR spectra of 

solids obtained from the reaction solution show com¬ 

plex v(C0) absorptions in the range 2150-1900 cm 

and broad absorptions in the v(S0) region between 

950 and 850 cm . Mass spectral data obtained from 

these solids have suggested the presence of 

0s3(C0)12 and the suifide cluster (u-H)20s3(C0)g-

(u3-S). This may indicate that a complex series of 

intermolecuiar reactions is occurring involving 

hydrogen and CO transfer. Study of this osmiun 

system is continuing and work with related Fe and 

Ru systems is also being pursued. 

Fig. 28 

Molecular structure of (u-H)20s3(CO)10(u-SO2). 
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2. Stereochemical Control of and Reactivity 

of Molybdenum and Tungsten SO, Complexes (G. J. 

Kubas, G. D. Jarvinen, and R. R. Ryan). A large 

variety of d molybdenum and tungsten S02 complexes 

has been systematically synthesized and charac¬ 

terized to determine the extent and nature of 

stereochemical controls of the metal-SO, bonding 
1-4 

geometry. The ability to control S0_ bonding is 

important because we are currently placing emphasis 

on the reactivity of coordinated SO,, and the reac¬ 

tivity is dependent upon SO, bonding geometry. For 
fi 1 2 

d complexes, the n, -planar and n geometries have 

been observed whereas the n -pyramidal has not 

and is not expected. Table XIII summarizes the 

complexes we have studied and the remarkable sens 

tivity of the S02 geometry to ancillary lig 

changes that we have been able to design in 

the complexes. Note that modification of t 

n-acceptor strength of just one ligand (B1) 

complexes IV-IX leads to changes in SO, bondin 
1 2 

and the coexistence of both n. -planar and n, -Si 

isomers has been observed. These studies show 

that a high degree of stereochemical control h 

been achieved and have allowed us to formulate t 
2 

following bonding principles regarding o -SO 
2 

a) The n, geometry involves more M -• SO,, n don 
tion and less SO, + M sigma donation than do 

1 2 
the n -planar case. The n. geometry is, the 

fore, generally discouraged by strongly 

accepting ligands and encouraged by strong 

o donating ligands. 

b) The existence of a 0-M-A (D = donor or weak i 

acceptor, A = acceptor) conformation cis 
2 

SO, promotes n, bonding and dictates the orii 

tation of the 5-0 bond: the sulfur atom li 
m 

closest to the acceptor ligand. 

Table XIII also demonstrates a clear correl. 

tion between bonding geometry and o(SO). The higl 
1 2 

set of frequencies for n -planar SO, than q -SI 

allows us to distinguish between the two withoi 

carrying out crystallographic studies. 
In regard to activation of coordinated SO 

2 i 
n. "SO- is generally more reactive than is n, -plan 
SO,. Also, the basicity of the terminal oxygen 
2 

n. "S02 has been demonstrated in the dimeric co 

plex [Mo(CO)z(PPh3)(py)(M-SO2)]2, in which t 

oxygen binds to a second Mo atom. Thus, we ha 

devoted considerable attention to the q geometr 

and several experiments designed to promote bindi 

of electrophiles and Lewis acids to coordinated S 

have been carried out. The results of the 
2 

studies showed that the Mo and W n. "SO, complex 

were indeed reactive; HeSO^F converted SO, 

organo-sulfur species for example. In most case 

the products of the reaction were difficult to ch 

acterize because the lability of the ancilla 

ligands (e.g. p'losphines, pyridine) led to si 

reactions and/or decomposition. Thus, a study 

SO, reactions using complexes with nonJabi 

ligands such as -yclopentadienide is the next log 

cal step end should provide much cleaner produc 
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TABLE XIII 

EFFECT OF ANCILLARY LIGANDS ON S02 COORDINATION GEOMETRY AND INFRARED FREQUENCIES 

Mo . 

A' 

CO 

CO 

n2-so2 

n-so2 

n1-so2 

n1-so2 

i 

II 

in 
IV 
V 

VI 

VII 

VIII 

IX 

X 
XI 

XII 
XIII 

XIV 

A 

so2 
so2 
so2 
PPh3 
PPh3 

PPh3 

PPh3 

PPh3 
PPh3 

PPr^ 

PCy3 

so2 
so2 
so2 

A1 

CO 

so2 
PPh3 
PPh3 
PPh3 

PPh3 

PPh3 

PPhj 

PPh3 

PPr^ 

PCy3 

PMePh2 

PHe2Ph 

CyNH2 

B 

phen 

bipy 

bipy 

S02 
so2 

so2 

so2 

so2 
so2 
so2 
so2 
PHePh2 

PMe2Ph 

CyNH2 

B1 

phen 

bipy 

bipy 

MeCN 

py 

CNBu1 

CNCy 

CN(p-tolyl) 

CO 

CO 

CO 

P«ePh2 

PMe2Ph 

CyNH2 

»(SO) (cm'1) 

1149, 935 

1138, 873 

1107, 903 

1138, 910 

1130, 905 

1119, 906 

1229, 1066 

1119, 912 

1225, 1064 

1227, 1065 

1254, 1080 

1237, 1071 

1239, 1070 

1194, 1052 

1173, 1043 

1150, 1021-36 

v(C0) (cm"1) 

1984, 1898 

2000, 1953 

1898, 1805 

1920, 1836 

1928, 1820 

1937, 1875 

1958, 1892 

1931, 1872 

1956, 1890 

1960, 1876 

2015, 1953, 1908 

1997, 1931, 1889 

1996, 1917, 1886 

1982, 1877 

1981, 1857 

1894, 1791 

An interesting series of complexes (XII-XIV) Mo(C0)2(CyNH2)3(S02) + 0, 

of the type Mo(C0)2L3(S0.) was synthesized and 

found to contain n. -planar S0_. The geometry was 

unexpected because the presence of three sigma 

donating ancillary ligands would appear to favor 
2 

r\ bonding. An x-ray crystal structure of 

Ho(C0)2(CyNH2)3(S02) revealed that the cyclo-

hexyianine ligands coordinate in facial fashion 

(Fig. 29). 

The most intriguing feature of this complex 

was found to ts its novel reactivity with oxygen: 

[CyNH3]2[S04] + 2C0 + [CyNHjlEMo 0 

The production of uncoordinated sulfate from SO-

complexes is quite rare, if not unprecedented, and 

a catalytic method for SO, oxidation to sulfate 

would be of considerable interest. However, the 

mechanism nay involve reaction of dissociated 

ligands because SO, and CyNH, were found to give 
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Fig. 29. 

Inner coordination sphere for Mo{CO)2(CyNH2)3(S02) 

2. G. 0. Jarvinen, G. J. Kubas, and R. R. Ryan, 

"A New Bridging Geometry for Sulfur Dioxide 'r 

[Mo(C0)2(PPh3)(pyridine)((j-S02)]2-2CH2C)2; 

.'.-Ray Crystal Structure," J. Chem. Soc. , Chem. 

Commun. #7, 305-306 (1981). 

3. R. R. Ryan, G. J. Kubas, D. C. Moody, and 

P. G. Eller, "Structure and Bonding of Transi¬ 

tion Metal - Sulfur Dioxide Complexes," Struc¬ 

ture and Bonding 46, 47-100 (1981). 

4. G. J. Kubas, R. R. Ryan, and G. D. Jarvinen, 

"Stereochemical Control of M-SO, Bonding Geo-

metry in d Molybdenum and Tungsten SO- Com-
1 2 

plexes; Novel n <-> n -S02 Linkage Isomeriza-

tion in Mo(C0)2(PPh3)2(CNR)(S02)," manuscript 

in preparation. 

[CyNHj][HSO3] in DHSO, and air-oxidation of the bi¬ 

sulfite to sulfat" was catalyzed by the molybdate 

coproduct of the reaction. Thus, it is probable 

that oxidation of the metal with concomitant ligand 

loss occurs initially, followed by reaction of SO,, 

CyNH2, and H20 to give bisulfite and eventually 

sulfate. The ammonia analogue, Mo(C0)2(NH3)3(S02), 

was also synthesized and found to be air-sensitive. 

Kowever, (NH4),SO. was not a product of oxidation, 

possibly because of the volatility of NH3 and/or 

the existence of a different reaction pathway. 

Summarizing, the d octahedral Ho anc W SO^ 

complexes were discovered to be ideally suited for 

design of sterochemical control of SO, bonding 

geometries. Although the nature of the complexes 

was such that their reactions involved more than 

just the SO, ligand, valuable information was 

obtained for future probing of the reactivity of 

coordinated SO^ 
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3. Reactivity of Pt(PCy3)2 and Pt[P(t-Bu)3]2 

and Their SO, Complexes with Small Molecules (J. M. 

Ritchey,* D. C. Moody, and R. R. Ryan). The study 

of S02 derivatives of zerovalent platinum complexes, 

and transition metal-S0, complexes in general, has 

received considerable attention in the past six 

years as exemplified by the 293 references cited in 

two recent reviews. 1,2 At the same time, consider¬ 

able effort has been focused on the synthesis and 

properties of two coordinate complexes belonging to 

the nickel triad. These complexes are still rela¬ 

tively rare, however, and no reports of their reac¬ 

tivity with SO, have appeared. The studies des¬ 

cribed below were carried out with the intent to 

utilize inherent coordination and electronic unsa-

turation of two of these complexes, Pt(PCy,)_ and 

Pt[P(t-Bu)3]2, to promote reactions of bound S02. 

Further, a comparision of the chemistry of these 

complexes has been undertaken to provide an under¬ 

standing of stereochemical control and catalytic 

properties of these and similar complexes with 

small molecules including S02, 02, H^, CO, C02, CS2 

and C2H4. 

To strengthen the likelihood that Pt(phos-

phines)2 would coordinate only small molecules 

in a third coordination site and at the same time 

circumvent addition of a third phosphine, careful 

*Fort Lewis College. 
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attention was paid to phosphine size. An obvious 

rategy is to employ ligands with large cone 

angles (a measure of steric bulk4) and to utilize 

variations in reactivity that accompany slight 

changes in the cone angles of the phosphines 

employed. Pt(PCy3)2 and Pt[P(t-Bu)3]2 (cone 

angles 170° and 182°, respectively) were selected 

because of previously reported differences in 

reactvity toward H,, 0, and small HX compounds. 

It is important to emphasize the greatly re¬ 

duced reactivity of Pt[P(t-Bu),]? in comparison to 

Pt(PCy,)o and especially with respect to platinun-

phosphine analogs with smaller steric bulk. For 

example, conversion of Pt-SO., to Pt-SO^ complexes 

is ordinarily a facile process in the presence of 

air. Yet, contrary to the nearly instantaneous 

reaction of Pt(Cy3)2 and Pt(S02)(PCy3)2 in air to 

form PtO2(PCy3)2 and Pt(SO4)(PCy3)2 respectively, 

the corresponding P(t-Bu), analogs are essen-
6 

tially inert. Similarly, Mingos has emphasized 

the ability of Pt(CS2)(PPh3)2> PPlij cone angle 

145°, to rapidly form the dithiocarbonate complex 

Pt(S2C0)(PPh3)2 in the presence of S02, and Nyman 

has reported PtO2(PPh3)2 to immediately form the 

same species with CS,. In contrast, we observe 

greatly reduced reactivity; apparently the greater 

phosphine bulk shuts down these reactions. We have 

made a systematic study of these and other reactions 

as outlined as follows. 

A preliminary x-ray crystal structure analysis 

has been performed on Pt(S02)(PCy3)2, the first 

three-coordinate platinum(O) sulfur dioxide complex 

to be reported. The SO, molecule is bound to the 

platinum moiety with an n, -pyramidal SCL geometry 

as shown in Fig. 30. Analysis of the infrared spec¬ 

trum reveals v(S0) peaks at 1162, 1029 cm and 

a bending mode at 508 cm , which are consistent 
, p 

with this geometry. • ' It is also interesting to 
o 

note the relatively short Pt-S distance of 2.26 A 
observed in this three-coordinate complex as com-

o 
pared to the longer distances (2.37 - 2.46 A) found 

for the four-coordinate Pt(O) complexes also --on-

taining the n. -pyramidal geometry. Presumably the 

two coordinatijr of the phosphine ligands permits 

closer access of S0_ to the platinum center. 

The versatility of Pt(PCy,)2 toward C02, H?, 

C2H., and CO has been examined, but not in the con¬ 

text of SO, chemistry. In the main, our work is the 

first organized study of this chemical reactivity, 

a part of which is shown below. 

PtICO ICPCy ) 

SO, I O CO 
Pl [PCy 3 l 2 — -

X - h 
PHSO UPCy,], 

—' 
PI(SO2)[P(IBu)3lj. 

I" 
PtISO JIPI tBu] 1 

very 

slow 

PKCS )|P(t 

^ cs 

1 
- Pt[Plt-Bu|3 

1 

!°! 

PtO?(PIt-Bi 

- B u 

2 

h-

J)3I 

' 3 1 : 

x» Pl l -Bul j 

2 
PllS02l(CDI(PCy3!< — P l (SO 2 ) IPCy 3 l j 

>l(SO,l(PCy3)2- 2 - PtO2IPCy3l. ^ — Pt(52CO](PCy3)2 

We have found that bis(ethylene)(tncyclohexyl-

phosphine)-platinun(O) readily reacts with SO, 

under mild conditions and in nearly quantitative 

yields to form the cyclic trimer Pt3(S02)3(PCy3)3-

By comparison, Pt3(C0)3(PCy3)3 reacts slowly (days) 

with SO, to produce the same sulfur dioxide complex. 
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Fig. 30. 

Structure of Pt(n
1-S02)(PCy3)2. 

(Tricyclohexylphosphine groups indicated with a P.) 

Although this SO, trimer is not fully characterized 

at this writing, it is clear from the v(S0) values 

of 1248 and 1077 cm , the SO, is bridging rather 

than n, -pyramidal. Characteristic of transition 

metals with SO, in a bridging configuration, the 

oligomer does not form the sulfato complex upon 

exposure to oxygen. This new synthesis is more 

rapid and convenient and provides superior yields 

than the somewhat serendipitous procedure reported 

for the analogous Pt3(S02)3(PPh3)3-C7Hg-S02 complex. 

A smooth reaction with Pt(PCy3)(C2H4)2 and CS2 

occurs, yielding what we believe to be the first 
2 

platinum bridging n, -CSO species. Examination of 
i -I 

the infrared spectrum shows a band at 1113 cm 

attributable to the C=S stretch, which agrees well 

with those found in other transition metal com¬ 

plexes containing a bridging CS, group, as does 

the absence of a C-S bending mode at 653 cm found 

for the authentic Pt(CS2)(Cy3)2 compound. Further 

characterization is continuing on tins compound. 

It is noteworthy that the carbonyl chemistry 

of Pt(SO2XFCy3)2 and Pt3(S02)3(PCy3>3 is dependent 

upon the time and order of addition of the ligating 

moieties. We report the first example of a mixed 

Pt-S02"C0 complex as a result of the reaction of 

Pt(S02)PCy3)2 and CO over a period of days. It is 

not. clear from the infrared spectrum [v(C0): 1834, 

1777 cm"1; u(S0): 1214, 1069 cm"1] whather the CO 

and S02 ligands are in terminal or bridging modes. 

Further study on these systems is continuing. 

Finally, we are currently examining the inter¬ 

action of several zerovaient platinum compounds wi. 

C02. We have shown that the compound Pt(C02)(PCy3)j 

can be prepared under mild conditions of bubbling 

CO, through a hexane solution of Pt(PCy-), as long 

as the solution is kept scrupulously free of oxygen. 

An earlier report suggested that the reaction con¬ 

ditions required liquid CO,. This is the first 
2 

example of a (n, -CO,)-platinum complex to be re¬ 

ported. Bomb reactions with H2 and Pt(S0-)(PCy,)2> 

as well as Pt(PCy3)2> »„ and subsequent addition of 

SO, showed no catalytic effect for the platinum 

moiety. By contrast, we have preliminary evidence 

suggesting a solution of Pt(PCY )(C2H.), is catalyt-

ically reduced with H_ in a solution saturated with 

C0_. Further studies are underway to clarify this 

reaction. 

It should be obvious that the small molecule 

reactions of Pt(O) complexes are sensitive to 

electronic and steric controls and that the range 

of these reactions are rich and at the same time 

selective. Much investigation needs to be done to 

understand these interactions. 

REFERENCES 

1. D. M. P. Mingos, "Sulphur Dioxide Complexes of 

the Platinum Metals," Transition Metal Chem. 3, 

1 (1978). 

2. R. R. Ryan, G. J. Kubas, D. C. Moody, and P. G. 

Eller, "Structure and Bonding of Transition 

Metal-Sulfur Dioxide Complexes," Structure 

and Bonding 46, 47-100 (1981). 

3. S. Otsuka, "Chemistry of Platinum and Palla¬ 

dium Compounds of Bulky Phosphines," J. Organ-

ometal. Chem. 200, 191 (1980). 

4. C. A. Tolinan, "Steric Effects of Phosphorus 

Ligands in Organometa 11 ic Chemistry and Homo¬ 

geneous Catalysis," Chem. Rev. 77, 313 (1977). 

5. T. Yoshida and S. Otsuka, "Reactions of Two-

Coordinate Phosphine PTatintm(G) and Palla¬ 

dium^) Compounds. Ligand Exchange and Reac¬ 

tivities toward Small Molecules," J. Am. Chem 

Soc. 99, 2134 (1977). 

56 



fr I. Ghatak, 0. M. P. Mingos, M. B. Hursthouse, 

a and P. R. Raithby, "The Oxidation of Coordi¬ 

nated Carbon Disulphide by Sulphur Dioxide," 

Transition Chem. 1, 119 (1976). 

7. P. J. Hayw I. M. Blake, G. Wilkinson, and 

C. J. Nyman, "Some Reactions of Peroxobis-

(triphenylphosphine)platinum(II) and Analogs 

with Carbon Dioxide, Carbon Disulfide, and 

other Unsaturated Molecules," J. Am. Chem. 

Soc. 92, 5873 (1970). 

clearly that the size/coordination requirements for 

trivalent actinides more closely match the eight-

coordinate Ca site than either +3 or +4 actinides 
4+ 
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B. Actinide Chemistry 

1. Valence, Size, and Coordination Proper¬ 

ties of Actinides Pertinent to Storage in Synthetic 

Materials (R. A. Penneman and P. G. Elier). We 

have continued to apply crystal chemical considera¬ 

tions tv. certain aspects of actinide immobilization 

in proposed waste forms giving special attention 

to americium, as it is the major contributor to 

nuclear waste hazards from ~ 500 to 50,000 years. 

As an example, application of Zachariasen's bond 

.gth-bond strength formulism ' to zirconoiite, 

CaZrTi,0, (a component of SYNROC), shows quite 

where the oxygen subscripts denote the metal co¬ 

ordination numbers. Thus, in contrast to sugges¬ 

tions by others, we predict a strong partitioning 

of Am as a trivalent ion into the Ca site of 

zirconolite, with vacancies or charge compensation 

in the Zr or Ti sites required. 

In natural minerals, "impurities" or vacancies 

can provide charge compensation needed for substi¬ 

tution of a trivalent for divalent ion or tetra-

valent for trivalent ion. At Oak Ridge synthetic 

monazites are prepared from a lead pyrophosphate 
2+ 

flux. Lead as Pb is thought to play this role in 
4+ 

their trivalent lanthanide phosphates when U or 
4+ 3+ 

Th was substituted for La . A dramatic example 

of lattice site effects influencing valence stabil¬ 

ity is their finding the EPR signal of trivalent 

lead (an unusual valence for lead) in crystaline 

LuPO., with Pb substituting for Lu +. (Interpo-
4+ 2+ 

lating between Pb and Pb ionic radii to guess¬ 

timate the radius of Pb , one gets an excellent 

fit to this site) 

Although it is a general observation that 

strongly basic oxide matrices stabilize the higher 

(more acidic) americium oxidation states (such as 

Am(VI) in Ba3Am06) over the trivalent state, excep¬ 

tions can arise. For example in monazite, which 

favors trivalent cations of appropriate size, we 

predict that Am(III) will be stabilized over Am(IV). 
4+ 

That is, even if Am can be put into monazite, say 

by dissolving Am0_ in monazite with high oxygen 

overpressure, it will be reduced by radiation 

effects, the more rapidly with higher specific 

activity isotcoes. This should be true even though 
4+ 4+ 
U and Th are both found in natural monazite. 

One could argue that the trivalent state of thorium 

is unavailable, but U + is certainly an attainable 
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oxidation state. Also there may be cases, e.g. 

with curium, in which the energy to produce the 

tetravalent state from the trivalent one is suffi¬ 

ciently large that radiation effects will cause 

reduction even in a site strongly favoring tetra¬ 

valent ions. 

Because the elements plutonium, americium, and 

curium have profoundly different valence stabili¬ 

ties in a variety of chemical situations, we antici¬ 

pate differences when they are incorporated in 

oxide matrices and exposed to radiation (self 

radiation or other). We can anticipate both oxida¬ 

tion and reduction to occur. 

When complexed by aqueous heteropoly tung-

states and molybdates, the stabilization of pluto-

nium(IV) over plutonium(III) is about one volt 

compared to the aqueous potentials. This amount 

of stabilization will greatly stabilize Pu(IV), 

stabilize Am(IV) to about the normal Ce(IV/III) 

value, but should not be sufficient to stabilize 

Cm(IV) over Cm(III) against reduction by radio¬ 

activity or other constituents in the crystal. 

However, we do suggest that valence stabilization 

effects in selected solids can be chosen so as to 

favor certain oxidation states. 

Divalent americium can be prepared in some 

solids, for example, from the reaction of excess 
2+ 

metal with halides, but Am is such a powerful 

reducing agent that it is not known in aqueous 
2+ 3+ 

solution. Yet Am has been detected when Am in 

dilute CaF, solid solution is cooled to liquid 

helium temperatures. The electrons ejected in the 

lattice by alpha bombardment can, at low tempera-
3+ 2+ 

tures, reduce Am ions to Am ions as demonstra¬ 

ted unequivocally by EPR. Increasing temperatures 

causes loss of the Am signal. 

A lattice effect caused by the longer bond 

distance; required by actinide oxygen bonds is 

illustrated by the following. In classic perov-
4+ 

skite, CaTiO3, the Ti -oxygen distance is half 

the cubic cell edge, because the H +-0 g octa¬ 

hedral bonds lie along the cube edges. In the 
o 

barium analog BaTiOj, the Ti-0 distance is ~2.0 A. 

In the barium actinioa parovsidte BaAmO3, we ectv 

mate per Zachariasen's formulas that the Am -^ 

bond distance should be 2.22 A, which is mud 
o 

longer than the 2.37 A distance obtained from thi 

cell edge of putative "cubic" BaAnO, and BaPuO^ 

The praseodymium analog BaPrOg, originally reportei 

as cubic, has been found by neutron diffraction ti 

have lower symmetry, with the PrO. octahedra tiltei 

off the "cubic" axas. This change in symmetry 

allows the Pr-0 distances to lengthen to 2.22 • 
D 

2.23 A, agreeing with our estimate of the longei 

distance required for Pr +-0, (2.23 A). Thus, wi 

predict that further work will show that the Am-I 

and Pu-0 distances are actually close to value: 

observed in the praseodymium compound and thai 

these structurec are not actual?/ cubic, but are oi 

lower symmetry. 

Changes in crystal structure or site occupancy 

may be expected with radiation damage as an acti-
o 

nide III-IV valence change requires a ̂ 0.15 A chan; 

in each bond distance. Such valence changes ma} 

bring about lattice disruption, metamictization, oi 

stabilization of alternate phases. Adjustment tc 

these effects are likely to be different in special 

cases. For example, where the coordinating oxygen: 

are immobilized by being covalently attached tc 

silicate, phosphate, etc., oxygen mobility will be 

greatly lessened. This is in contrast to simple 

oxides, where statistical oxygen vacancies coulc 

more readily permit mixed valences, e.g., a ThO. 

solid solution containing both Am_0, and AmO,. We 
3+ 

estimate that Am in six coordination has nearly 

the same Am-0 distance as Th-0 displays, eight 

coordinated in ThO_. 
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2 The Synthesis and Structure of a Mixed 

Vaient Uranium Complex: 

[bis(trIphenoxytetrahydrofuranuraniuro(V))bis-

(tet.rahydrofurandioxouranium(VI))] (A. J. Zozulin, 

D. C. Moody, and R. R. Ryan). The alkoxides of 

uranium (IV), (V), and (VI) have received consider¬ 

able attention, with the primary emphasis dating 

back to the Manhattan Project and the search for 

volatile uranium compounds suitable for uranium 

isotope separation. In recent years a wealth of 

information in this area has appeared. In con¬ 

trast, there has been no report of an uranium(III) 

alkoxide. Since our initial discovery of a soluble 

form of uranium (III) chloride, UC1,(THF)V (THF = 
i j x 

tetrahydrofuran), we have been interested in the 

coordination and reaction chemistry cf U(III) 

and have recently begun a study to synthesize 

tranium(III) alfcoxides. 

Our attempts at synt!iesizi~g these complexes 

has involved a metathesis reaction of UC1,(THF) 

with the appropriate lithium, sodium, or potassium 

alkoxide salt. Two general types of reactions have 

bee.: ob;erved, with the least common type exempli¬ 

fied by the reaction with NaOKe where a stable 

iiraiiium(IIl) alkoxids salt was formed, NaU(0Me)3Cl. 

The most common result of these attempts, however, 

was partial oxidation of the uranium and the gener¬ 

ation of a solution containing a mixture of U(III) 

and U(IV) products. Our work in this area estab¬ 

lished that in general the uranuim(lll) alkoxides 

suffer from a redox instability as well as a 

thermal instability, both giving rise to U(IV) 

products. 

This type of reaction was observed with sodium 

phenoxide. The addition of tbr<>e equivalents of 

NaOPh to a THF solution of UC!3(THF)x leads to a.-. 

immediate color change (purple to red-brown) and 

the precipitation of NaCl. When a quantitative 

chloride analysis is performed on the NaCl by¬ 

product, only 50 to 60% of the theoretical yie'd is 

obtained, whereas analyses of the uranium product 

consistently snowed the presence of chloride. The 

addition of ether, however, results in a quantita¬ 

tive precipitation of sodium chloride. In view of 

the insolubility of sodium chloride in THF, these 

facts suggest a possible initial uranium salt forma¬ 

tion, which is disrupted upon addition of diethyl 

ether. We have thus far been unsuccessful at char¬ 

acterizing the products of this reaction and no 

uranium(III) phenoxide, the desired product, has 

been isolated. However, during these studies the 

ethereal solution was exposed to molecular oxygen, 

and an interesting reaction was observed that 

resulted in a dark red-brown solution, from which 

the title complex (I) was isolated. 

A single crystal x-ray diffraction study esta¬ 

blished the molecular structure shown in Fig. 31. 

The compound exists as a tetrameric unit with crys¬ 

tal lographically imposed 1 symmetry, composed of two 

uranium(V) atoms, U(2), and two uranium(VI) atoss, 

U(l), connected via four bridging phenoxides and two 

triply bridging oxygens. Each uranium atom has a 
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single coordinated THF molecule. The U(V) atoms 

are also bonded to three terminal phenoxides, 

whereas the U(VI) atoms exist as a uranyl moiety. 

The coordination pc'yhedron around each uranium 

jton can be regarded as a distorted pentagonal 

bypyramid. The L'U contacts are relatively short 

w-th U(1)U(2) = 3.818(4) A and U(l)U'U) and 

U(2)U'(2) = 3.854(4) A. The THF o.ygen uranium 

distance for the uranyl group is 2.42(2) A and is 

similar to bon-i distances found for coordinated 
3 A 

THF in other uranyl complexes. ' A considerably 
o 

longer cistance [2.53(2) A] is observed for the 

THF oxygen-uranium(V). The bridging phenoxides 
o 

show an average U-0 bond length of 2.42(2) A as 
o 

compared to 2.07(2) A for the terminal phenoxides. 

Finally, the triply bridging oxygens show distances 

of 2.08(.?) A for the unique U(2) - 0(3), suggesting 

a bond order of one by comparison with the terminal 
o 

alkoxir'e distances, and 2.28(2) A for the average 

U(l) - 0(3). 

From the crystal structure it can be seen that 

this complex contains uranium in both the *5 and +6 

oxidation states. This represents the first struc¬ 

ture determination of a uranium alkoxide containing 

uranium in two oxidation states. By summing the 

formal charges of the ligands around each uranium 

atom, U(l) would represent uranium in the +6 oxida¬ 

tion state while U(2) exists as U(V). The magnetic 

susceptibility of the complex also suggests the 

presence of a uranium(V) ion. The compound obeys a 

Curie-Weiss plot at low temperatures with a calcu¬ 

lated moment of 1.10 BM. Assuming there is little 

or no contribution to the moment from +6, this 

value is then consistent with moments reported for 

other uranium(V) complexes. The oxidation states 

may also be calculated from Zachariasen's bond 

length-bond strength relationships. ' In the 

present structure the oxidation states of each 

uranium atora were calculated to be 6.09 and 5.51 

for U(l) and U(2), respectively. Abnormally high 

values for the +5 oxidation state have been obtain¬ 

ed in calculations performed in this laboratory on 

U(V) compounds containing U-O-U bonds. This sug¬ 

gests a better correlation of Zachariasen's formal¬ 

ism to U complexes than U and may be due in 

part to more abundant crystallographic data avail¬ 

able on bond lengths in U compounds as compared 

to U compounds. 

In conclusion, the attempted synthesis of 

uranium(III) phenoxide complexes and subsequent air 

oxidation has led to the isolation and characteriza¬ 

tion of a unique mixed valent alkoxide complex, I. 

An earlier report of an unusual red uranyl alkoxide, 

U02(0C4Hg)2-4C4Hg0H, isolated from the ai- oxi¬ 

dation of U(OC.Hg)., was characterized only by 

chemical analysis. In light of the data presented 

herein, it appears likely that the previously 

reported red uranyl alkoxide also exists as a mixed 

val^nt complex and not as a pure uranyl alkoxide. 
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3. The Structure of y(NH4)2UF6. A Crystal -

lographic Tour de Force (R. R. Ryan and P. A. 

Penneman). The (NH4)_UF, system undergoes a 

remarkable series of structural changes over quite 

a narrow temperature range (~70°); this implies 

very small energy differences among these four 

structures (a, B, y, and 6). When we first made 

this observation, no single crystal data were known. 

The structure of the low temperature («) phase 

was determined by us several years ago and was 

found to contain linear chains of uranium atoms co¬ 

ordinated by eight fluorines as a square antiprism. 

The similar compound Rb,UF, consists of chains of 

fluoride dodecahedra. These two compounds exhibit 

closely related chain structures. The Rb-compound 

consists of infinite chains of [UFQ] dodecahedra 
a 

linked by edges of type m; the NH.-containing com¬ 

pound consists of chains of antiprisms linked by s 

edges on opposite square faces (see Fig. 32). 
The uranium positions as well as the nitrogen and 

ubidium positions are equivalent in the two struc¬ 

tures. The fluorines in (NH4)2UFg are distorted 

from the dodecahed'-al arrangement in Rb?UFg so as 

to make maximm use of the H — F hydrogen bonding. 

This behavior suggests that the dodecahedron pro¬ 

vides the energetically lower ground state configur¬ 

ation for this structure type. 

Besides the a-phase, (NH.).UF exhibits at 

'east three higher temperature phases, p, y. °-

All of these phases have U-U distances of -4 A and, 

therefore, contain (l!F ) in chains. The diffrac¬ 

tion pattern of y(NH.) UF, shows a rub-cell that is 

similar to the a phase but exhibits weak reflec¬ 

tions caused by scattering from a larger super-cell. 

Problems of this kind are a difficult crystallogra¬ 

phic challenge in that scattering from the sub-cell 

contains little information about the super-cell 

structure. We now have solved the structure of 

Y(NH.),UFg by accurately measuring the weak reflec¬ 

tions, refining the sub-cell on the intensities 

(instead of the conventional structure of factor 

refinement) and sorting out the multiplicity of 

fluorine peaks (in the difference maps) by using a 

population analyses. 

We find that the y-structure consists of infin¬ 

ite chains of alternate antiprisms and dodecahedra, 

the common edges being the £ edges for the 

antiprisms and the G edges for the dodecahedra 

(Fig. 32). It is clear that the phase changes 

in these materials involve interconversions 

between the most common eight-coordination types: 

dodecahedron <-» antiprism. Of the several octaco-

ordinate structures that contain linear chains of 

actinide fluoride polyhedra, only three have been 

accurately determined using three dimensional x~ray 
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data. All of these structures have been found to 

contain polyhedra of either the dodecahedron or 

antiprism type. Our study of Y(NH 4) 2UF 6 is the 

first to establish the coexistence of these two 

polyhedron types in the same crystal. 

The different molecular arrangements available 

for eight coordination have been the subject of con¬ 

siderable attention. Eignt coordination frequently 

occurs in actinide fluoride and oxide complexes, 

with the preponderance of these octacocrdinate poly¬ 

hedra being either the square antiprism, symmetry 

(04d), or the dodecahedron (0,d) with triangular 

faces. Of the remaining idealized eight-coordinate 

polyhedra, some are not represented and others have 

but few representatives in this class of compounds. 

The dodecahedron requires a larger radius 

ratio than the antiprism (i.e., 0.665 vs 0.645), 

and it is tempting to say that it is favored over 

the antiprism for the large actinide elements. An 
A 

attempt was made by Hoard and Silverton to quan¬ 

tify the energy relationship between the square 

antiprism and the dodecahedron. The main conclusion 

of their study was that no significant difference 

exists between the ground state energies of the two 

types of polyhedra. The experimental evidence 

supports the conclusion that these two polyhedra 

are roughly equivalent in energy; the choice be¬ 

tween them, in the actinide fluoride structures, is 

apparently decided by the packing forces. In the 

present case the coordination polyhedra are dictated 

by rotational reorientation of the NH4 ions to par¬ 

ticipate in different N-H—F hydrogen bonding 

schemes. 

The antiprism can be characterized by two 

parameters, i.e. £/s, the ratio of the length of 

the side of a triangular face to that of the edge 

of the square face, and 6, the angle between the 8 

axis and the vector from the central ion to one of 

the ligands (see Fig. 32). Hoard and Silverton 

established the most favorable values for these 

parameters, based on their model, to be */s = 1.057 

and 6 = 57.3°. The hard sphere model for the anti¬ 

prism demands £ = s and 6 = 59.25°. 

Three parameters are necessary to characterize 

the dodecahedron with triangular faces (see Fig. 

32). Hoard and Silverton chose for these parameters: 

6., the angle between the M-A bond vector and the 4 

axis of the polyhedron; 6g, the corresponding angle! 

made with the H-B bond vector, and the ratio of " 

the bond lengths, M-A vector/H-B vector. The 

most favorable values for these parameters are 

eft = 35.2°, 6B = 73.5° and H-A/M-B = 1.03. The 

corresponding values for the hard sphere model are 

M-A = M-B, 8. = 36.9° and 6. = 69.5°. 
H D 

It takes only a small distortion of the anti-

prism to bring it to the dodecahedral conformation; 

in crystal structures for which the site symmetry of 

the central ion is low as is often the case, it is 

a moot question as to which is the better idealized 

geometry for the description of the polyhedron. It 

has been the practice to use the parameters chosen 

by Hoard and Silverton to distinguish between 

the two polyhedra. This procedure has recently 

been criticized by Lippard and Russ who propose 

that different parameters be used in making this 

decision. The parameters they suggest are 8. „ 

the angle between best planes through the atoms 

labeled AABB and through B'B'A'A' (interpenetrating 

trapezoidal planes), and (d) the average deviation 

of the ligand atoms from these planes. It should be 

noted that these parameters, while helpful, amount 

essentially to a rejection test and do not provide 

sufficient criteria for assigning a distorted 

polyhedron to one of the idealized polyhedra. We 

suggest a different and perhaps more objective 

criterion for testing the degree of deviation of a 

polyhedron from an idealized geometry is to find 

the best least squares fit of idealized polyhedra 

to the actual atom positions. A comparison of the 

sum of the squares of the residuals for the 

geometries to be tested then provides a meaningful 

parameter for making the choice of a suitable 

idealized geometry. 
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4. Crystal Chemical Studies of Actinide 

Molybdates (P. G. Eller, T. L. Cremers, R. A. 

Penneman, and A. Rosenzweig*). In the first Divi¬ 

sional Report, we described the structure of low 

temperature (orthorhombic) uranium(IV) molybdate 

and noted its structural resemblance to some other 

(seemingly unrelated) binary oxides (see Fig. 33). 

Because of the possible pertinence of actinide 

molybdates to the PUREX "dissolver residue" pro¬ 

blem, we have continued the characterization of the 

several reported actinide molybdate phases. In 

addition, these "oxide matrices" are typical of 

synthetic minerals being suggested for long term 

nuclear waste storage. 

It is worthy of note that much of the previ¬ 

ously published work in this area contains substan¬ 

tial errors, particularly in the positions of the 

light atoms and, hence, give an entirely erroneous 

view of the coordination. We believe that our work 

has established the correct structures in this area 

of possible importance to processing and also to 

actinide storage in synthetic minerals. 

Hexagonal thorium molybdate was prepared by 

skull melting of the oxides at 1200°C (see Fig. 34). 

UVO* 

ThO, 2Mo0, 1200°C -> Th(Mo04)2 

niversity of South Florida. 

Fig. 33. 

The structures of UMo208, UVOS and U30s viewed 
normal to the sheets comprising the structures. 
In each structure, parallel sheets are connected 
by a 4.1 A U-O-U linkage. A narked similarity 
also exists in the in-plane edge sharing of co¬ 
ordination polyhedra, particularly for the first 
two structures. 
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Crystals from the solidified melt were studied by 

sinpie crystal x-ray crystallography. Crystal data: 

Hexagonal - P63, a = 17.574(4), c = 6.224(1) A, 

Z = 9, R = 0.032 for 745 reflections with I>2o(I). 

Our study produced a much more accurate, more 

satisfactory geometry for the Th coordination and 

showed that the twinned P3 model proposed for this 
2 

phase is incorrect. Moiybdate tetrahedra, which 

bridge to both six- and nine-coordinate thorium 

polyhedra, were found. In Fig. 35, the trigonal 

prismatic Th polyhedron is shown viewed parallel 

to the threefold axis. 

Single crystals of orthorhombic Th(MoO,)_ 

were obtained by heating the hexagonal form at 

800°C for one week, followed by slow cooling (1.5 

days). An x-ray structure investigation confirmed 

the rough structure previously proposed by Thoret. 

Space group - Pbca, a = 10.318(5), b = 9.737(4), 

c = 14.475(6) A, = 8, R = 0.027 for 2620 reflec¬ 

tions with !>2CT(I). The structure is that of a 

true moiybdate, containing MoO. tetrahedra with 

each oxygen shared by one Th and one Me. The 

thorium coordination (Fig. 36) is that of a nearly 

regular square antiprism. There is no simple struc¬ 

tural relationship to the hexagonal form. 

P'.utonium(IV) moiybdate, PuMo,00, has been 

reported in two different orthorhombic forms, one 

form being isostructural with orthorhombic 

Th(MoO.)_ (described above) and one form having an 

unknown structure. The structurally undetermined 

form (and its dihydrate) can be obtained by aqueous 

precipitation and is claimed to be isomorphous with 

the natural mineral sedovite. 

Th-0 (v«rfic««) • 2.32(4) - 2 49(3) 

ovtrog* • 2 42 

Fig. 35. 

The trigonal prismatic Th polyhedron in hexagonal 

thorium moiybdate, viewed parallel to the threefold 

axi s. 

Fig. 34. 

Stereoplot of the structure of hexagonal thorium 
molybdate, viewed parallel to the unique axis. 

Fig. 36. 

A view of the nearly regular square antipris»ati 
thorium coordination in orthorhombic thoriu 
moiybdate. 
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,. Sedovite has been described by Sidorenko and 

A Skvortsova and allegedly has the composition 
3 4 

UHo,0g. ' The mineral is very rare, and the above 

authors do not give a specific locality for its 

occurrence. The lattice dimensions obtained by 

them by application of Ito's method to powder 

diffraction data are: a =3.36 A, b =11.08 A, 
„ o o 

and c = 6.42 A for orthorhombic symmetry. Two 

lines of their pattern, however, could not be 

indexed to these lattice constants. The density is 

given as approximately 4.2 gm/cm , but no optical 

data are given other than that the refractive 

indices are greater than 1.789. 

Two problems arise from these data: (1) the 

cell volume and density suggest an unlikely cell 
content of ca. one UMo_0o formula unit/cell; and - c o 
(2) the short a axis requires U-U distances having 

o 

the improbably short value of 3.36 A. We presume 

that either the lattice dimensions, or the composi¬ 

tion, or the density, or some combination of the 

three are in error. 

A sample of sedovite, allegedly from the type 

locality, was obtained from a private collection. 

The dark brown crystals are extremely small laths 

whose maximum dinu."iion is not more than 80 urn 

and whose smallest dimension is at least an order 

of magnitude less. A powder pattern of this 

material agrees exactly with that published by 

Sidorenko and Skvortsova, but attempts to obtain 

single crystal patterns have thus far proved unsuc¬ 

cessful. 

Crystal morphology and partial optical proper¬ 

ties indicate that the symmetry is not greater than 

monoclinic. Furthermore, the morphology suggests 

that the short axis of the reported eel) should be 

doubled. The complete powder pattern was success¬ 

fully indexed on the basis of a monoclinic cell 

o o o 

with a = 6.42 A, b = 11.08 A, c = 6.72 A, 
0 0 0 

p =* 91.53° (the a and c axes of Sidorenko and 

Skvortsova have been interchanged). This reindex-

ing of the cell overcomes the short U-U distance 

problem and resolves the prob'em of unit cell con¬ 

tents by giving two molecules/unit cell. 

Optically the crystals display an inclined 

extinction of the slow vibration direction to the 

crystal elongation. The extinction angle varies 

o o 

from 7° to 20° for light from 5000 A to 5800 A 

wavelength, and less markedly, from 20° to 25°, 

between 5800 A and 6400 A. 
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VII. ISOTOPE SEPARATION AMD ANALYSIS 

A. Separation of Sulfur Isotopes by Distillation 

(T. R. Mills) 

At present, separated sulfur isotopes can be 

produced by methods based upon transport processes 

(electromagnetic separation and liquid thermal 

diffusion ) in very limited quantities (tens of 

grams) at a cost of £$400 per gram of isotope. It 

appears probable that use of a different separation 

process will be necessary to produce sizeable 

amounts (hunireds of grams) at lower costs. 

The separation approach taken for this work is 

the low temperature distillation of compounds 

containing sulfur. An 8-m-long distillation column 

25 mm in diameter has been built specially for 
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sulfur investigations. The column is in a vacuum 

jacket with multiple layers of aluminized mylar 

around it for tnermal radiation heat rejection. 

Temperature control of the sulfur-containing mater¬ 

ial is obtained by using liquid nitrogen as primary 

refrigerant to cool a secondary refrigerant system. 

Either a propane-ethane or a propane-propylene 

liquid mixture is used for the secondary refriger¬ 

ant. The column is packed with stainless steel 

Propak packing and has 116 theoretical plates. 

Hydrogen sulfide is tlie only working material 

used thus far. This column and another column used 

previously in unreported work (1974) have been 

operated at pressures from 40 kP to 120 kPa. The 

isotope separation has been measured by analyses of 

H,S from the top and bottom of the column using the 
32 

C£C 21621 mass spectrometer. The separation of S 
34 

from S, expressed in terms of relative volatility, 

a, has varied from 1.0014 to 1.0008. 

Although the mass spectrometric analyses of 

H,S directly appear to be repeatable and sound, 

the standard gaseous form for mass spectrometer 

analysis is sulfur dioxide. To confirm the present 

results, repeats of earlier runs are under way with 

the chemical conversion done by a modification of 
2 

the method of Kaplan. 

Ag,S 

2AgN03 

2CuO 

2HN0 

SO, 

3 

2Ag 

B. Separation of Stable Isotopes (T. R. Hills 

R. C. Vandervoort, and H. Goldblatt) 

The stable isotope separation program has th 

objectives of providing separated stable isotope 

of carbon, oxygen and nitrogen (ICONc) for researc 

purposes and also of developing new or improve 

techniques for incorporating the separated isotope 

into commonly desired chemical forms. Isotopi 

materials are sold at cost to Los Alamos investiga 

tors or to the general research community throug 

the Mound Facility. The value of isotopic product 

produced for Mound sales during FY 1981 was $667K 

The isotopes are separated by cryogenic disti 

lation of CO for carbon isotopes and of NO fo 

nitrogen and oxygen isotopes. During FY 1981, tin 
12 

quantities of isotopes separated were: 0.8 kg < 

at 99.95% enrichment, 2.7 kg 13C (90%), S.9 kg 13I 

(99%), 0.4 kg 15N (60%), 1.6 kg 15N (98%), 0.1 k. 
170 (20%), and 0.1 kg 170 (50%). Actual productioi 

was considerably below full capacity because o 

attempts to match production to demand. 

Most of the isotopically enriched CO or NO i: 

converted to other labeled compounds for use b; 

researchers. The reactions used were summarized ii 

the FY-1980 CUC Division annual report.1 Table XII 

summarizes the forms and amounts of labeled com¬ 

pounds prepared in FY 1981. 

2Cu 

Following completion of H,S studies, other 

sulfur compounds will be distilled, with SF. being 

the likely next compound to be studied for isotope 

separation. 

REFERENCES 

1. W. M. Rutherford, "Separation of Highly 
34 

Enriched S by Liquid Phase Thermal Diffusion 

of Carbon Disulfide," Ind. Eng. Chem. Process 

Des. Dev. 17, 77 (1978). 

2. I. R- Kaplan, J. W. Smith, and E. Ruth, 

"Carbon and Sulfur Concentration and Isotopic 

Composition in Apollo 11 Lunar Samples," Proc. 

Apollo 11 Lunar Science Conference, 21, 1317 

(1970). 

TABLE XIVI 

ISOTOPICALLY LABELED COMPOUNDS MADE IN FY-1981 

Product 
12co2 
13co2 

13CH30H 

1 2c 1 7o 2 

12C160180 

13c160180 

K13CN 

15N 
N2 

Quantity 
(mol) 

17 

372 

66 

0.1 

17 

0.2 

8 

14 

Product 
15NH3 

(15NH4)2S04 

(15WH2)?C0 

K15N03 

H15N03 

H2
170 

1?02 

18°2 

Quantif 
(mol) 

86 

9 

0.3 

6 

9 

10 

1 

2.5 
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A major program of improving performance of 

NO isotope plant was undertaken in FY 1981. A 

new NO feed system was designed and built. All NO 

gas handling hardware, including purifiers and 

cryogenic traps, was examined and helium leak 

tested with repair or replacement of parts as 

needed. As a result of this sizeable effort, many 

previously plugged drawoff lines in the cryogenic 

isotope columns were opened, some of them for the 

first time since initial startup of the columns. 

The NO plant can truly be said to be operating 

better now than when it was new. 
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C. Nitric Oxide Isotope Plant Feed System 

(T. R. Hills, B. B. Hclnteer, H. Goldblatt, R. C. 

Vandervoort, J. G. Montoya, and 0. E. Armstrong) 

The Los Alamos nitrogen and oxygen separation 

plant requires a feed stream of nitric oxide con¬ 

taining some level of 15N, 17O, and 1 89 to be 

extracted. The heavy isotopes are enriched in the 

plant, and a NO stream substantially depleted in 

these isotopes is witho.awn from the top of the 

plant. The isotopically depleted NO may be either 

converted to product or disposed of, subject to 

demand for it. Recently the sole proven supplier 

of NO discontinued production; thus, an alternate 

feed supply was needed. We have chosen an innova¬ 

tive method that does not require either purchase 

or generation of NO. 

The only other system presently used for 

producing N-enriched product is the NO-HNO, 

chemical exchange system (Nitrox system), which 

relies on an isotope effect when NO and HNO, ap¬ 

proach chemical equilibrium. The oxygen isotopes 

also show an isotope effect, although the system is 

normally not used for oxygen isotope separation. 

ability of NO and HNO, to rapidly exchange 

isotopes suggested our approach to promote isotopic 

exchange between NO depleted of heavy isotopes and 

HNO, of normal isotopic abundance In a counter-

current flow column the NO gas can be enriched to 

nearly normal NO gas, and the nitric acid solution 

will be highly depleted of heavy isotopes. 

The feed system that was designed and put 

into operation is shown in Fig. 37. The heart of 

the system is the exchange column (Scrubber 1), a 

1.2-m-long, 100-mm-diam glass column filled with 

stainless steel Propak packing. Calculations for 

equinolar NO and HNOj flow indicate that the NO 

will be enriched from 0.01% to 0.34% 15N, whereas 

the HNO3 will be depleted from 0.37% to 0.04% 15N 

in the column. Mass spectrometric analyses of the 

NO and KNO, have shown this degree of exchange. We 

have also observed efficient exchange of oxygen 

isotopes such that the NO stream exiting the ex¬ 

changer is of approximately the normsl oxygen 

isotopic mixture. 

Most of the remaining p^rts of the now feed 

system are for gas purification. Nitrogen dioxide 

is an important part of the exchange process; the 

exchange occurs more quickly at high acid concentra¬ 

tions because of the presence of N02 as an inter¬ 

mediate between NO and HNOj.1 However, NOZ must 

be removed from the feed NO stream, and a water 

scrubber column (Scrubber 2) identical to the 

T O O 

CON. 
HNOj I DO 

Fig. 37. 

Nitric oxide isotope plant feed system. 
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exchange column is used. Nitric acid and nitric 

oxide are produced in the scrubber column by the 

reaction: 

The gas exiting the scrubbing column is then pure, 

but wet, NO. Water vapor is removed by a condenser 

(not shown) and a silica gel drying bed. A cryo¬ 

genic distillation column is used to separate 

nitrogen gas introduced to the NO from other flows 

in the plant as well as to provide extra protection 

against NO, or water that has passed through other 

purifiers. The highly pure normal NO is then fed 

to the isotope separation column. 

Nitric oxide is removed from the overall plant 

because of isotopic production, losses from the 

purifiers, or gases dissolved in the waste nitric 

acid. (The liquid is a brilliant blue color, 

indicating dissolved N_0~.) Makeup NO is generated 

by adding sulfur dioxide to nitric acid. Ttie SO, 

reacts with the acid to yield NO and sulfuric acid 

waste. 

ZH, 3S0, 2HN0, 2N0 

The mixture of waste nitric and sulfuric acids is 

stored temporarily before being sent to the chemi¬ 

cal dump, although the HNO, also has possible 
15 

utility as a depleted N product. 

The new system was put into use in August 1981 

and has worked very well. Additional work is under 

way to improve the chemical analysis of the waste 

HNO, so that we may obtain better data on the 

rather complicated chemical equilibrium system of 

HN03, N204, N203, NO, and H20 between the liquid 

and gas phases. 
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D; Tne Los Alamos facility for Automatic Nitrogen 

Analysis (B. B. Mclnteer and J. G. Montoya) 

Separated nitrogen isotopes, which are pro¬ 

duced in this country only at Los Alamos, are 

widely used ?s tracer materials in field studies 

of the nitrogen cycle in agricultural and other 

research. Such studies involve many hundreds of 

samples of plants, soils, water, or animal tissue 

requiring isotopic nitrogen analysis. Processing 

these samples to an appropriate chemical form and 

their resulting isotopic analysis has represented 

for many years a limitation in the use of separated 

nitrogen isotopes. Especially, the nitrogen 

isotopic analysis has been performed in a few 

specialized laboratories with a total capacity 

estimated to be 10,000 samples per year. 

In 1980, Los Alamos announced the development 

of an automated instrument capable of analyzing 

several hundred samples per day for isotopic nitro¬ 

gen. The equipment was designed to accept movable 

trays of small polyethylene vials that were loaded 

with samples in the form of ammonium sulfate solu¬ 

tion. The vials were flushed with Freon-12 gas to 

remove air. Sodium hypobromite reagent solution 

was then added to oxidize the ammonium ion to 

nitrogen gas. A small cryogenically cooled U-trap 

removed the Freon and other contaminants from the 

nitrogen gas sample, which was then expanded into 

an inlet manifold where the sample pressure was 

measured and adjusted. Upon connection to the 

mass spectrometer, the ratio of the mass-29 peak 

(15N14N) to the nass-28 peak (14N.) was measured. 

Analyses were of good quality, were rapid, and 

required only 0 025 mg of nitrogen per sample. 

As part of the testing and demonstration phase 

of this program the Laboratory offered to perform 

such analyses free of charge to all workers. The 

response to this service has been remarkable. In 

1980 about 4000 samples were analyzed. During 1981 

about 20,000 samples from forty laboratories 

engaged in university and governmental research 

have been analyzed. Some workers are using labeled 

nitrogen for the first *Ame, whereas others have a 

mass spectrometer available but too many samples 

for it. All users regard the service as important. 

Thus, the continuation of a central facility fp-

perfomnng such analyses seems necessary. 
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Technical progress on the equipment has con-

I ued. All samples are performed with duplicate 

aliquots. If the percent of N is measured to be 

Xp Xj with a mean value, x, than the criterion for 

acceptability is 

if x > 0.366, then Xj-x2 <0.008 x 

if x <= 0.366, then Xj-x2 < 0.0029 

Otherwise, the analysis is rejected. Host samples 

satisfy this criterion by a wide margin, but when 

nitrogen is scarce in a sample, or if the equipment 

malfunctions, this quality control avoids serious 

anomalous errors. Also, a simplified microvalve 

has been designed, built, and tested successfully. 

A new automatic report format fu, the user is now 

in use. But especially revealing of the emphasis 

of the program has been development of the sample 

trays themselves. 

1. Initially, separate vials (0.15 ml) were 

placed in a preparatory tray of 130 vials. 

After the samples were pipetted, tne vials 

were dried by a gas stream and then were 

manually transferred to a master tray that 

was part of a modified plotter. This system 

proved arduous to load and expensive in vial 

costs. 

2. The second system, still in use, involves 

trays with 260 fixed vials. The plotter moves 

a metal frame to which a tray can be attached 

or removed. This has permitted trays that 

require 8 to 9 hours to process. Two trays 

may be done per calendar day. 

3. The next system, still being developed, is 

based on disposable commercial polystyrene 

trays containing 96 wells each. This system 

will provide for automatic tray changing so 

that a stack of seven trays can operate around 

the clock. But the most novel feature of this 

new system is that the user will fill and dry 

his own trays, keeping his own record of sepa¬ 

rate samples, still in duplicate, and will 

interpret individual samples. The analytical 

facility will be responsible only for iden¬ 

tifying the tray itself. The required method-

^ ology for filling, drying, and mailing these 

trays is being developed collaboratively with 

Dr. R. D. Hauck, Tennessee Valley Authority, 

Fertilizer Research and Development Center, 

Muscle Shoals, Alabama. 

The objective of the Los Alamos ICONS program 

is to encourage the use of stable isotopes by the 

scientific community. This analytical center 

promises to fill that objective amply. 
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E. Developments in Mass Spectrometry (V. M. Armijo, 

G. W. Butler, A. J. Gancarz, S. J. Knight, G. W. 

Knobeloch, F. 0. Lawrence, L. Z. Liepins, R. E. 

Perrin, D. J. Rokop, and W. R. Shields) 

The mass spectrometers in CNC-7 that are oper¬ 

ating and those in the process of being modified or 

constructed are designed to make the following mea¬ 

surements: 1) high-precision isotopic ratio mea¬ 

surements; 2) large dynamic range measurements; and 

3) analysis of relatively small numbers of atoms. 

In this progress report we summarize the advances 

made this year in f.iiree areas, each of which 

utilizes one or more of the design features. These 
244 

include the search for naturally occurring Pu, 

high-precision isotopic analyses of uranium on 

relatively small samples, and (n,2n) cross section 

measurements made in support of the nuclear weapons 

research effort. 
244 

In our continuing search for Pu the ap¬ 

proach that we have adopted is to look in rocks 

formed in diverse geochemical environments. In all 

of these rocks the chemical conditions of formation 

wet-i such that plutonium is predicted to have been 

preferentially concentrated. We are examining both 

sedimentary and igneous rocks; the sedimentary rock 



is a phosphate-rich rock from the Pliocene Bone Val¬ 

ley Formation, Florida, and the igneous sample is 

monazite, a cerium-thorium-rare earth mineral from 

Kangankunde, Africa. 

The analysis involves chemical separation of 

the plutonium from very large amounts of material 

and subsequent mass spectrometric analysis of the 

small (10 or 10 ) number of atoms. The chemical 

separations must be done with extreme care and 

cleanliness to enable successful mass spectrometric 

analysis and to avoid the introduction of extrane¬ 

ous plutonium. 

The greatest problem in the mass spectrometric 
244 

measurement of small numbers of Pu atoms is in¬ 

terferences at the 244 mass position which are due 

to scattered ions and isoDaric hydrocarbon mole¬ 

cules. The scattered ions are primarily scattered 

alkali-metal ions. This problem has been allevia¬ 

ted largely by electrodepositing the plutonium onto 

the rhenium ionizing filament and overplating the 

plutonium with rhenium. The electrodeposition 

effects a final Pu-alkali metal separation. The 

cverplating increases the ionization efficiency by 

creating a diffusion barrier. With this method, 

the filament can be heated to higher temperatures 

than under normal conditions when the sample would 

directly evaporate. The ionization efficiencies 
-12 

for 10 g Pu samples range from 0.2% to 0.8%. 

The Florida phosphate rocks generally contain 

50 to 200 ppm U. At these levels it is commercial¬ 

ly profitable to recover the uranium. In the re¬ 

covery process the dissolved rock is contacted 

with a mixture of kerosene, octyl-phosphoric acid 

and octyl phenol. Under the conditions of this 

process the plutonium is extracted into this orga¬ 

nic mixture. We processed and analyzed two samples 

of the mixture each equivalent to 24 kg of rock and 
244 

determined an upper limit of less than 83 Pu 

atoms per gram of rock. 

These rocks are marine sediments. Hence, it 

is important to understand the behavior of pluto-

nium in the ocean in order to explore the implica¬ 

tions of the data. Plutonium has a residence time 

in the ocean of less than 300 years, and the re¬ 

moved Plutonium Is deposited in sediments. This 

residence time is short relative to the mean life 

of Pu. Therefore, the deposition rate is 
244 

virtually the same as the flux rate of Pu to the 

ocean. We assume that all plutonium is deposite 

in phosphate minerals. Because phosphorous in tt 

ocean is in steady state and the flux of dissolve 
244 

phosphorous is known, we calculate a Pu flux o 

<2.8 x 10 atoms/yr. 
944 

If this flux is all galactic cosmic ray P 

and includes the flux to the earth's land surface 
244 

then the Pu flux to the surface of the earth i 
-11 -2 -1 

<1.7 x 10 atoms cm sec . It is possible t 

calculate a flux for comparison using cosmic-ra 

and element abundance data. The galactic cosmic 

ray flux of VH nuclei calculated from the formul 

of Fleischer et al. (1975) is 1.07 x io"3 par 

tides cm"2 sec"1 Of the VH nuclei (i.e., Z i 90 

approximately 97% are iron. Satellite, bal 

loon, and Skylab measurements indicate a flux o 

nuclei with Z 2 90 relative to the iron flux o 

6.7 x J.o"7.4 Approximately 17.6* of the Z i 91 
244 

nuclei are Pu, end about 50% of these an 

destroyed in transit through the earth's atmosphen 

The calculated flux to the earth's surface i: 
-11 -2 -1 

6 x 10 particles cm s . This is in reason¬ 

able agreement with the value inferred from oui 
244 

Pu measurements. 
Alternatively, the flux of <1.7 x 10 atom; 

-2 -1 
cm s could be primordial plutonium releasec 

during weathering and erosion. If all the pluto-

nium-bearing minerals in the 1.54 x 10 g of rock 

eroded each year are dissolved, then crustal rocks 
-?1 244 

contain less than 7 x 10 g Pu/g rock. Fur-
24^ 

thermore, if all the Pu was concentrated in the 

crust of the earth, then the average terrestrial 
-25 244 

concentration is less than 3 x 10 g Pu/g 

earth. This value is a factor of 1000 less than 

that reported by Fields et al.3 for the earth, 

but a factor of 10 greater than the abundance in¬ 

ferred from meteorite data. 

The analyses of tne monazite samples are still 
244 

in progress and no final Pu concentrations are 

available. 

A variety of investigations in CNC Division, 

including for example weapons vadiochemical diag¬ 

nostics and the Oklo natural fission reactor inves¬ 

tigation, have necessitated the development of a 

method for accurate isotopic analysis of small ura¬ 

nium samples. The method developed is electrodepo¬ 

sition of uranium on degassed zone-refined rheni 

filaments that are overplated with rhenium. We 
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Investigated the effects of voltage, electrolyte 

.d molarity and pH, and time on the thermal ioni-

zation efficiency, stability of the ion beam, and 

uranium mass fractionation. The optimal parameters 

ascertained permit analysis of 10 ng of uranium at 

ionization temperature of 1620 ± 10°C and an an 
-A 

ionization-transmission efficiency of 1.5 x 10 

The isobaric interferences are less than or equal 

to the background of the measuring system, 0.05 

counts per second. Accuracies achieved on 10 ng 

of NBS U-500, a 1:1 235U:238U isotopic standard, 

are 0.05% to at the 95% confidence level. 

Integral to determining thermonuclear yields 

by using .̂ jtron reactions on radiochemical detec¬ 

tor elements to measure neutron fluences are accu¬ 

rate values of the cross sections. Typically, we 

determine cross sections for (n,xn) reactions at 

neutron energies ranging from 7.5 to 28 MeV using 

radiochemical techniques. However, the fraction of 

the target that has undergone an (n,xn) reaction 

can, in principle, be measured mass spectrometri-

cally. This requires the ability to measure large 

isotopic ratios because the product to target 

ratios generally range from 10 to 10 

We recently completed the determination of 
209 208 

the cross section for the reaction Bi(n,2n) Bi 

at 14.9 MeV using both conventional radiochemical 

and mass spectrometric techniques. The latter re¬ 

quired measuring a Z08Bi/209fii of 1.1 x 10"6. The 

values of the cross sectiorts were 2.197 ± 0.054 b 

using radiochemistry and 2.147 ± 0.054 b using mass 

spectrometry. This excellent agreement validates 

the use of mass spectrometry for determining 

nuclear reaction cross sections. 
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VIII. ATOMIC AND MOLECULAR COLLISIONS 

A. .iynamics of Molecular Photodissociation (D. S. 

Moori', D. S. Bomse, and J. J. Valentini) 

I he dissociation of a molecule into atoms or 

smalle- molecular fragments through the absorption 

of ligh' is an important process in atmospheric che¬ 

mistry, ias?r isotope separation, combustion, chemi¬ 

cal synthesis, astrophysical chemistry, and chemical 

lasers. Despite the importance of molecular photo¬ 

dissociation to this wide range of phenomena, our 

understanding of the energetics and dynamics of 

photodissociation is not at all well developed. 

Our lack of knowledge about the photodissoc¬ 

iation process is a direct consequence of the dif¬ 

ficulty encountered in measuring the nascent elec¬ 

tronic, vibrational, and rotational energies of the 

photofragments. These energy distributions provide 

our only direct link to the dymanics of photodisso¬ 

ciation, but have seldom been experimentally acces¬ 

sible because the distributions are rapidly degraded 

by collisions of the photofragments with other mole¬ 

cules. Even in low pressure gases collisions occur 

very frequently (every 100 ns at 1 torr). 

To obtain these nascent energy distributions, 

one must probe the fragments before they have col¬ 

lided with ether molecules. This requires measure¬ 

ment techniques with time resolution better than 

100 ns, coupled with photodissociation effected 

simultaneously on the sane time scale. 
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We have developed a technique that uses pulsed 

laser photodissociation, coupled with pulsed Cohe¬ 

rent Anti-Stokes Raman Spectroscopy (CARS), to mea¬ 

sure the collision-free photofragment electronic, 

vibrational, and rotational energy distributions. 

CARS is a very general, sensitive, and highly time-

resolved spectroscopic technique based on the Raman 

effect, an inelastic light scattering process. The 

spectra one obtains using CARS reveal the molecular 

energy distributions of the photofragments. 

A typical CARS spectrum of a molecular photo-

fragment, oxygen from photodissociation of ozone, 

is shown in Fig. 38. The oxygen was produced by 

photodissociation of ozone (2 torr pressure) at a 
O 

wavelength of 5320 A. The spectrum, recorded with¬ 

in 6 ns of the dissociation, indicates that the 

oxygen photofragment is produced only in the ground 

electronic state, with a large amount of rotational 

and vibrational excitation. 

The vibrational and rotational state distri¬ 

butions extracted from the CARS spectrum are shown 

in Fig. 39. The distributions are significantly 

non-8oltzmann, with a peak in the rotational dis¬ 

tributions at or near J = 31. These dramatically 

non-Boltzmann distributions indicate that the dis¬ 

sociation process is a direct one, not proceeding 

through a long-lived excited state, and that the 

geometry of the excited state is nonlinear. 

j T T T T T T T m I I I I I I n n i l " 

Roman Shift (cm"') 

Fig. 38. 
CARS spectrum of molecular oxygen produced in the 
photodissociation of ozone at 5320 A. Grid at the 
top of the figure identifies the rotational and 
vibrational levels for each spectral line. Prom-
inent feature between 1S45 and 1560 cm'1 is due to 
molecular oxygen impurity in the ozone. 
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Fig. 39. 

Vibrational and rotational state distributions fc 
molecular oxygen extracted from the spectrum < 
Fig. 38. 

Detailed information such as this about tr 

photofragment energy distributions is being used t 

other scientists at Los Alamos who are intereste 

in the theoretical modeling of photodissociation 

B. Photoionization of H,S and of Mixed Clusters 

with H20 and (N. C. Blais and E. A. Walter 

University of New Mexico) 

A photoionization mass spectrometer is used t 

identify ion species formed at measured wavelength 

of ionizing ultraviolet light. The reagents ar 

introduced into the ionization region by mean 

of a supersonic free jet that cools most of th 

degrees of freedom of the reagents to temperature 

in the range 10 K to 100 K. In addition to lo 

temperature molecules, clusters of the reagents o 

various sizes are also formed, the distribution o 

which depends on the details of the expansion pro 

cess. In this work we report a continuing serie 

of experiments using H2S, H20 and CHjSH as reagent 

The appearance potential of the fragmeo 

(H2S-H) was measured. This fragment arises from 

reaction between moities of the H.S diner wh»n i 

is irro iated by photons of wavelength shorter tha 

1209 A. Using the values of the ionization thres 

holds for the clusters (H,S) that we measure 
1 

earlier for n = 1 to 7, we obtain the energy dia 

gram for the thermochemical properties of H_S show 

in Fig. 40. 
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Fig. 40. 

The energetics for the fcrTation of ionized clusters and ionic fragments formed in the H,S system. 

Mixed clusters of HLS-HpO were formed in our 

supersonic free jet expansion source and the appear¬ 

ance potential of the KLS-H^O ion was measured. 

A value almob+. identical to the H_S dimer was 

found, 9.74 ± .03 eV. This is evidence that the 

bonding of water to hydrogen sulfide perturbs the 

ionic ground state levels to the same extent as 

does H2S. 

Mixed clusters of H2S CHjSH were also formed, 

and the appearance potk itial of the ground state 

of the H2S-CH3SH
+ was measured to be 9.20 ± .03 eV. 

This is about 0.24 eV below thai of CH,SH+. The 

perturbation of the ground state of CH,SH by clus¬ 

ter formation is much less than for H,S, which is 

about .74 eV. A discontinuity in the ion yield 

spectrum also occurs at about 9.83 eV, which may 

correspond to the ionset of ionization of the H_S 

moiety of the cluster. Evidence to justify this 

assumption must await obtaining the spectrum of 

(CH3SH)_ in the same energy region. Figure 41 

shows the ion yield curve for (HJS-CHJSH)4. 
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The ion yield spectrum £or the formation of mixed 
cluster ions (H,S-CH,SH) from polymers of H,S and 
CH,SH. J i 

IX. MOLECULAR SPECTROSCOPY 

A. Development of the CARS Method for Measurement 

of Pressure and Temperature Gradients in Centrifuges 

(A. H. Zeltmann and J. J. Valentini) 

Coherent Anti-Stokes Raman Spectroscopy (CARS) 

is a very sensitive technique that has been suc¬ 

cessfully used to obtain molecular spectra in gas 

and liquid systems. CARS can also be used as 

a powerful analytical spectroscopic technique for 

making accurate concentration and temperature 

measurements with spatial resolution on the order 

of 0.1 mm and temporal resolution on the order of 

10 ns. As an analytical method CARS has been 

applied to the measurement of spatially resolved 

hydrogen concentrations in flames, determina¬ 

tion of temperature, concentration, and spatia? 

distribution of N,, 0,, and CO in flames, measure¬ 

ment of vibrationai and rotational temperatures in 

an electric discharge, and thermometry in sooting 
7 8 

flames and hydrogen plasmas. CARS has recently 

also be applied to the study of transient phenomena 

such as photodissociation. 

CARS has been applied to the spect) 

study of several volatile hexafluorides, ir 

UFg.
10 A proposal11 to apply CARS to the < 

of UFg in gas centrifuges led to investi 

described here. We have shown, with a se 

experiments, the feasibility of applying t 

technique to the measurement of UF, concent 
b 

in a gas centrifuge under anticipated cor 

of pressure, temperature, device geometr 

materials of construction. Measurements sh 

the resultant CARS signals are properly rei 

system parameters as suggested by underlying 

and related phenomenological equations. 

The CARS experiment involves a fc 

mixing process in which two pump photons at 

quency ID and one at the Stokes frequency, 

mixed in a sample and produce a fourth ph 

the anti-Stokes frequency, uias = 2u> -UJ 

mixing occurs for all materials, but is 
enhanced if ui -w coincides with a Raman 

P s 1_ 

frequency of the sample. McDowell found 

Raman active fundamentals of UFg at 667.: 

V Alg J' and 5341 cml> V2 (Egh 
We have shown that our CARS signal inte 

4 
conform to the theoretical equation for fo 

mixing phenomena, 

where C consists of fundamental constants an 

sive properties of the medium, N^ is gas d 

and p and pg are laser intensities at the p 

quency and at the Stokes frequency. The dep 

of signal intensity on laser power is sli 

Table XV. The results show that there is . 

order dependence on laser power, i.e., the | 

of the power in th? pump laser squared and 

dye laser to first power. 

Table XVI lists data on the dependence < 

nal on UFfi pressure and laser intensity. C( 

shows the CARS amplitude, normalized with i 

to laser intensity to the third power, as ; 

tion of UFg pressure. The pressure range i 

expected in centrifuge operations. The i 

shown in Table XVI indicate a second order 

dence of CARS signal on Nup . The CARS s 
6 
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TABLE XV 

CARS SIGNAL AS A FUNCTION OF LASER INTENSITY AT 

CONSTANT PRESSURE UF, PRESSURE, 10.0 TORR 
D 

Las 
PP 
532.1 ra» 

179 

204 

221 

225 

243 

227 

«r Power 

KW Ps 

551.7 nm 

73 

94 

134 

154 

181 

2C9 

Signal 
Power, Ias 

mW 

513.8 nm 

10.2 

12.0 

22.7 

30.3 

36.6 

56. S 

'./•£. 
Arbitrary Units 

4.4 

3.1 

3.5 

3.9 

3.4 

3.6 

TABLE XVI 

CARS SIGNAL AMPLITUDE FOR VARIED PRESSURE 

AND LASER POWER 

N 

lorr. 

5.6 

10.0 

17.7 

37.0 

Las 

P 
p 

532.1 n 

262 

27" 

'.67 

96 

er Power 
KW 

m S51.6 nm 

265 

209 

80 

45 

Signal power, 1 

mU 

513.8 nm 

35.6 

58.5 

30.3 

24.6 

Normalized 
CABS Signal, 

Arbitrary Units 

6.2 

3.6 

4.3 

4.3 

intensity was as expected, about seven orders of 

magnitude lower than the intensity of the lasers 

used to generate it. The apparatus is diagrammed 

in Fig. 42. 

Factors that can limit the use of CARS, such 

as nonresonant background interference with the sig¬ 

nal, will not be a problem in gas centrifuge experi¬ 

ments. Raman resonances from other molecular 

species likely to be present in the centrifuge are 

far removed in wavelength from the UF, resonance, 

so good spectral discrimination against other 

species is easily achieved. The signals do not 

appear to saturate at higher power levels, although 

this has net been thoroughly investigated. 

CARS appears to be an excellent technique for 

determination of pressure in a centrifuge. Of par¬ 

ticular significance is the high signal level com¬ 

pared with other spectroscopic methods. With CARS, 

.here is near unit signal collection efficiency, 

good discrimination against background, and no 

U2 COOLED 

HOUSING 

MONO-
NARROW'1 ' CHROMATOR 

LENS B f l N D 
L L N i FILTERS 

Fig. 42. 

CARS apparatus for gas centrifuge measurements. 

interference from fluorescence. The method has 

high wavelength resolution as the CARS signal 

bandwidth is determined solely by the la-er line-

width and should allow accurate determinations of 

pressure with high sensitivity. Because our 

experiments indicate that such measurements can 

likely be made in only a few laser pulses at a 

10 pulse-per-second repetit"on rate, these pressure 

and temperature measurements can also be made quite 

rapidly. There is no experimental barrier to the 

use of CARS for extremely accurate measurements of 

temperature and pressure gradients in an operating 

centrifuge. 

Our experiments have also shown that there are 

e number of techniques by which the quantitative 

determinations can be improved with little extra 

effort. 

1. Install te7escopes in the main laser paths to 

limit beam divergence. 

2. Optimize the dichroic filter. 

3. Use a doublet jrhromat Jens with a short focal 

If.ngth. 

4. Insert a third narrow band filter in the 

detector path. 
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5. Use a high quality boxcar integrator as a 

detector. 

6. Make all signal power measurements on a ratio 

basis relative to some stable signal. 

Figure 42 diagrams the principal elements of 

the CARS experiments. Two laser beams whose pho¬ 

tons are separated in energy by the energy vA^iQ)> 

a normal mode of UFg> are superposed by means of a 

dichroic mirror. These beams are made collinear by 

passing through widely separated irises and brought 

to a focus within the cell containing Ur-g. The 

combined laser signals and generated CARS signal 

are reflected off the centrifuge rotor wall. The 

more intense laser beams are substantially absorbed 

by a pair of narrow band filters tuned to 514 nm, 

the anti-Stokes signal wavelength. Further discri¬ 

mination is obtained by a 1/4 m-monochroirator tuned 

to the monochromator signal wavelength. The signal 

amplitude is measured by a photomultiplier tube in 

a cooled housing. The laser beams are monitored 

by partial reflection from a quartz flat into a 

photodiode. 

REFERENCES 

1. M. A. Henesian, L. Kulevskii, and R. L. Byer, 

"C. W. High Resolution CAR Spectroscopy of the 

QCv-) Raman Line of Methane," J. Chem. Phys. 

65, 5530 (1976). 

2. D. M. Guthals, K. P. Gross and J. W. Nibler, 

"Resonant CARS Spectra of N02," J. Chem. Phys. 

70, 2393 (1979). 

3. J. W. Nibler and G. V. Knighten, "Raman Spec¬ 

troscopy of Gases and Liquids," in Topics in̂  

Current Physics. (Springer-Verlag, 1979), Vol. 

11, Ch. 7. 

4. P. R. Regnier and J.-P. E. Taran, "On the Pos¬ 

sibility of Measuring Gas Concentrations by 

Stimulated Anti-Stokes Scattering," Appl. Phys. 

Lett. 23, 240 (1973). 

presented at the AIAA 14th Aerospace Science 

Meeting, Washington, D. C., (1976). 

6. J. W. Nibler, J. R. McDonald, and A. B. Harve 

"CARS Measurement of Vibrational Temperature 

in Electric Discharges," Opt. Conm. 18, 37 

(1976). 

7. A. C. Eckbreth and R. J. Hall, "CARS Thermome 

try in a Sooting Flame," Comb, and Flame 36 

87 (1979). 

8. H. Pealat, J.-P. E. Taran, J. Taillet, M 

Bacal, and A. M. Bruneteau, "Measurement o 

Vibrational Populations in Low Pressure Hydro 

gen Plasma by Coherent Anti-Stokes Scattering 

J. Appl. Phys. 52, 2687 (1981). 

9. J. J. Valentini, D. S. Moore, and D. S. Bomse 

"Collision-Free Coherent Anti-Stokes Ramai 

Spectroscopy (CARS) of Molecular Fragment:,,' 

Chen. Phys. Lett, 83, 217 (1981). 

10. J. Cahen, M. Clerc, P. Isnard, P. Rigny, J. M. 

Weulersse, "Spectroscopy and Induced Moleculai 

Heating by Four Wave Mixing in SFC, MoF,, UFC 
D D O 

WF6, CC14 Proceedings Int. Meeting (31st) 

Soc. Chem. Phys., Elsevier Amsterdam, Nether¬ 

lands, published 1979. 

11. Research proposal, J. J. Valentini, A. H. 

Zeltmann, April 2, 1981, "Use of Coherent 

Anti-Stokes Raman Spectroscopy (CARS) foi 

Measurement of Gas Density and Temperature 

in Gas Centrifuges." 

12. R. S. McDowell, L. B. Asprey, and R. T. Paine, 

"Vibrational Spectrum and Force Field oi 

Uranium Hexafluoride," J. Chem. Phys. 61. 357] 

(1974). 

B. High Resolution Studies of Guest-Host Interac¬ 

tion and Dynamics in Low Temperature Impurity Doped 

Sol ids (L. H. Jones and B. I. Swanson) 

5. r. Moya, S. Druet, M. Pealat, and J.-P. E. 

Taran, "Flame Investigation by Coherent Anti-

Stokes Raman Scattering," AIAA Paper No. 76-29, 

Using high resolution vibrational spectros-
1~4 

copy, we have demonstrated for the first time 
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Impurities in low temperature matrices occurs on a 

4 .cosecond time scale. This unexpected observation 

has led us into a thorough examination of guest-

host interactions for molecules isolated from 

each other in low temperature matrices. An under¬ 

standing of such interactions and resulting dyna¬ 

mics is essential for correct interpretation of 

energy relaxation studies and estimation of per¬ 

turbations on force fields for molecules, radicals, 

and ions isolated in bulk solids. We have in the 

past year directed our attention to studies of the 

details of such interactions as described in the 

following sections. 

1. Dynamic exchange and isotope effects. We 

previously reported dynamic site exchange for SF, 

in xenon matrices with a kinetic isotope effect. 

An explanation for such a surprising observation 

was not presented. At this time we can report that 
32 

the exchange barrier for the two isotopes ( SFC 
34 -1 

and SF,) is about the same (17 cm ); however, 
b 

the high temperature exchange rate is faster for 
34 

the heavier isotope (40 ps for SF, compared with 
32 

54 ps for SF,). Another anomaly is observed in 
o 

this system; namely, from the observed intensities 

it is apparent that the transition dipole moment 
34 32 

change for v^ of SF, is less than that of SFg 
Fg. 

This suggests a different mode character for the 

two isotopes, possibly arising from perturbation 

by nearby vibrationai levels, such as o, + \>, 
-1 32 

(some 60 cm lower than «j for SFfi but only 
-43 cm"1 lower for 34SF,). At this time, we do 

b 
not know whether this anomaly exists in the gas 

phase; accurate gas phase intensity measurements 
34 

are not reported for SF,. However, the kinetic 

isotope effect is likely to arise from the same 

difference in mode character as the intensity 

anomaly. The results of this study have been 

published. A clear understanding of this and 

other isotope effects3 for SFg in low temperature 

matrices requires further study. 

2. High temperature annealing effects using 

a xenon overcoat. We have discovered that deposi¬ 

tion of a layer of pure xenon over an argon or 

krypton matrix allows one to heat the matrix to 

.gnificantly higher temperatures than without the 

overcoat without serious loss of matrix. This 

has led to some interesting observations on the 

effects of annealing; in this repo't we shall 

discuss the high temperature annealing effects for 

SF, in argon matrices. In Fig. 43 we show the 
D 

vibrational spectrum for the «, mode of SF, in 

argon. The lower curve shows the absorption for a 

matrix annealed at 30°K with deposition of 10 to 

20 urn of pure xenon over the matrix. This is 

identical with previous observations of matrices 

annealed at 30°K without the xenon overcoat. We 

note at this point that as such a matrix (without 

the xenon overcoat) is heated above 34°K, we 

observe rapid loss of argon and a residue of neat 
SF,. However, the middle and upper curves in 
o 

Fig. 44 show that with a xenon overcoat one can 

anneal for 30 min at temperatures as high as 42K 

without serious lose of argor. At 43K we start to 

see significant loss of argon in a few minutes. 

uJ 
O 

a: 
8 
m < 2.IO 

1.40 

O.7O 

0.00 

42 K 

39 K 

ANNEAL 

ANNEAL J J 

AR/SF̂ . =10,000 

30K ANNEAL i 
935.0 936.0 937.0 938.0 939.0 

I/CM 

Fig. 43. 

Absorbance for the v3 mode of
 32SF6 in a matrix 

of concentration Ar/32SF6/
34SF6 = 20,000/1/1. 

Spectra recorded at 9°K after indicated annealing. 
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Fig. 44. 
Expanded spectra for the same matrix as Fig. 43, 
recorded at 9°K. 

Our conclusion is that the evaporation of argon is 

inhibited by the xenon overcoat and is controlled 

by the rate of diffusion of argon through xenon, 

which of course increases with temperature. We 

note from Fig. 44 that the 39K annealing leads to 

disappearance of most of the less prevalent sites 

and we are left with two or three sites giving 

sharp absorption features. Heating further, to 

42K, leads to decrease of the two low frequency 

peaks but actual increase in the intensity of the 

h^jn frequency doublet which we previously showed 

arises from site symmetry splitting on one site. ' 

Tnus, we believe that the high frequency doublet 

arises from SFr molecules in the most stable site. 6 
We predict that if a single crystal of argon with a 

low concentration of SF. were formed from a liquid 
b 

solution and cooled to 9K, we would see in this 

region only absorptions from the high frequency 

doublet. 

Another interesting phenomenon is observed in 

these studies. We note in Fig. 43 that a broad ab¬ 

sorption centered at about 937 cm increases with 

high temperature annealing. This is more obvious 

from an examination of Fig. 44. This is a spectrum 

of an argon matrix containing nearly equal amounts 
34 32 

of SFg and SF_. The ordinate is expanded to 

emphasize the growth of the broad features center 

at about 919.7 cm"1 for 3 4SF. an 937.8 cm"1 f 
3? 

SFg. The prominent, sharp features are off sea 

in this figure. One would normally assign su 

features that grow with annealing to aggregates 

two or more adjacent SF. molecules. However, th 

cannot be the case, as the feature in question f 
32 

SF. is of identical position and shape for 

matrix with natural isotopic abundance of S 

(-96%) as it is for the 50-50 mixture in Fig. 4 

If this feature arose from aggregate, it woi 

show a shift in position and broadening fr 

32,.F ... 34 
s 6 

SFg vibratior coupling of the SFfi and 

coordinates. Furthermore, we note that wi 

annealing some minor, sharp peaks grow in, arisi 

from dimers and indicating that higher aggregati 

does not occur. The weak, sharp features fr 

929-930 cm"1 arise from 3 3SF C. 
o 

We are convinced that these broad features f 

the two isotopes arise from monomer SF. molecul 

that were on the sites that disappear on anneal in 

A definitive clarification of the origin of the 

broad features must await further study. Howeve 

two other observations must be in accord with t 

explanation. first, we note that the spectra 

Fig. 44 result from a matrix deposition at 9 

If a similar mix is deposited at the same rate 

20K and overcoated with xenon, the broad featur 

of Fig. 44 are very much weaker-barely perceptibl 

Also, spectra of this same matrix of Fig. 44 tak 

at higher temperature (30K) show significa 

narrowing of these broad features. 

3. Matrices of SOF_ in noble gas solids: 

Equilibria among different sites. We have ma 

infrared absorption studies of SOF_ and some of i 

isotopic species that show unique reversible teatp 

ature dependence. The least complex example is th 

of SOF, in a xenon matrix. In Fig. -»5 we show t 

SO stretching mode for normal SOF in a xen 

matrix at a dilution of 1/5000. These spect 

were recorded at the indicated temperatures aft 

annealing at 60K; they are completely temperatu 

reversible. At low temperature, there are two do 

nant sites. As temperature is raised, these sit 

decrease in intensity while a third peak grows i 

The only explanation is that an equilibrium exis 

among these sites with,n a given trapping cag 
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Fig. 45. 
Reversible temperature dependent spectra for SO 
stretch of SOF_ in a xenon matrix; host/guest =5000. 

The intensities observed indicate rather signifi¬ 

cant changes in relative stability as a function 

of temperature. Such equilibria have not been 

reported before and offer a further probe into 

understanding guest-host interactions. At 50°K 

the peaks coalesce, indicative of phase exchange 

among these sites. 

4. The role of rotation in matrix phenomena: 

Vi^rationa) dephasing for CH F and CD,F in argon 

and krypton matrices. For certain small molecules 

such as HC1 and DC1. there is evidence in the 

literature for rotation in low temperature matrices. 

Recently Gauthiei—Roy, et a). presented spectra of 

CH^F and CO F in neon, argon, and krypton matrices 

for which they interpret certain weak features as 

caused by rotational transitions. They conclude 

that CH,F undergoes slightly hindered rotation 

at low temperatures in rare gas solids. Abouaf-
q 

Marguin and Gauthier-Rcy use this suggestion of 

rotational structure as support for the interpreta¬ 

tion of their vibrational energy relaxation 

studies. Essentially, they follow the relaxation 

rate to the ground state after pulsed excitations 

of v with a CO. laser. They observed much faster 

relaxation for CH,F than for CD,F, which they 

interpret as proving that the rate-determining step 

is 4 Liunsfer of ercargy frofT1 ̂ n «xc<led v!b**2*. 'ĉ .a' 

level to a high J rotational level. We have looked 

into this problem because CH F is somewhat large to 

replace a rare gas atom, an J we *eel any rotation 

should be highly hindered. In Fig. 46 we show the 

spectrum of the v mode for a rather thick (100 urn) 

matrix f Ar/CHjF = 10,000. Even though the main 

v pea" is way off scale, no structure is seen on 

the hign frequency side contrary to predictions of 

theory for free or hindered rotation. The evidence 

for rotation presented by Gauthier-Roy, et al. was 

for extremely thick and concentrated matrices. We 

feel that they were misassigning weak absorp¬ 

tions that actually arose from aggregates as they 

observed much stronger aggregate peaks in nearby 

regions 

undergo rotation in low temperature rare gas solids 

but undoubtedly have a local site phonon mode that 

is part libration and part translation. 

In Fig. 47 we present the v modes and their 

reversible temperature dependence for CH,F and CD,F 

in argon and krypton matrices. We note that the 

C03F absorption is much broader than that of CH3F, 

particularly in krypton. Furthermore, all peaks 

broaden considerably as temperature is raised. The 

difference in width for the two isotopes is partly 

due to difference in mode character and partly due 

We conclude that CH3F and CD F do not 
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Fig 46. 
Spectrum for v3 of CH3F in argon annealed at 30°K, 
recorded at indicated temperatures. Ar/CH3F = 
10,000, thickness = 100 urn. 

Fig. 47. 

Temperature reversible spectra for i .thy! f 
v mode of indicated matrices. 

to rapid relaxation of v, to u, for CD,F. The 

broadening with temperature is indicative of vibra-

iionai dephasing by a low frequency, local site 

phonon mode. In Fig. 48 we present spectra of the 

u. mode of CD_F in argon and krypton. This shows 

amazing broadening with temperature—much greater 

than for v, or the other modes. The great variabil¬ 

ity of temperature broadening for the different 

modes can only be explained as arising from vibra¬ 

tion dephasing. Because we do not believe methyl 

fluoride rotates in matrices, we propose an alter¬ 

native explanation of the vibrational enerciy relax¬ 

ation. We feel that vibrational energy is trans¬ 

ferred into a continuum of librational levels, 

overlapping from broadening, rather than into 

discrete rotational levels. A report on this 

work has been accepted for publication. 
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Fig. 48. 
Temperature reversible spectra for methyl fl 
Vg mode of indicated matrices. 
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X. MUONIC X-RAYS 

Density Effects in Muonic Atom Cascades in Nitrogen 

(J. D. Knight, C. J. Ort.h, M. E. Schillaci, R. A. 

Naumann, and F. J. Hartmann) 

The observed variation of the muonic x-ray 

intensity pattern for an element in the gas phase 

as a function of gas density, i.e., as function 

of frequency of collisions with neighbors that can 

replace electrons lost by Auger processes, offers a 

tool for the study of the muonic atom deexcitation 

cascade. With our collection of muonic x-ra> spec¬ 

tra of N. measured at 0.77, 5.0, and 20 atm and in 

the liquid state, and in a mixture with oxygen 

(5 atm N, + 5 atm 0,), we have been attempting to 

fit the intensity patterns with simple cascade 

models. A convenient model for this purpose is 

incorporated in the cascade program of Akylas and 

.Vogel: one usually starts with the assumption that 

the muons are all captured into the £ substates 

of a single principal quantum number n in some 

modified statistical distribution and allows the 

deexcitation cascade to proceed, controlling 

the initial electron population and the rat's of 

refilling of electrons lost by Auger st_>is. For 

muons stopping in Nz we have started the cascade 

with the following conditions: muon population at 

n = 14, distributed in i. by the function P(£) = 
otZ 
s (24 + 1) with a adjustable, electron population 

and K-electron refilling rate adjustable, and L 

electrons either set at constant population or not 

replaced when ejected by an Auger step. In fitting 

possible calculated cascades to the data, we have 

also imposed the constraint that the K-electron 

refill rate must be proportional to the gas density. 

Our calculations are compared with the experi¬ 

mental data in Fig. 49 where we show the Kp/Kot, 

Ky/Ka, Kfi/Ko, and Ke/Ka muonic x-ray intensity 
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Fig. 49. 

Huanic Lyman intensity ratios as a function of 
•(-electron refilling width (smooth curves) com-
psred with experimental x-r$y intensities for 
N2 gas targets. The set of points marked 10 atm 
refers to N muonic x-rays from a 5 atm N2 + 5 atm 
n2 target 

ratios as a function of K-electron width (1 eV/h = 

1.519 x 1015 s"1), with an approximate best fit for 

the four gas pressures plus liquid N,. Our angular 

momentum distribution parameter a = 0.14 at n- •. = 

14, and the initial electron population is given by 
p o p 

Is 2s 2p (i.e., a muonic N atom minus one electron). 

We note that the experimental data for the gas tar¬ 

gets are fitted reasonably well by the calculations, 

except for the Ky/Ka and K6/Ka ratios at the lowest 

prassure. Even with the I electron shell kept full, 

it was not possible to obtain a good fit for the 

liquid N, target without adjusting the muon angu¬ 

lar momentum distribution at capture. It is inter¬ 

esting that the data are fitted as well as they 

are, considering that the cascade as used does not 

take into account the time distribution of elec¬ 

tron-replacing collisions relative to the progress 

of the cascade, multiple collisions during the cas¬ 

cade, etc.. 

One may ask, "are the K widths fitted here 

realistic?." If we set the kinetic energy of the 

muonic N atom at 6 eV (from repulsion of two 

singly-charged ions) and the Nu - N2° collision 

radius at 3.89A, we may estimate the travel time 

of the Nu at 20 atmospheres to be about 4.5 x 

10 s, corresponding \o a width of 1.5 x 1C eV. 

The best fit value of the K width from Fig. 49 

comes out to be 3.6 x 10 eV, a not unreasonable 

value in view of the crudeness of ou"- assumptions. 
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XI. NUCLEAR COSHOCHEMISTRY AND GEOCHEMISTRY 

A Tritium and Neutron Production Rates in Meteo-

roids (R. C. Reedy) 

Cosmic-ray particles produce i large number of 

neutrons when they bombard extraterrestrial objects 

that have diameters greater than a few centimeters. 

These neutrons induce spaliogenic reactions (which 

require incident particle energies above about 
OA ol 

1 HeV), like Hg(n,o)4 Me, or neut,-on-capture 

reactions (by very low-energy neutrons), lika 

Co(n,y) Co. The concentrations and distribu¬ 

tions of cosmogenic nuclides made by such reactions 

can be used to determine the history of meteoritic 

or lunar samples when they were exposed to cosmic 

rays. Neutron-capture reactions have production-

rate-versus-depth profiles that are considerably 

different from those for spallogenic reactions, 

and so studies of nuclides made by both types of 

reactions are valuable in unfolding a sample's 

exposure history. 

The large Kirin meteorite, which fell in China 

in 1976, provides an excellent example of the use of 

both spa71ogenic and neutron-capture-produced nu¬ 

clides in studying the cosmic-ray-irradiation his¬ 

tory of an extraterrestrial object. The measured 

Co activities in a number of samples varied by a 

factor of four, a range expected for neutron-capture 

reactions in large objects. However, the long-

lived and stable nuclides showed much less variation 

with depth and their concentration-depth profiles 

were inconsistent with the Co-inferred depths, 

indicating that they were formed in a different 
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'•"••adiation geometry. These data for cosmogenic 

...slides and calculated production-rate profiles imply 

that the present Kirin meteorite body was knocked 

3 
out of a much larger object ~10 years ago. 

Production-rate profiles for both spa'iation' 

and neutron-capture reactions have been calculated 

for the moon. A number of models are available 

that can calculate production-rate profiles for 

spallogenic nuclides in meteorites. Neutron-
2 

capture rates were estimated for meteoroids by 

using a simple slowing-down model. However, better 

production-rate profiles for neutron-capture reac¬ 

tions are needed for meteoroids of various sizes and 

chemistries. 
q 

Recently, Spergel and co-workers have started 

to do detailed neutron-transport calculations for 

meteoroids. These neutron-transport calculations 

require, as input, the distribution of source neu¬ 

trons as a function of depth and energy. The ener¬ 

gy spectrum of source neutrons in meteoroids is 
4 

like that in the moon and is fairly well known. 

The work reported here estimates the absolute 

source strengths and depth distributions of neu¬ 

trons in spherical stone meteoroids of various 

sizes from calculated tritium production rates. 

Meutron production rates in meteoroids should 

be calculated using cross sections for neutron pro¬ 

duction and using particle fluxes, like the methods 

used for the sun. However, neutron-production 

cross sections are not available for many of the 

najor elements in meteorites. Because the excita¬ 

tion functions (cross sections as a function of 

energy) for producing neutrons are similar in shape 

to those for making tritium, I decided to use tri¬ 

tium production rates to get relative neutron pro¬ 

duction rates in the noon and meteorites. 

The excitation functions for the reactions 

making H and the galactic-cosmic-ray particle 

fluxes in the noon were from Reedy and Arnold. 

For a meteoroid with a radius of 70 g/cm (about 

20 cm), the particle fluxes determined for the St. 

Severin chondrite were adopted. For neteoroids 

with other radii, the fluxes were derived from the 

flux-shape parameters of Bhandari et a]_. and nor¬ 

malized to the St. Severin fluxes. The H produc-

g 

t^on rates of Trivedi and Goel, hereafter denote 

for spherical chondrites were also used. 

(Trivedi and Goel used H activities measured in 

several thick-target bombardments and the model of 

Kohman and Bender ). 

The calculated H production-rate-versus-depth 

profiles are shown in Fig. 50 for several meteor-
2 

oids with radii from 20 to 300 g/cm , plus in a 

semi-infinite plane (infinite radius). These pro¬ 

files are qualitatively similar to those in TG, 

showing H <roduction rates, P( H ) , which mono-
2 

tonically increase with depth for radii S70 g/cm 

and which mainly decrease with depth for large 

radii (~300 g/cm or larger). However, compared to 

TG's profiles, the ones calculated here increase 

less rapidly near the surface and decrease slower 

with increasing depth for large radii. The abso¬ 

lute production rates are about 0.5 of those of TG. 

In lunar samples, the H production rates calcu¬ 

lated with these parameters are 0.7 of the measured 

3H activities.11 Both 3H and 3He are made by simi¬ 

lar reactions, and calculated He production rates 

12 
in meteorites are also low by a similar factor. 

350 

Fig. 50. 

Calculated production rates of H as a function of 

depth in meteoroids of various radii. 
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As noted by TG, measured H activities in meteor-

. ites extend over a large range of values, which 

they give as 400 to 800 dpm/kg. However, many 

lower H activities have been measured (e.g., 

210-310 dpm/kg for four meteorites ). I feel that 

the H production rates given by TG are slightly 

too high, and that the actual H production rates 

in meteorites are probably about 1.4 times those 

reported here. Because of the similar shapes for 

the excitation functions for making H and neutrons, 

these H production-rate-versus-depth profiles can 

be used for the relative neutron-production pro¬ 

files in spherical meteoroids. 

The lunar H production-rate-versus-depth pro¬ 

file was integrated over depth, and the total 3H 
2 

production rate was 27.5 atoms/min/cm . About half 
3 ? 

of the lunar H is produced in the top 100 g/cm . 

For meteoroids of various radii, the total 3H pro¬ 

duction rate was calculated and then divided by the 

surface area (using a density of 3.5 g/cm to get 

dimensions in centimeters). The H production 

rates ranged from 2.0 to 17.0 atoms/mi n/cm for 

radii of 20 and 300 g/cm2. The total 3H production 

rates pfer unit surface area calculated with the TG 

H profiles were 2.2 and 1.1 times the above values 

for 20 cm and infinite radii, respectively. 

The source strengths of cosmogenic neutrons 

per unit surface area, S /A, were calculated for 
3 n 

meteoroids using these H production rates per unit 

area by normalizing to the lunar neutron source 

strength of 12.8 neutrons/cms. Figure 51 shows 

Ŝ /A as a function of meteoroid radius. A very 

large meteoroid (infinite radius) would have a 

source strength of 14.1 neutrons/cm s, which is 1.1 

times the lunar value because of the higher flux of 

galactic-cosmic-ray particles at several AU from 

the sun. Also shown in Fig. 51 are the neutron 

source strengths calculated from the TG H-produc-

tion data, but normalized to my result for a 

70 g/cm (20 cm) radius. Using this normalization, 

TG's production profile for H in the moon would 

imply a source strength for an infinite radius of 

only 6.5 neutrons/cm s. The 'deviations at large 

radii are due to big differences in the rate with 

which H production decreases with increasing depth. 

SOO 
RADWS(Q/fcm ) 

Fig. 51. 

Source strengths of neutrons produced by cosmic 
rays per unit surface area in meteoroids of various 
radii, as calculated from 3H production profiles. 
The crosses indicate values calculated from the 
profiles of Fig. 50; S /A = 14.1 neutrons/cm2s for 
infinite radius. The dots represent neutron source 
strengths calculated with the 3H production pro¬ 
files of Trivedi and Goel and normalized to the 
value at 70 g/cm2 (the circled cross); S /A = 6.5 
neutrons/cm2s for infinite radius. " 

For depths greater than 100 g/cmZ, my and TG's 3H 

production rates decrease with e-folding lengths of 

148 and 74 g/cm , respectively. 

For radii less than 200 g/cm2, the relative 

source strengths in meteoroids as a function of 

radius probably are determined quite well because 

both sets of H-production profiles gave similar 

results. I feel that the relative source strengths 

for larger radii, and thus the absolute source 

strengths for all radii, which are determined from 

my H production rates are fairly good. However, 

I plan to do additional calculations, including 

some using neutron-production cross sections, to 

check and improve these neutron-source-strength 

calculations. Comparisons of calculated production 

rates for neutron-capture-produced radionucJides 

(e.g., Co) with measured activities will help to 

establish the absolute values of the neutron source 

strengths. 
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B. A Search for Anomalous Iridium Concentrations 

in Late Cretaceous and Early Paleocene Deposits in 

Northern New Mexico (C. J. Orth, J. S. Gilmore, 

J. D. Knight, C. L. Pillmore,* R. H. Tschudy,* and 

J. E. Fassett**) 

The great extinction of floral and faunal taxa 

that marked the end of the Cretaceous Period 65 mil¬ 

lion years ago is a puzzle that has challenged scien¬ 

tists for decades. Although a variety of specula¬ 

tions have been offered to account for this great 

dying, the first good physical evidence for what 

might have happened has been provided by the Alvarez 

et al. discovery of anomalously high iridium (Ir) 

concentrations at the planktonic Cretaceous-

Tertiary (K-T) boundary in uplifted marine sedi¬ 

mentary rock sequences in Europe and New Zealand. 

US Geological Survey, Denver, CO. 
** 
US Geological Survey, Albuquerque, NH. 
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Iridiufi is several thousand times scarcer in 
the earth's crust than it is in asteroids, meteor-
oids, and probably comets, so Alvarez and his col¬ 
leagues reasoned that a large asteroid struck the 
earth 65 million years ago, and the impact hurled 
asteroidal and crustal material into the strato¬ 
sphere, blocking out the sunlight for several 
months. As a result, photosynthesis was suppressed, 
food chains terminated at their origins, and 
Ir-rich dust settled out over the entire earth. 

The objective of this work is to locate and 
characterize Ir abundance anomalies at the K-T 
boundary in continental deposits in the San Juan 
and Raton Basins, and at several more distant sites. 
All Ir anomalies reported thus far have occurred in 
pelagic sediments and were subjected to possible 
marine enrichment processes, thereby weakening the 
asteroid impact arguments. 

Our approach is to analyze samples from rock 
outcrops and drill cores that span the K-T boundary 
using neutron activation analysis. We are colla¬ 
borating with paleontologists and geophyicists from 
several universities to home in on the boundary 
using vertebrate fossil, paleonagnetic, and palyno-
logical techniques; the zone we seek is expected to 
be only a few centimeters thick. At Los Alamos the 
samples are dried, pulverized, and irradiated with 
neutrons at the Omega West Reactor to convert some 
of the Ir to 74-d Ir, which can be detected with 
high sensitivity. On selected samples we perform 
radiochemical purification of Ir, which increases 
the detection sensitivity a hundred fold. 

We have located a strong Ir abundance anomaly 
at the palynological K-T boundary in core samples 
taken at a site in York Canyon, about 50 km west of 
Raton, New Mexico. Here the Ir concentration 
reached 5000 parts per trillion (ppt) compared 
with about 20 ppt in strata above and below. The 
anomaly occurs at precisely the same stratigraphic 
level, 256 m below the surface, where several 
Cretaceous pollen species became extinct, and where 
the ratio of angiosperm (flowering plant) pollen to 
fern spores decreases abruptly from 30 to 0.1. Tne 
ratio recovers to about 10% of its previous value 
within 20 cm of succeeding sediments. The Ir and 
pollen/spore results are shown in Figs. 52 and 53. 
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Fig. 52. 
Ir abundances (solid circles) and ratios of angio-
sperm pollen to fern spores (triangles) as a func¬ 
tion of core depth and lithology. The plotted Ir 
abundances in parts per trillion (ppt) are derived 
from radiochemical ly separated samples. The curve 
through the pollen data is drawn to guide the eye. 
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Fig. 53. 
Expanded view of the data of Fig. 52 in the vici¬ 
nity of the Ir anomaly and the pollen break. The 
Ir abundances are given by the histogram and the 
angiosperm pollen/fern spore ratios by the solid 
circles. The curve is drawn to guide the eye. The 
lithologic symbols are the same as in Fig. 52 
except for coal, which is shown by stipple. 
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244 -7 

TJie Pu/Ir atom ratio is SI x 10 , about two 

ers of magnitude lower than would be expected 

from a supernova event. 

This is the first observation of the anomaly 

in conjunction with the palynological K-T boundary 

and in fresh-water sediments. Although our evi¬ 

dence supports the hypothesis that the excess Ir 

came from an extraterrestrial (solar system) source 

which caused the great dying, it is also possible 

that the excess could have been due to eruptions 

from deep within the earth. 

REFERENCE 

1169.1-keV gamma i-ay populates the known 3103.6-

keV level, establishing a new level in Cl at 

4272.7 keV, of spin 7/2~ or 9/2~. These measure¬ 

ments also confirm that the previously-known 

906.3-keV gamma-ray feeds the 3103.6-keV level 

(see Fig. 54). 

Several large-scale shell-model calculations 

have been made for Cl, the most recent and most 

successful being that of Hasper, which utilized 

the Oak-Ridge/Rochester shell-model code. These 

calculations predict a 7/2" state at 4.1 HeV, which 

probably corresponds to the level we have estab¬ 

lished at 4.272 MeV. 

1. L. W. Alvarez, W. Alvarez, F. Asaro, and 

H. V. Michel, "Extraterrestrial Cause for the 

Cretaceous-Tertiary Extinction," Science 208, 

1095-1108 (1980). 

XII. NUCLEAR STRUCTURE AND REACTIONS 

A. Decay Scheme of S (J. W. Starner and M. E. 

Bunker) 

The decay of 5.1-m 37S to levels of 37C1 has 

been reinvestigated, using sources prepared by neu¬ 

tron activation of natural sulfur (0.017% S) and 

isotopically enriched sulfur (~80% 3 6S). The inves¬ 

tigation was prompted by three factors: (1) the 

availability of the highly enriched sample, on loan 

to Oak Ridge National Laboratory from a European 

laboratory, (2) the likelihood that previously un¬ 

known gamma-ray transitions would become observable, 

using the enriched material, and (3) theoretical 

interest in the level structure of Cl, which has 

a magic number (N=20) of neutrons. 

The investigation was conducted with Ge(Li) de¬ 

tectors having a resolution of S2 keV FWHM at 1 HeV. 

In addition to the four gamma rays previously 

reported, we have observed three additional low-

intensity transitions of energy 1169.1, 3086.3, and 

4396.3 keV. The 3086.3- and 4396.3-keV gamma rays 

are presumed to be ground-state transitions because 

levels of these approximate energies are known 
2 

from charged-particle reaction data. Through 

arameter Ge(Li)-Ge(Li) coincidence measurements, 

we have established that the very weak (0.034X) 

7/2' 

37 

togl 

Fig. 54. 

Decay scheme of 
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B. Nuclei Far From Stability Using Exotic Targets 

(J. B. Wilhelmy, G. E. Bentley, K. E. Thomas, R. E. 

Brown, E. R. Flynn, J. Van der Plicht, L. G. Mann 

and G. L. Struble) 

Study of nuclei far from stability is usually 

accomplished using conventional targets with exotic 

reactions and/or sophisticated detection techniques. 

With the advent of the high intensity meson facto¬ 

ries such as LAMPF, a new possibility has emerged 

for the production of macro quantities of off stabi¬ 

lity isotopes using spallrtion reactions to provide 

nuclear target materials. Using the beam stop area 

at LAMPF, we have developed extensive facilities 

to irradiate a variety of target materials for the 

radiomedical isotope program. As a by product of 

this effort, many isotopes of interest for nuclear 

studies are potentially available at the few mg 

level. A typical irradiation cycle is for 

~4 months during which time a beam fluence of 

^-1 A-hr impinges on targets of 10 to 20 gm/cm . 

For heavy element targets such as Ta the spallation 

yield results in the production of neutron defi¬ 

cient isotopes over a wide range of mass number 

(Fig. 55) throughout the rare earth region. With 
2 

an irradiation of a target of 10 gm/cm with a 

total fluence of 0.5 A-hr of protons, a cross sec¬ 

tion of 1 mb results in the production of ~100 \ig 

of product. This product must be extracted from 

the extremely radioactive target and, in general, 

must be isotope-separated to obtain adequate purity 

levels for nuclear structure studies. 
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Fig. 55. 

Cross section for cumulative yields of mass chains 
for the reaction p + 181Ta. The solid curve is a 
cascade calculation followed by statistical evapora¬ 
tion for 570 MeV incident protons. 

In addition to isotopes produced with spalla¬ 

tion reactions on Ta, there is interest in several 

light elements. Production targets of Cu, V and Si 

have been irradiated in the primary proton beam. 

For these lighter elements the lower charged parti¬ 

cle Coulomb barrier results in more equivalent pro¬ 

ton and neutron emission. The yields are, there¬ 

fore, not as skewed toward the neutron deficient 

region. Table XVI summarizes these isotopes and 

indicates the production yield expected in a 

typical LAMPF irradiation cycle (~4 months). In 

all cases 10s to 100s of micrograms are expected, 

and this should be adequate feed material to pro¬ 

duce usable nuclear targets. Properties associated 

with these isotopes can yield information regarding 

the nucleosynthesis process in stars and the pr-

cesses involved in supernova explosions. Througi. 
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TABLE XVI 
PRODUCTION OF LIGHT ISOTOPES 

Isotope 
60re 

44Ti 

32Si 
26AT 

3 x 105 

47 

-650 

7 x 105 

Tarqet 
Cu 

V 

V 

Si 

Production/Cycle 
(ug) 

20-200 

20-200 

30-300 

50-500 

the use of the (t, He) reaction, information can be 

acquired on the low lying 1 levels and thus some 

insight for the Gamow-Teller decay strength, which 

is important for understanding isotopic production 

in nucleosynthesis and in supernova. The extension 

of these studies to the most neutron rich isotopes 

is important and, therefore, measurements on Fe 

(3 x 10 a) is of special interest. The (t,p) reac¬ 

tion on Fe would provide an extension of avail¬ 

able information on level structure for the nuclear 

synthesis codes. 

The (p,v) measurements on 26A1 (7.3 x 105a) 

are also of astrophysical interest. Recent measure¬ 

ments of the isotopic content of Mg in meteorites 

has led to discrepancies in the theories of nucleo¬ 

synthesis and the origin of the solar system. By 

directly measuring the (p,v) cross section on this 

isotope, we can investigate the nature of this 
44 

apparent discrepancy. Studies on Ti (47a) can 

provide insight into level structures in this 

region and are also important for nucleosynthesis 

systematics. Another unique isotope for study is 
op 
Si (~650a). This very neutron rich isotope 

permits examination of the nuclear region that 

bridges the gap between the deformed s-d shell and 

the closed N=20 neutron shell. Using (t,p), (t,or) 

and (t, He) reactions this region could be investi¬ 

gated in detail. 

For each isotope to be studied, chemical pro¬ 

cessing techniques have to be perfected for opera¬ 

tion in remote hot cells to efficiently extract 

microgram quantities from up to kilogram samples. 

In general these chemically isolated products have 

""" be isotopically separated onto thin target 

tickings. This requires development of ion source 

technology and the availability of a separator 

that can safely handle the radioactive feed mate¬ 

rial and be adequately decontaminated following the 

separation. As a long term development, shorter 

lived isotopes will become more attractive for 

potential target material. This will necessitate 

rapid handling throughout the processing and coor¬ 

dination with accelerator scheduling to maximize 

the usefulness of the target. 

C. He-Jet Transport of Fission and Spallation 

Reaction Products (M. E. Bunker, B. J. Dropesky, 

W. L. Talbert, Jr. (X-5), R. J. Gehrke,* and V. J. 

Novick*) 

The feasibility of utilizing a He-jet trans¬ 

port system coupled to an isotope separator to 

study short-lived radionuclides far from stability 

produced with the high-intensity H beam at LAMPF 

via high-energy proton-induced fission and spal¬ 

lation reactions, is under investigation. The 

ultimate objective of this research program would 

be to determine the masses, spins, and moments of 

highly unstable nuclei, and in favorable cases, to 

study the nuclear structure of these nuclei. 

The properties of nuclei far from beta stabi¬ 

lity are of great theoretical interest because such 

data help guide improvements in nuclear models and 

provide new insight into nucleosynthesis of the ele¬ 

ments. The data also have practical applications 

in such areas as reactor decay-heat calculations. 

Although the study of these highly unstable nuclei 

is a very active field, especially in Europe, there 

are a number of elements that have remained virtu¬ 

ally inaccessible because of target limitations-

limitations that do not exist with a He-jet system. 

The basic idea of He-jet transport is that the 

reaction products recoiling from a thin target foil 

are first stopped in flowing aerosol-loaded He gas. 

The radioactive atoms then attach themselves to the 

aerosol particles and are swept out of the reaction 

chamber to a remote station via a small-diameter 

capillary tube. A major advantage of the technique 

is that essentially a]_i elemental species ejected 

from the target can be transported to the ion 

Idaho National Engineering Laboratory. 
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source of a remote isotope separator where, accor¬ 

ding to recent experiments in the U.S. and Europe, 

most elements—even refractory elements like Mo, 

lc, Pd, Ru, and Rh--can be successfully ionized. 

In contrast, the targets used at existing major on¬ 

line separator facilities at proton accelerators, 

such as the ISOLDE facility1'2 at CERN, have to be 

massive to compensate for the relatively low beam 

currents available (£5 uA), and the only elements 

that can be studied are those that can readily 

diffuse out of these elevated-temperature targets 

(which does not include the refractory elements). 

In the He-jet technique, very thin targets 

(£10 rag/cm ) are used, with the result that very 

high bean currents are required to produce a 

sufficient number of atons for detailed nuclear 

studies. The LAMPf accelerator is, in fact, 

uniquely capable of providing the high product 

yields needed for mounting the proposed He-jet-

coupled separator facility. 

The initial experiments conducted at LAMPF in 

1981 have demonstrated that fission products and 

spallation products ejected from thin U, Ta, and Rh 

targets bombarded with up to 3 uA of 800-MeV pro¬ 

tons can be rapidly and efficiently transported 

over large distances using a relatively simple He-

jet system. A 1-liter target chamber was installed 

in a cave near the end of the H beam line and was 

typically operated at a pressure of 2 at» absolute. 

Helium containing NaCI aerosol was flowed into the 

target chamber and back to a collection station 

41 m from the target. The return flow was made 

through 1.6-mm IB capillary tubing. With a He flow 
3 

rate of 30 cm /s and an aerosol generator tempera¬ 

ture of 660°C, total transport efficiencies of 

between 40 and 50 X were observed for all non-

gaseous elements ejected from the targets. The 

time delay from beam turn-on to the arrival of the 

first activity at the collection station was meas¬ 

ured to be about 3 s. These initial results are 

very encouraging. The next step in the program 

will be to design and test a prototype He-jet tar¬ 

get chamber capable of efficient operation in the 

main LAMPF 800-HeV H+ beam, where the current is 

typically 400 uA. In a parallel effort, our colla¬ 

borators at Idaho National Engineering Laboratory 

will continue to develop improvements in the 

coupling of He-jet systems to isotope separator 

sources. 
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0. Fission Probabilities for Actinide Nuclei 

) Reaction Excited by the (12C, 8Be 
g.s. 

(E. Cheifetz, H. C. Britt, and J. B. Wilhelmy) 

the 12C, 8Be 

We have demonstrated the feasibility of using 

reaction to determine fission pro-

bability information in the 7 to 16 MeV excitation 

energy region. Direct reactions of the type (p,p"), 

(d,p), (t,p), (3He,d), (3He,t), (a,a') and (7Li,a) 

have been extensively used to study fission bar¬ 

riers and fission probability distributions in 

actinide elements. The attractive features of 

using direct reactions are that a projectile of a 

single energy yields a fission probability distri¬ 

bution over a broad excitation energy range and 

that the use of different reactions permit the 

investigation of many different fission nuclides 

from a single target. However, each direct reac¬ 

tion is applicable for Pf measurements only over 

a limited energy region and, therefore, it has been 

useful in some cases to investigate the same 

nuclear system using a variety of reactions. 

Theoretical interest is often centered on the 

properties of the even-even nuclei. The majority 

of target nuclei available in the actinide region 

are even Z elements, and the direct reactions cur¬ 

rently available to reach the higher excitation 

energies have been centered on the 3He (5-11 MeV 

region) and Li (12-20 MeV region) projectiles, 

which result in the formation of odd Z isotopes. 
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We have, therefore, investigated the use of the 12C, 8I 

"g.s. reaction that, when starting with an even-

even target, gives fission probability information 

on even-even actinide isotopes. To obtain accurate 

excitation energy information for the actinide 

nucleus, it is necessary that the direct reaction 

does not give internal excitation energy to the 

ejectile. The Be formed in the reaction is unsta¬ 

ble with the ground state having a 90 keV positive 

Q value and a 10 ,-16 s. t, ,g for decay into two 

alpha particles. The higher excited states in Be 

have extremely short half lives and larger positive 

Q values and, if formed in the direct reaction, 

decompose into two alpha particles in the presence 

of the heavy actinide nucleus and result in a broad 

angular dispersion of the outgoing alpha particles. 
Q 

However, the Be s isotopes formed have suffi¬ 

cient life times to be fully accelerated by the 

Coulomb field and with the relatively small Q value 

available for decay result in the emission of two 

alpha particles that are highly correlated in 

their direction of motion with a maximum opening 

angle of 6° and almost the same kinetic energy. 

To measure these correlated particles, we have 

used a three counter telescope consisting of a 

40 urn AE detector, a 500-um annular detector, and a 

700-um back detector as shown in Figure 56. The 

Fig. 
;perimental arrangement. 

xo scale. 

56. 

All detectors are shown 

Be s signal wa? the detection of coincident 

particles having nearly the same energy in the 

back and an ular detector. With this 8Be 

signal fission fragments were measured in coinci¬ 

dence using solid state detectors positioned to 

measure fragments emitted at ~0° and 90° with 

respect to the heavy element recoil direction. 

From this information fission probabilities were 

determined for the 232Th(12C, 8Be ) and 236U(12r, 

Be s ) reaction, which provide fission proba¬ 

bility information for 236U and 240Pu, respectively. 

These results are shown in Figure 57 along with 

results obtained from (t,p) and (n,f) studies to 

produce the same fissioning nucleus. These results 

establish the feasibility of using this new tech¬ 

nique and provide a method to extend studies into 

the heavier even-even actinide region to higher 

excitation energies than are currently available. 

0.1 
8 10 12 

Ex(MeV) 

Fig. 57. 

Fission probability as a function of excitation 
energy for two compound systems: (a) 236U, full 
circles are current experimental results, continu¬ 
ous line are experimental results of 23«U (t.pf) 
and the dashed line is o~/3.1 for neutron induced 
fission of Z3SU; (b) 2*°Pu circles are current 
experimental results, continuous line are results 
of 238Pu (t.pf), and dashed ?ine is a./3.1 for 
239Pu (n,f). r 
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E. Comparison of 
250, 

252,. 

"Cf(t,pf) (J. 

Wilhelmy) 

Cf Spontaneous Fission with 

Weber, H. C. Britt, and J. B. MeV 

The detailed characteristics of the mass and 

kinetic energy distribution for fragments from the 

fission of actinide nuclei continues to be of exper¬ 

imental and theoretical interest. One of the most 

intensively studied fission systems is that of the 

spontaneous fission of Cf. Because this has be¬ 

come a primary standard we wished to investigate 

the dependence of the fission variables on nuclear 

excitation energy in the Cf compound nucleus. 

For access to the isotope we have used the 

Z5OCf(t,pf) reaction. The 2 5 0Cf target was pre-
2 

pared by isotope separation onto a 60 ugm/cm C 
2 

foil and had a thickness of -50 ugm/cm . Because 

accurate comparisons with the 
252, 

Cf(sf) were 

desired, a thin spontaneous fission source of 
4 

-10 f/rain was used. This was prepared by the self 
2 

transfer method onto a —100 (igm/cir. Ni foil. 

The experimental arrangement consisted of a 

AE-E counter telescope system to measure the direct 
252 

reaction protons (and thus obtained the Cf exci¬ 

tation energy) and two pairs of solid state fission 

fragment detectors located at -0° and 90° with re-

spect to the Cf recoil direction. A 16-MeV tri-

ton beam was used, which r-S'jHed in a useful excita¬ 

tion energy region between 5 and 9 MeV for the in¬ 

duced fission. Results of the comparison of the 
259 

excited and spontaneous Cf are presented in 

Fig. 58 for the yield, average kinetic energy 

release, and standard deviation of the kinetic 

energy release as a function of heavy fragment mass. 

The major features are that the mass distribution 

moves in the direction of increasingly symmetric 

fission, the TKE is increased in the symmetric 

region and the width of the TKE is broader at all 

mass divisions. 

The most remarkable effect of excitation 
252 

energy on the fission of Cf is the increase in 

yield of a component with H -132 and an increased 

TKE. This behavior is in marked contrast to re¬ 

sults for lighter actinides where increasing the 

excitation energy enhances a symmetric mass divi¬ 

sion that occurs with a relatively lower TKE. 

This result would be consistent with the enhance¬ 

ment in i,.duced fission of a compact scission shape 

125 130 135 140 145 150 155 160 
MASS AMU 

Fig. 58. 
Yield, average total kinetic energy, and variance of 
the average total kinetic energy as a function of 
mass for 2 S 2Cf spontaneous fission and for results 
of the 2SOCf(t,pf) reaction summed over the excita¬ 
tion energy range 5-9 MeV. 

involving a spherical H = 132 shell. However, an 

increase in yield for such a configuration with ex¬ 

citation energy is contrary to the usual qualitative 

expectations concerning the relative importance of 

shell configurations as excitation energy increases. 

The results could also be explained by a mass depen¬ 

dent change with excitation energy in the kinetic 

energy of the fragments at scission. In view of the 

current preference of a one body dissipation model 

in the theory of fission dynamics, this hypothesis 

would seem even less compelling than the shell hypo¬ 

thesis. In any case, the results seem surprising and 

qualitatively different from results for lighter 
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ctiniJ->s. A detailed understanding will await a 

quantitative theoretical treatment of fission dyna¬ 

mics. 

Another interesting feature of the results is 

in the region M -146. Here it is seen that the 

TKE is about equal for induced and spontaneous fis¬ 

sion as compared wth a difference of ~2 HeV for 

masses above and below this region. Similar re¬ 

sults have also been observed for Cm and Cf. 

This difference could be consistent with the hypo¬ 

thesis that in this mass region for spontaneous 

fission the scission configuration contains a com¬ 

pact shape involving a deformed shell in the region 

Z = 42, N = 60,62 in the nascent light fragment as 

has been postulated and that with increasing exci¬ 

tation energy this fragment becomes more prolate. 

This interpretation is consistent with the apparent 

observed trend whera for induced fission the TKE 

decreases monotonically whereas for spontaneous 

fission there appears to be a bulge near M,, = 146, 

ML = 106. Again, these speculations can only be 

confirmed by a quantitative dynamical fission 

theory. 

F. Symmetric Fission Yields for 231Th from the 
2?OTh(d,pf) Reaction (A. Sicre, G. Auchampaugh, H. 

C. Britt, A. Gavron, Y. Patin, J. Van der Plicht, 

and J. B. Wilhelmy) 

Recent experimental studies have suggested sep¬ 

arate barriers for symmetric and asymmetric fission 

in the radium, actinium and thorium region. In 

addition, there have been attempts to look for 

structure in excitation functions for symmetric 
232 

fission yields in the n + Th reaction and the 
?3? 

Th(a,a'f) reaction. These experiments have 

given contradictory results and have generally 

been hampered by poor statistics in the low yield 

symmetric fission region. A search for gross 

structure in the excitation function for symmetric 

fission yields near threshold would provide yet 

another test for the hypothesis of two independent 

paths to fission. We have attempted to gain addi¬ 

tional information on this question by measuring 

the symmetric and asymmetric yield in the 6-12 HeV 

excitation energy range in Th excited by the 

A 17-HeV deutron bean from the Los Alaaos 

FN Tandem Van de Graaff was used to bombard a 

200 ijg/cm Th target that had been evaporated 

onto a 50 ug/c«r C foil. The outgoing protons wer« 

measured using a solid state AE-E telescope located 

at 80° with respect to the beam axis. The fission 

fragment energies were measured in coincidence with 

particle signals from the telescope in two pairs of 

heavy ion semiconductors detectors located at -0° 

and ~90° with respect to the recoil axis of the 

Th. Approximately 200K proton fission coinci¬ 

dence events were recorded in the experiment. The 

measured fragment kinetic energies were converted 

to preneutron emission fission masses using stan¬ 

dard kinetic energy and neut'-vn emission calibra¬ 

tion procedures. The raw and background corrected 

data are shown in Fig. 59 summed over all nuclear 

a 

Iff* 

60 so 100 120 
MASS 

140 

Th(d,pf) reaction. 

Fig. 59. 

Hass yields of the reaction 23OTh(d.pf) sumed over 
excitation energies 6 HeV<Ex<13 MeV. Circles: raw 
data; squares: after correction for the random 
events. 
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excitation energies populated in the (d,pf) reac¬ 

tion. The region of interest is the symmetric 

fission area and it is populated only at the 10 / 

fission level. A gate has been put on the symme¬ 

tric mass region (113 S M S 118) and this yield 

studied as a function of nuclear excitation energy. 

The results are presented in Fig. 60 and hint at 

some gross oscillatory structure in the symmetric 

yield. However, the data are severely limited by 

poor statistics, and the gross peaks seen at 8.5 

and 10 MeV are not significantly established. This 

experiment represented approximately 5 days of beam 

time, and a major improvement in technique would be 

required to improve the quality of the data. With 

this experiment we have observed, as we had in pre¬ 

vious measurements in the Ra region, a different 

threshold for asymmetric (~6.2 MeV) and symmetric 

(~7-8 MeV) fission. This is consistent with gross 

mass distribution feature being already established 

at the saddle point. 

6 8 10 
EXCITATION ENEROY(MeV) 

Fig. 60. 

Yield of nearly symmetric fragment masses as a fun¬ 
ction of excitation energy. Results have been cor¬ 
rected for random events. 

G. A Comparison of the F'ssions of Oranium-238 

Induced by 350-MeV Positive Pions and SOO-MeV Pro- I 

tons (W. Faubel, B. J. Oropesky, R. S. Rundberg, 

R. J. Prestwood, B. P. Bayhurst, and C. J. Orth) 

Prior to this study, the only radiochemical 

investigation of pion-induced fission of uranium 

was that reported by Russell, who irradiated very 

thick targets of uranyl nitrate with 122-MeV nega¬ 

tive pions. He observed that a single-peaked sym¬ 

metric mass distribution resulted, similar to that 

for 134-MeV proton-induced fission. The purpose of 

the present study was to examine the features of 

the fission of U induced by positive pions that 

range in energy across the (3,3) pion-nucleon reso¬ 

nance (-180 MeV) and compare the features with 500-

MeV proton-induced fission. We were particularly 

interested in looking into the production of neu¬ 

tron-deficient isotopes of fission product elements 
2 

that had been reported for high energy proton-

induced fission of 2 3 8U and 232Th. Because the 

energy deposition mechanism could be expected to be 

different for the two probes (i.e., absorption of 

the rest mass of the pion (140 MeV) in the one case 

vs higher incoming momentum in the proton case), 

a comparison of the yields of the neutron-deficient 

species might provide some insight into these mecha-

n i sms. 

Foils of depleted uranium were irradiated with 

100-, 190-, and 350-MeV n* in the P3 channel and 

with 500-MeV protons in Line B of the Clinton P. 

Anderson Meson Physics Facility (LAMPF). The tar¬ 

gets ranged in thickness from 54 to 475 mg/cm and 

were irradiated for 8 to 20 h in the pion beam 

and for 1 to 10 min in the proton beam. The par¬ 

ticle fluences were determined with aluminum moni-
24 tor foils by measuring the yield of 15-h Na and 

using the well-established cross sections for the 
27Al(n+,X)24Na and 27A1(p,Y)24Na reactions. Fol¬ 

lowing the irradiations, a small measured fraction 
238 (activity-wise) of each U target was assayed by 

standard high resolution Ge(Li) y-ray spectrometry 

techniques. The remainder of each target was dis¬ 

solved and radiochemical isolation of about a dozen 

elements from Ga to Nd was carried out. Each of 

— 
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these purified elemental fractions was assayed by 

-spectrometry to determine the yields of both the 

neutron-deficient and neutron-rich isotopes. 

The yields of the barium isotopes as 3 func¬ 

tion of pion energy, as shown in Fig. 61, are illus¬ 

trative of some of the general features learned in 

this study. The yields of the neutron-rich fission 

products Ba and Ba, associated with low-

energy asymmetric fission, decrease as the pion 

energy is increased. On the other hand, the yields 

of the neutron-deficient species ( Ba, Ba) are 

substantially lower than those of the neutron-rich 

isotopes, and their values increase as the pion 

energy is increased. These products obviously re¬ 

sult from a predominantly high energy mode of fis¬ 

sion, as had been reported in the case of proton-

induced fission. These observations regarding the 

Ba isotopes are equally true for the symmetric fis¬ 

sion region (Ag) and for the light wing of the fis¬ 

sion product distribution (Ga and As). 

In our comparison of pion- and proton-induced 

fission f U, another interesting observation 

is illustrated in Table XVII. Here we list the 

measured cross sections for the neutron-deficient 

Ba and neutron-rich Ba and their ratios as a 

function of pion and proton kinetic energy. We 

note that the ratio of 131Ba to 140Ba decreases 

with decreasing particle energy, as expected from 

the remarks above, but, more interestingly the 

ratios for the pion case correspond rather well 

with the ratios for protons having about 150 HeV 

more kinetic energy. This leads one to the conclu¬ 

sion that at the three pion energies studied, the 

absorption of the rest mass energy of •• pion 

(140 MeV) must be playing an important role in the 

nuclear excitation process. Thus, in our detailed 

comparison of the yields of essentially all pro¬ 

ducts measured in common for 350-MeV pions and 500-

MeV protons, we have observed that within the uncer¬ 

tainties of our measurements the yields are the 

same for both the neutron-rich and neutron-defi¬ 

cient fission products. Therefore, whereas we ex¬ 

pected the mechanisms for energy deposition to be 

different for fast positive pions and protons, the 

net effect of the processes involved results in a 

very similar distribution in excitation energies. 

Finally, a few more general observations can 

"be cited from our study of fast n'-induced fission 

TABLE XVII 

RATIOS OF NEUTRON-DEFICIENT TO NEUTRON-RICH 

BARIUM ISOTOPES 

Pion-Induced Fission 
Tn+ (MeV) 

350 

190 

100 

Tp (MeV) 

500a 

350b 

250b 

aPresent 
bRef. 2. 

a ha (mb) a1 Ba (mb) 

2.5 

1.8 

1.4 

Proton-Induced 

9.0 

23.4 

21 

Fission 

c131Ba (mb) o140Ba (mb) 

2.25 

2.5 

1.1 

work. 

S.5 

16 

17.5 

a131/o140 

0.28 

0.13 

0.07 

a131/a140 

0.24 

0.16 

0.06 

J 20-
o 
(— 
o 
U l 
CO 

CO 
CO 
o 
cc 
o 

IOO 2OO 300 400 

7T+ KINETIC ENERGY (MeV) 

Fig. 61. 

Cross sections for the barium isotopes as a func¬ 
tion of pion kinetic energy. 
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of U. (1) When we sura the cross sections of 

all products measured as a function of pion energy, 

• we observe that the fission cross section is higher 

at 190 HeV than at 350 HeV by 30 to 40% and than at 

100 HeV by 10 to 20*. These suras represent only 

about 25% of the total reaction cross section be¬ 

cause we did not measure every elemental fraction 

and could not measure the stable isotopes; however, 

there is no obvious reason that those products we 

measured are not representative of the total pic¬ 

ture. Therefore, we conclude that the (3,3) pion-

nucleon resonance is exhibiting its influence 

even in the complex processes involved in fission. 

(2) The pion interaction in uranium results in pre¬ 

dominantly symmetric fission, centered at A ~110, 

with no major change in the overall distribution 

apparent between 100 and 350 HeV, despite the in¬ 

crease in yields of neutron-deficient products. 

(3) We have observed very large cross sections 

(57 to 97 mb) for the single-nucleon-removal reac-
P37 ?%1 

tions yielding U + Pa, despite the competi¬ 

tion from fiss>on. 

A detailed report on the results of this study 

is presently being drafted for publication in the 

Physical Review C. 
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H. Pion-Wucieus Reactions 

1. Cross Sections for the 

Reactions From Threshold to 100 HeV (G. W. Butler, 

B. J. Dropesky, C. J. Ortn, R. E. L. Green, R. G. 
* ** 

Korteling. and G. K. Y. Lam ). The cross sec¬ 

tions for the primary pion beam monitor reactions 
12C(n±,nN)11C (20.1 ipin) at energies of 100 HeV 

and below were measured by activation techniques 

at the TRIUHF meson facility in Vancouver, B. C., 

Canada. The excitation functions for these 

reactions had previously been determined over the 

energy range from 40 to 600 MeV at the Clinton P. 

Anderson Heson Physics facility (LAHPF). However, 

the low energy cross sections in that work had 

large relative uncertainties associated with them 

because of difficulties in reliably measuring the 

electron and muon contamination in the pion beam 

at these energies. The much more favorable duty 

factor and the shorter pion channel at TRIUHF, 

compared to LAMPF, made it advantageous to remea-

sure these cross sections at that facility. 

The measurements made at TRIUHF were carried 

out at their biomedical pion channel, which provided 

useable pion fluxes even at the lowest energies. 

The experimental techniques employed were essen¬ 

tially the same as those used in the earlier LAMPF 

study. A two-element, plastic-scintillator tele¬ 

scope was employed to measure the flux of particles 

that passed through the carbon target during an 

irradiation. The targets were 3.2-mm-thick by 

38-mm-diam disks of plastic scintillator con¬ 

taining 91.6% carbon by weight. These disks were 

the same diameter as the first scintillator of the 

counter telescope and were taped to its upstream 

face during the irradations. No correction was 

made for the 1.11% 13C content of the carbon; that 

is the results reported here technically apply to 

natural carbon. 

Upon tuning the channel to the desired pion 

charge and energy, a measurement of the composition 

of the beam was made. The pion beams always con¬ 

tain some muons that come from the decay of the 

pions and directly from the pion production target 

Chemistry Department, Simon Fraser University, 
Burnaby, B. C., Canada 
** 
TRIUHF, Vancouver, B. C., Canada 
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ir and also some electrons that come mainly from the 

^VPOduction target. Protons can also be present 

in the n beam, but these were removed by differen¬ 

tial momentum degradation. The scintillator tele¬ 

scope counted all three particles (n, u, and e), 

and in addition was used to obtain a time-of-flight 

(TOF) spectrum, which provided the abundance of 

each component in the beam and thus the n to total 

particle ratio needed for our cross section deter¬ 

mination, jnly the pions bring about the nuclear 

reaction resulting in C production. 

After the beam composition was determined, a 

target irradiation was carried out, normally rang¬ 

ing from 20 to 40 min (one to two half-lives of 

the C) in duration. The irradiated target was 

transported to a counting area where the disk was 

optically coupled to the face of a photomultiplier 

tube, covered with a special cap to ensure that all 

positrons from the C decay were annihilated as 

close as possible to the scintillator disk, and 

taped over to render the assembly light tight. 

This assembly was then placed in contact with 

the face of a 75-mm-thick x 75-mm-diam Nal(Tl) 

scintillator inside a lead shield. 

The C positrons were self detected by the 

plastic scintillator, and the annihilation quanta 

were detected in the Nal(Tl) scintillator, which 

had an electronic window set to include only the 

511-keV photopeak pulses. Each sample was counted 

for at least three half-lives using standard p-y 

coincidence circuitry. The C disintegration rate 

was calculated from the net B , y, and B -y coinci¬ 

dence rates. 

12 ± 
The computed cross sections for the C(rt~,nN)-

11C reactions are listed in Table XVIII along with 

the values determined earlier at LAHPF. Although 

the new cross sections certainly fall within the 

uncertainties associated with our earlier numbers, 

they are consistently lower than the previous 

values. Over the energy range from 90 to 40 HeV, 

the new n cross sections range from 4% to 26% 

lower and the n cross sections range from about 2% 

to 42% lower than our earlier cross sections. 

These more precise values for the low energy 

cross sections of the primary reactions used to 

determine pion fluxes by activation techniques will 

X .ave a significant impact on the work of physicists 

in calibrating various pion monitoring instruments 

CROSS 

Energy 
(HeV) 

30 

40 

50 

60 

70 

80 

90 

100 

30 

40 

50 

60 

70 

80 

90 

TABLE XVIII 

SECTIONS FOR THE 1ZC(n*,7i 

Earlier 
Cross Section 

(mb) 

n 

8.8 ± 1.9 

13.7 ± 2.6 

19.0 ±3.2 

23.6 + 3.4 

27.6 ± 3.3 

31.5 ±3.0 

35.0 ± 2.6 

7t 

5.7 + 2.3 

8.1 ± 2.9 

11.6 ± 3.7 

17.5 ± 4.8 

23.8 ± 5.5 

30.6 ±5.8 

N) UC REACTIONS 

New 
Cross Section 

(mb) 

3.5 ± 0.3 

6.5 ± 0.4 

10.3 ± 0.6 

14.6 ± 0.8 

20.1 ±1.0 

25.2 ±1.3 

29.8 ±1.5 

33.5 ±1.7 

1.8 ± 0.2 

3.1 ± 0.3 

6.1 ± 0.3 

10.6 ± 0.6 

16.4 ± 0.8 

24.5 ±1.2 

30.0 ±1.5 

Ref. 1. 

These new values from the present work are 
recommended for future use. 

and of the biomedical people in establishing abso¬ 

lute doses in pion therapy, in addition to all our 

nuclear chemistry studies of pion-nucleus reaction 

cross sections. 
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2. Study of Core Polarization in 0 via 
18 + -the Pion Doubie-Charge-Exchanqe Reaction 0(n ,n )-

18Ne(g.s) (L.-C. Liu). Among all the nuclear 

probes currently available at high intensity, the 

pion is unique in that it has 3 charge states and 

can change up to 2 units of charge in a nuclear 

reaction without altering its other intrinsic 

quantum numbers. Because in a pi on-induced double-

charge-exchange (DCE) reaction the pion interacts 

with at least two nucleons, it has long been hoped 

that pion DCE reactions would yield information on 

nucleon-nucleon (N-N) correlations inside a nucleus. 

Several pion-nuc)eus DCE experiments have been 

performed at LAMPF. In the case of the reaction 

0(rt+,7r~) Ne (g. s), differential cross sections 

were determined between 5° to 40" for pion energiei 

164 and 292 MeV (Fig. 62). Because the ground 
"lfi Ifi 

states of Ne and 0 are isobaric analogs, this 

DCE process is a coherent one and should be well 

accounted for by diffractive scattering theories. 

The simplest consequence is that the first diffrac¬ 

tion minimum, 9 . , should occur at a smaller angle 

mm 

for the higher incident particle energy. However, 

inspection of Fig. 62, shows just the opposite, 

well outside of experimental error. This paradox 

has puzzled many researchers. To date, there 

appears to be general agreement that with any 

reasonable assumptions about neutron and proton 

density distriCutions and pion optical potential 

parameters, the 6 . cannot be brought to less 

than 30° at 164 MeV.4 This also seems to be 

independent of whether a coupled-channel forma¬ 

lism or a Glauber-type multiple-scattering theor; 

is used in the calculations. Using a strong-

absorption model, Seth has shown that to produce 

G . -20° at 164 MeV a radius of 4.8 fm is needed min 18, for 0. (The established experimental value is 

~3.6 fn.) It was also observed that N-N short-

range correlations are unimportant at this energy. 

In all these considerations, however, the DCE 

reaction was always conceived as being due to two 

sequential single-charge-exchange events. In addi¬ 

tion, a simple shell model was used for the nuclear 
18 

structure of 0. In the past we stressed the im¬ 

portance of inclucTrg other irreducible two-

nucleon processes (e.g., the true pion absorptions) 

in the calculation of pion-nucleus reactions. 

Using our coupled-channel theory, we found in this 

study that even with simple shell model 

wave functions the inclusion of irreducible two-

nucleon processes will cause the 6 . to move from 
r imn 

-30° (short flashed curve) in to -23° (dot-dashed 

curve) at 164 MeV, and from -21° out to -22° at 

292 MeV. Furthermore, we found that as long as we 

use nuclear wave functions obtained from the 
1 fi ft 

assumption of an inert 0 core, it is not pos¬ 

sible to cause any further appreciable change of 

the position of e
ml-n- On the other hand, if we 

assume the existence of core-polarization and 

introduce into the valence neutron wave function of 
lft 

0 a collective state component arising from 4p-2h 
excitation, we are able to move the 6 . further 

min 

toward the experimental values (the solid curves). 

As we know, the need for core polarization has long 

been established in the analyses of inelastic 

transitions caused by electron scattering from 
q 

oxygen isotopes. However, the DCE processes con¬ 

necting two double-analog nuclei involve transi¬ 

tions that are absent in experiments employing 

electrons or nucleons. We believe that pion-

nucleus DCE reactions represent a valuable new tool 

for nu-lear structure studies. On the other hand, 

we also note that such studies can be meaningful 

only if we include those two-nucleon processeb 

that were not previously contained in the conven¬ 

tional two sequential single-charge-exchange reac¬ 
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Fig. 62. 

Angular distributions for the reaction 18O(rc .n )-
18Ne (g.s.). The data denoted by • were due to 
Seth et al.,2 those denoted by o and • were from 
Greene et a?.3 Theoretical results obtained with 
and without the addition of new "irreducible" two-
nucleon processes are respectively shown as the 
dot-dashed and short dashed curves. The solid 
curves contain core polarization, the sequential 
single-charge-exchanges, and the new two-nucleon 
processes. 
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3. A Product Recoil Study of the 12C(n±,nN)-

C Reactions over the Energy Range 90 to 350 MeV 

(R. S. Rundberg, G. C. Gieslar, B. J. Dropesky, 
* ** 

A. A. Caretto, and N. T. Porile ). 

The study of the pion-nucleon knock-out reac¬ 

tions C(n",nN) C has attracted a great deal of 

both experimental and theoretical interest. On the 

basis of the free-particle pion-nucleon cross sec¬ 

tions and a simple nucleon knock-out model, the 

ratio of the cross sections for the n -induced re¬ 

action to the n -induced reaction at the (3,3) re¬ 

sonance (180 MeV) had been predicted to be 3. An 

early experimental ratio was reported to be unity. 

We have more recently determined that the ratio is 

1.59 ± 0.07, considerably different from the pre¬ 

dicted value. 

The most successful attempt, to date, to ac¬ 

count for this discrepancy is the seirriclassical 

transport model of Sternheim and Silbar. This 

model enables one to estimate the probability that 

the outgoing nucleon (neutron or proton), after 

having been struck by the incident pion, will 

undergo charge exchange before exiting the nucleus. 

An inherent assumption in these comparisons 

ot experimental cross sections with predictions 

based on free-particle pion-nucleon cross sections 

is that the mechanism involves a simple pion-

nucleon knock out similar to quasi-free scattering. 

However, conceptually there are two major mecha¬ 

nisms by which a pion- (or proton-) induced nucleon-

renoval reaction might take place. (A) Direct 

Knock-Out (DKO), whereby the incident pion itrikes 

a bound nucleon causing its ejection. The incident 

particle and the struck nucleon exit the nucleus 

without further interaction, leaving a residua) 

nuclear excitation energy of less that about 

10 MeV, in order to preclude subsequent nucleon 

evaporation. (B) Inelastic Scattering followed by 

Evaporation (ISE), whereby the incident pion inela-

stically scatters off a bound nuclfon transferring 

between 10 and 20 MeV to that nucleon. The nucleon 

subsequently evaporates, whfch de-excites the 

nucleus and produces the nucleon-removal product. 

Chemistry Department, Carnegie-Mellon University 
** 
Chemistry Department, Purdue University 

Mechanism (A) would predict a relatively isotropic 

angular distribution for the recoiling C n u c | H 

whereas mechanism (B) would predict a peak in the 

angular distribution at close to 90° to the direc¬ 

tion of the incident pion. 

We have chosen the relatively simple thick-

target thick-catcher technicue, employed previ-

ously4'5'6 for studies of the 12C(p,pn)UC reac¬ 

tion, to learn some of the features of the recoil 

properties of the 12C(n±,nN)11C reactions. The 

experiment involved irradiations of target-catcher 

stacks with pions followed by assay of the induced 

C activity. The irradiations were performed at 

the P and LEP channels of the Clinton P. Anderson 

Meson Physics Facility (LAMPF). The pion energies 

ranged from 90 to 350 MeV, and the exposures 

lasted about 30 min. 
2 

The target stacks consisted of a 14.3 mg/cm 

thick graphite foil sandwiched between 25urn (~5 nig/ 

cm ) thick beryllium catcher foils of the highest 

available purity. Beryllium guard foils protected 

the stack from externally produced C recoils. 

The stacks were irradiated in two different orienta¬ 

tions to the beam at each energy. In experiment:, 

designed to yield the projected forward and back¬ 

ward ranges, the stack was mounted perpendicular 

to the beam direction, whereas in those designed 

to yield the perpendicular ranges, it was mounted 

at 10° to the beam. 

Following irradiation, the C activity in the 

target and catcher foils was assayed with a y-y 

coincidence counter consisting of two Nal(Tl) scin¬ 

tillation detectors mounted on opposite sides of 

the target foil. The efficiency-calibrated system 

was set to count the 511-keV quanta resulting from 

annihilation of the 20.4-min C positrons. 

The disintegration rates of the various foils 

were used to obtain the average projected ranges of 
1XC in carbon, designated FW, BW, and PW. The 

quantities F, B, and P are the fraction of the 

total number of C nuclei recoiling into the 

forward, backward, and perpendicular catchers, 

respectively, and W is the surface thickness of 

the target. In the case of the 10° runs, the 

value of P represents the average of the results 

obtained for the two catchers. 

The energy dependence of the projected ra 

is displayed in Fig. 63. We see that the projected 
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Fig. 63. 

Energy dependence of the average projected ranges 
of "Cfrom the 12C(n-,nN)"C reactions. FW, PW, 
and BW correspond to the forward, perpendicular, 
and backward ranges, respectively. 

values are equal, but the values of PW are signifi¬ 

cantly larger in the proton reaction, particularly 

at the lower energies. 

Analysis of our pion reaction data is underway 

in terns of a two-velocity vector representation of 

the reaction and based on a quasi-free scattering 

model for describing on a microscopic level how 

momentum is transferred from the incident pion to 

the carbon nucleus. The velocity and kinetic 

energy of the recoiling nucleus will come from 

this analysis. In addition, a comparison with 

calculations based on the intranuclear cascade code 

ISOBAR plus the evaporation code DFF will be made. 

From these analyses, we expect to be able to con¬ 

clude something about the contributions of the DKO 

and 1SE processes to the nucleon-removal reactions 

in the carbon as a function of pion energy and pion 

charge. 
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4. Excitation Function for the Pion Single 

Charge Exchange Reaction 13C(tt,n°)13N (g.s.) 

(D. J. Vieira, G. W. Butler, R. S. Rundberg, 

N. Imanishi, G. C. Giesler, and B. J. Dropesky). 

The study of pion single charge exchange (SCE) 

reactions is currently a topic of strong interest 

and activity in intermediate-energy nuclear science 

research because it helps to test and refine our 

understanding of how pions intereact with nuclei. 

Of all the SCE reactions studied to date1'2 

the most intriguing is the 13C(n+,n°)13N 
13., 

perhaps 

(g-s.) 

reaction. Because the ground state of N is the 

analog of the C ground state and to the extent 

that the nuclear structure of these states is 

similar, this reaction minimizes uncertainties 

arising from nuclear structure models and allows a 

more direct probing of the pion-nucleus SCE inter¬ 

action. Furthermore, because the ground state is 

the only particle-bound state of N, which decays 

by positron emission with a half-life of 9.96 min, 

activation techniques can be used to measure this 

specific charge exchange transition probability 

between the ground states of these two nuclei. 

The earliest measurements of this reaction 

cross section were by Chivers et a_k , who reported 

a cross section of 3.0 mb in the pion-nucleon (3,3) 

resonance region of 180 MeV. In a later study in¬ 

volving the measurement of this reaction cross sec¬ 

tion over the energy range of 70 to 250 MeV, Shamai 

4 

et a_K observed a relatively flat excitation func¬ 

tion with a cross section of 0.95 mb reported near 

180 MeV. A number of theoretical calculations of 

this reaction have been performed using a variety 
1 7 R—ft 

of different models; ' ' however, all of these 

approaches predict a relatively low cross section 

ranging from 0.2 to 0.5 mb at 180 MeV. Because of 

this unexplained discrepancy between theory and 

experiment and the suggested possibility that 

the cross sections of Shamai could be too large 

Kyoto University, Kyoto 611, Japan 

due to contributions from the secondary reaction 
13C(p,n)13N, we decided to reinvestigate this 

reaction. 

Our measurements reported here were performed 

at LAMPF where both the low-energy pion (LEP) chan¬ 

nel and the high energy (P ) channel were used to 

provide pions in the energy range of 50 to 190 MeV 

and 120 to 350 MeV, respectively. Pion fluxes of 

(0.4-6) x 10 n/sec were obtained at the LEP chan¬ 

nel with a momentum acceptance of ±2%, whereas 
Q 

(1-15) x 10 n/sec with a momentum spread of ±3.5% 

were utilized at the P channel. A typical spi . 

size had dimensions of 2 cm vertically by 3 cm hori¬ 

zontally. Protons were removed from the pion beam 

using a differential absorption technique, whereas 

positron, electron, and muon beam contaminants cause 

no appreciable interference because the lepton reac¬ 

tion cross sections are known to be very small. 

Several C targets were fabricated using 

99.3% isotopically enriched C powder pressed into 

thin disks using a 10% by weight admixture of 90% 

enriched C polyethylene as binder. The resulting 

targets had a C enrichment of 9a.4%, a diameter 

of 4.92 cm, and areal thicknesses ranging from 48 
2 

to 195 mg/cm . For an irradiation, a target (or set 

of targets) was placed in a thin polyethylene bag, 

which prevented potential contamination of the tar¬ 

get by recoil activities produced by pions interac¬ 

ting with the surrounding air or exit window of the 

beam channel. Irradiation periods ranged from 5 to 

20 min. A plastic scintillation detector mounted 

out of the beam but in the vicinity of the target 

was used to monitor any beam intensity variations 

that occurred during the course of the irradiation. 

If any variation occurred, an appropriate correc¬ 

tion was applied to the calculated cross section. 

The pion intensity was measured by simultane¬ 

ously irradiating a Pilot B plastic scintillator 

disk (with the same diameter as the target), which 

was located downstream of the C target and out¬ 

side of the polyethylene bag. The plastic scintil¬ 

lator was activated by the C(n ,n N) C reaction 

whose cross sections over the energy range of in¬ 

terest are well known. After the irradiation, 

the scintillator was counted in a 8 -y coincidence 

system and the disintegration rate for the 20.4-

min C activity was extracted from decay cur 
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.analysis. Combining this information with the 

Jjj.own cross section, the incident pion flux was 

obtained. 

After irradiation, the C target was removed 

from the polyethylene bag, and the B activity pre¬ 

sent in the target was measured in an annihilation 

y-y coincidence counter. This counter consisted 

of two 7.6 cm by 7.6 cm Na(T£) detectors with a 

0.16-cm-thick copper plate placed in front of each 

detector to insure that all the positrons were 

stopped and annihilated immediately. This arrange¬ 

ment afforded maximum counter efficiency and pre¬ 

vented the summing of two annihilation quanta in a 

single detector. To further increase the sensi¬ 

tivity of the system, the counter was completely 

surrounded by 10 cm of lead to reduce counter back¬ 

ground. The absolute efficiency of this system was 

determined by counting activated Pilot B disks on 

this counter as well as on the absolute B-y counter 

mentioned earlier. Counting of the activated 

targets started 2 to 5 min after the end of bom¬ 

bardment and continued for 1 to 2 h. The resulting 

decay data were analyzed with the standard decay 

code CLSQ. 

For n irradiations of C, a two-component 

fit to the data gave the best results. Both 

the 9.96-min half-life of N and the ?C.4-min 

half-life of C were clearly observed. The 

latter activity arises from reactions such as 

entirely consistent with the measured cross section 

of the 0(n",n n) 0 reaction. From this, we 

concluded that oxygen was the only contaminant of 

any consequence in our targets. 

Because of the relatively small level of 

oxygen contamination present, we deeded to apply a 

small correct'on to our data that substracted out 

the effects resulting from pion reactions with oxy¬ 

gen. To facilitate making this correction, we 

measured the oxygen contamination in each target by 

determining the disintegration rate of 0 produced 

by 190 MeV n irradiations. Combining this infor¬ 

mation with the known 0(n ,n n) 0 cross section 

at 190 MeV, we determined the oxygen present in 

each target. We found this number ranged from 0.5 

to 1.0%, entirely consistent with the previous che¬ 

mical analysis results. To check the cross-section 

measurements for pion reactions on oxygen and to 

extend those measurements to higher and lower pion 

energies where we would need to correct our 

data, we undertook a series of irradiations on 

~200-mg/cm boric acid (H^BO,) targets at positive 

pion energies ranging from 50 to 350 MeV. Cross 

sections for the following reactions were obtained: 
160(n

+,n+N)150, lfW,X)13N, and "oC^.X) 1^, 

where X is used to represent any combination of 

emitted particles that will yield the final pro¬ 

duct. With the use of these numbers and the deter¬ 

mined oxygen contamination present in each target, 

a 0 decay component was calculated for each ir¬ 

radiation. This calculated 0 component was then 

introduced in the decay curve analysis as a known 

component and the data were refitted. Finally, a 

small correction was applied to our measured N 

yield to subtract out the amount of N produced 

as possible after the end of bombardment, a weak directly from pion reactions with oxygen via the 

13C(n+,pn)UC and 13C(n+,n+2n)nC or the 
12C(n+)n

+N)1:lC reaction on the 1.6% 12C present 

in the target. Searches for shorter- or longer-

lived decay components failed to improve the fit. 

However, when n irradiations were carried out, 

and the counting of the target was started as soon 

short-lived component resulting from 2.04-min 0 

was observed instead of N. One expects the N 

activity to be absent because n interactions with 

C cannot produce N; however, the presence of 

0 indicated that the target was contaminated by 

an element heavier than carbon. Chemical analysis 

of the outer portion of one target confirmed this 

suspicion by yielding 0.5 to 1.3% oxygen by weight. 

Further chemical analyses failed to reveal any 

significant amounts of nitrogen or other heavier 

ements. Assuming the above oxygen contamination, 
^ 15 
we calculated that the observed yield of 0 was 

13., 

160(JI+,X)13N reaction. In all, the total amount of 

the above corrections reduced the N cross section 

by typically 0.1 mb. 

Figure 64 shows the observed dependence of the 

cross section at 164 MeV incident n energy as 

a function of target thickness. These data were 

compiled from measurements using a single target or 

various combinations of stacked targets. Within 

the uncertainties of the measurements, no signifi¬ 

cant increase in the cross section is observed with 

increasing target thickness. For comparison, a 

measurement by Shamai et aj. at 160 MeV is also 
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Fig. 64. 

The observed cross section at 164 MeV for the 
13C(n ,7i°)13N (g.s.) reaction as a function of 
target thickness. 

plotted (npen circle). Extrapolation of our data 

to the target thickness of their measurement would 

appear not to be consistent with their determina¬ 

tion. However, since performing these measurements, 

we realize that determining the contribution to the 

measured (n ,n°) reaction product yield due to the 

secondary (p,n) reaction nay be more complicated 

then we initially expected. More detailed calcula¬ 

tions of these effects are in progress, and we wi'l 

simply state that secondary contributions to the 

measured N cross sections are estimated to be no 

larger than 0.1 mb. 

The measured excitation function of \ e 
13C(Tt+,n°)13N (g.s.) reaction is shown in Fig. 65. 

These values are found to be consistently smaller 

than those reported in Ref. 4 by 30 to 50%, but our 

result at 164 MeV is in good agreement with the 

integrated cross section determined from angular 

distribution measurements using the LAMPF n° spec¬ 

trometer. Additional data, not shown in Fig. 65, 

at 140, 180, 210, and 300 MeV are still being 

analyzed. 

Of the numerous theoretical calculations of 

this reaction using a variety of different mo-
1 2 

dels, ' we have chosen four different calculations 

as representative of current models. These inclu-

(DWIA) predictions of Lee and Kurath, the covari-

ant coupled-channel calculation of Liu, and 
8 ^ 

isobar-hole predictions of Hirata. However, none 

of the above calculations ire found to be in good 

agreement with the observed excitation function. 

In particular, all the calculations underestimate 

the reaction cross section in the region of the 

(3,3) resonance by a factor of ~2. Because pions 

interact so strongly with nuclear matter in this 

energy range, this discrepancy tends to indicate 

that other more complicated reaction mechanisms 

should be included in these calculations. Further¬ 

more, the sharp dip observed at ~70 MeV is not 

correctly predicted, although the fixed scatterer 

prediction does show a similar minimum at a some-
14 

what lower energy. The interpretation of this 

minimum is expressed as a result of two competitive 

elements: the fundamental SCE cross section (i.e., 

n + n •* p + 7t°), which increases with pion energy 

in this region, and the distortion of the pion 

waves (or the loss of the pions to other reaction 

channels), which also increases with energy in this 

region. Together, these factors combine to 

produce a minimum Moreover, the interference 

between s and JJ partial waves can increase or 

decrease the depth of this minimum. Thus, this 

reaction may prove useful in determining the inter¬ 

play of ^ and g waves in the charge exchange pro¬ 

cess. 

We believe that further theoretical efforts in 

interpreting these measurements will contribute to 

the improvement of ou" understanding of the pion-

induced single charge exchange reactions. 
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I. SpaHation Reaction Cross Section Measure¬ 

ments Using RbBr (P. M. Grant, D. ft. Miller 

J. S. Gilmore, and H. A. O'Brien) 

The measurement of medi mi-energy spall ation 

cross sections is an important activity of the 

Medical Radioisotopes Research Group as it utilizes 

the high intensity proton beam at LAMPF for the pro¬ 

duction of radioactive nuclides for biological and 

physical research. Knowledge ot the formation 

cross sections of isotopes of interest allows the 

calculation of estimated production yields in thick 

targets, the monitoring of remote processing chemi¬ 

cal yields, and an evaluation of isotopic interfer¬ 

ences. 

We are currently using a RbBr target to pro-
CO 

duce Ge and are developing additional chemical 

recovery schemes for several other medically-inter¬ 

esting nuclides that are also produced in this 

target. These include Se for biomedicat compound 
72 72 67 

labeling, the Se - As generator, Ga for tumor 
localization and detection of inflammatory dfsease, 

CO 

and Zn for computed emission tomography of the 

prostate, and pancreas. 

Three pressed RbBr pellets having dimen¬ 

sions of 13 mm diameter, 5 to 6 mm thickness, and 

between 2 and 3 grams weight, were fabricated. 

Each pellet together with .-.1 monitor foils were 

irradiated with (800 ± 5)-MeV protons to an inte¬ 

grated intensity of approximately 1 (jA-hr at the nu¬ 

clear chemistry targeting station in LAMPF1s Area B. 

Two of the three pellets were separately dissolved 

in 6 M HC1, and suitable counting aliquots were 

subsequently removed, diluted, and placed in a stan¬ 

dard geometry for quantitative analyses via gamma 

ray spectrometry. 

It was impossible to measure Ge in the ori¬ 

ginal solution because the low-intensity, 1077-keV 

gamma photon from the Ge - Ga equilibrium decay 

was effectively masked by the more abundant 1077 keV 
AC QC 

peak from the decay of Rb. Because Rb emits 

California State University at Northridge 
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only this one gamma and photons associated with 

Ge - Ga decay have extremely low intensities, a 

mathematical apportionment of the 1077-keV peak 

activity via multiplicity correlation analysis is 

not feasible. Thus, a radiochemical separation of 

germanium was required. 

Under the conditions of distillation from 6 M 

HC1 media, only isotopes of Ge, As, and Se vola¬ 

tilize from the solution. Assays of the distil¬ 

lates in conjunction with measured distillation 

yields allowed cross-section determinations for 

several isotopes of these three elements. 

The third RbBr pellet was chemically processed 

for the determination of Cu and Ga cross 

sections. It was not possible to separate these 

nuclides by counting the untreated original solu¬ 

tion because of their similar half lives and effect¬ 

ively identical gamma photon emissions. The copper 

procedure entailed ion exchange, a number of sul-

fide precipitations, and several Fe(OH)3 scavenges, 

whereas the gallium separation involved several sol¬ 

vent extraction and precipitation steps. 

The cross sections for the production of 40 

nuclides by the irradiation of RbBr with 800-MeV 

protons are listed in Table XIX. The samples were 

periodically counted from the day of irradiation 

until approximately t +1.25 years. The spectral 

data were reduced with the GAHANAL code, and the 

reported values are weighted averages obtained from 

repetitive counts of the Al monitors and experi¬ 

mental solutions. The quoted uncertainties are one 

standard deviation of the measured values and do 

not include uncertainties associated with the moni¬ 

tor cross sections, spectrometer efficiency cali¬ 

bration, photon intensities, et_ 

XIII. RADIONUCLIDE PRODUCTION AND SEPARATIONS 

A. Radioisotope Production Deveiopmpnts (G. E. 

Bentley, J. w. Barnes, K. E. Thomas, H. A. Ott, 

F. W. Seurer, T. P. DeBusk, F. J. Steinkruger. 

The Medical Radioisotope Group (CNC-3) is res¬ 

ponsible for developing medium energy proton accel-

,.erator-produced isotopes in sufficient quantities 

or evaluation as biomedical tracers and diagnostic 

for evaluation as biomedical tracers and diagnostic 

TABLE XIX 

SPALLATICN CROSS SECTIONS FOR THE REACTIONS 

OF RbBr WITH 800-HeV PROTONS 

Nuclide 

8 8Y 

Sr 

83, 
Sr 

82, Sr 
86 
Kb 

83Rb 

81 
Rb 

82. Br 

77 
Br 

75. 
Br 

75, Se 

73, Se 

72 Se 

'As 

71 
As 

69 Ge 

68, 
Ge 

67 

65 
Zn 

62. 
Zn 

67 
Cu 

64, 
Cu 

61 
Cu 

60, 
Co 

58 
Co 

57 
Co 

59, 
Fe 

Cross 

0.3 

4.3 

3.0 

2.1 

19 

50 

42 

12 

14 

4.9 

23 

49 

12 

67 

22 

12 

14 

29 

27 

35 

19 

4i 

39 

2 

1.6 

16 

7.8 

9.1 

18 

13 

1.8 

Section 

* 0.2 

± 0.9 

± 0.5 

+ 0.2 

± 1 

± 2 

+ 1 

+ 2 

• 1 

± 0.4 

i 2 

± 2 

± 6 

± 2 

± J 

* 0.4 

i 4 

± 0.9 

+ 1 

2 2 

± 1 

± 1 

± 2 

+ 1 

± 0.08 

± 0.9 

± 0.6 

± 0.7 

± 0.8 

± 0.5 

±0.1 

Type 

IY 

CY 

CY 

CY 

CY 

CY 

C¥ 

IY 

CY 

CY 

IY 

cy 

CY 

CY 

cy 

cy 

IY 

1Y 

CY 

CY 

CY 

CY 

CY 

CY 

CY 

1Y 

CY 

CY 

cy 

CY 

CY 
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TABLE XIX (cont) 

SPALLATION CROSS SECTIONS FOR THE REACTIONS 

OF RbBr WITH 800-MeV PROTONS 

Nuclide 

5I Cr 

*6 Sc. 

7Be 

Cross Section 

3.0 ± 0.2 

11 ± 0.4 

2.7 ± 0.1 

7.9 ± 0.5 

2.3 : 0.09 

2.2 ± 0.1 

0.8 t 0.2 

0.6 ± 0.1 

4.1 ± 0.7 

IY = Independent Yieid 

CY = Cumulative Yield 

Type 

CY 

IY 

IY 

CY 

CY 

CY 

IY 

IY 

CY 

a new holder now permits the target to be inserted 

through the side instead of the top (see Fig. 66). 

This moved the metal closure seal away from 

localized heating caused by the accelerator beam 

impinging upon the seal area, thus minimizing 

cooling water leaks. Various target cladding 

systems have been designed and fabricated that 

allow the containment of a variety of different 

materials, including pure metals, metal oxides, and 
127 

salts. Targets for the production of Xe and 
123 

I from La2O3, CsCl, and Csl have been prepared 

such that they may be opened and heated while under 

vacuum to facilitate complete recovery of the vo-

duc»d rare gas radioisotopes. 

Targets irradiated during FY 1981 and the 

major radioisotopes produced are listed in Table XX. 

The amounts of each radionuclide shipped in FY 1974 

through 1981 are shown in Fig. 67. Radio isotope 

shipments to extramural users are listed in 

Table XXI. The total number of radioisotope ship¬ 

ments as a function of fiscal year is shown in 

Fig. 68. 

imaging agents. Target irradiaticns are performed 

at the Isotope Production Facility at the Clinton 

P. Anderson Meson Physics Facility (LAMPF). Target 

preparation and processing is accomplished at the 

CNC-3 hot cell facility. 

Inserting thick targets (up to 2.0 cm) in the 

LAMPF primary proton beam places stringent require¬ 

ments on the design of the target package. The 

accelerator is presently operating at a nominal 

current of 500 uA with an energy of 800 HeV. 

Depending upon which targets are in the proton beam 

upstream of the Isotope Production Facility, our 

production targets receive from 50% to 75% of the 

nominal beam current. This requires that each 

target package be capable of dissipating ~10 kW 

of beam power via water cooling. ~* 

A substantial effort during fiscal year 1981 

has been invested in designing target encapsulation 

that can wi'nstand the hostile environment present 

during irradiations. This effort has included the 

nanufacturing of special machining cutters so that 

all-aluminum target holders m*y be fabricated, 

replacing the previously used stainless steel/ 

aluminum holders. The design and fabrication of 

Fig. 66. 

Radioisotope Production Side-Loading Target Holder. 
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TABLE XX 

TARGETS IRRADIATED AT THE ISOTOPE PRODUCTION 

FACILITY DURING FY 1981 

TABLE XXI 

ISOTOPE SHIPMENTS FOR FY 1981 

Target Mater ial 

Al 

CsCl 

Csl 

In 

U2°3 
Pb 

Mo 

Ni 

RbBr 

Si 

ZnO 

TOTAL 

Number 
Irradiated 
during 1981 

2 
4 
2 

I 

4 

2 
13 

3 

8 

1 
1 

42 

Principle 
Isotope(s) 
Produced 

12h, 127Xe 
1 2 3 I , 1 2 7Xe 
1 0 9Cd 
1 2 7Xe 
17SW, 1 9 1 0s 
7 7 Br , 8 2 Sr 
5 2 F e 

6 8 G S 

26A1 
67Cu 

Nuclide 
22 

lia 

48v V 

52Fe 
QQ 9 9Fe 

67Cu 

68Ge 
-J-J 
7 7 Br 

8 2 Sr 

88y 

Zr 

1 2 7Xe 

1 4 5 ' 1 4 6 S m 3111 
146,148,150,151,153-. Ga 

1 7 2Hf 

mCi 

683 

2 

20 

1.2 

110 

212 

4600 

4200 

g 

150 

3200+ 

1500 

1 

Shipments 

Z 

C. 

1 

1 

2 

8 

63 

28 

2 

1 

4 

1 

1 

i 

2 

i 
i 

17000 
iwoo-
15000-
14000-
13000-
[2000-
uooo-
1OOOO-

9000-

aooo-
7000-
aooo-
9000-
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Fig. 67. 

Millicuries of radionuclides purified and shipped 
•••• CNC-3. 

Fig. 68. 

Total number of isctope shipments. 
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127 
B. Irradiation and Separation Methods for Xe 

(J. W. Barnes, M. A. Ott, T. F. OeBusk, and F. H. 

Seurer) 

Xenon-127 (t, = 36.4 d) is used in clinical 

medicine for lung function studies and brain blood 

flow measurements. Brookhaven National Laboratory 

began distributing this nuclide several years ago; 

but as a result of increasing derand coupled with a 

restricted accelerator operating schedule, BNL has 

requested that Los Alamos develop a backup produc-
127 

tion capability for Xe. 

The one-piece stainless steel target container 

developed for Xe ( I) production was used to 

irradiate both CsCl and Csl salt targets. However, 

the copper seals failed during the longer irradia¬ 

tion times required to produce Xe. We are exper¬ 

imenting with a new encapsulation system for salt 

targets that consists of a 7.6-cm by 1-9-cm-diam 

cylinder of copper with welded ends (see Figs. 69 

and 70). Each cylinder holds about 35 g of CsCl, 

and three cylinders are placed in a single target 

holder. To date, no leaks have been detected for 

irradiations of two weeks duration. 

Fig. 69. 

Welded copper cylinders positioned inside-7oading 
target holder. 

A new stainless steel vacuum line was built 
127 

and installed in the hot cell for Xe. Its opera 

tion is far superior to the previous glass vacuum 

system. 

During this fiscal year, 8 targets were irra-
1 ?7 

diated, and ~4 Ci of Xe were sent to BNL in 4 

shipments. 

C. Production of Microcurie Amounts of Al 

(K. W. Thomas and the Los Alamos Medical Radioiso-

topes Group) 

1. Introduction. Aluminum-26 is a nuclide 

of immense interest in the fieid of cosmochemistry. 

In particular, it is one of the primary nuclides 

used to determine the production rate of cosmic-

ray-produced nuclides in meteorites and, by virtue 

of its long half life, to date those meteorites. 

For this use an accurate value of the half life of 

Al is extremely important. There has been some 

speculation that, in fact, its half life is not as 
1 2 

well known as previously believed. ' A redeter-

mination of the Z6A1 half life would be of great 

interest to cosmochemists. Also connected with the 
Of 

importance of Al to this field is its production 

and disintegration rate by cosmic rays. A study 

of the 26Al(n,p)26Mg and 26Al(p,y)27Si reactions as 

well as any number of other nuclear reactions would 

be a useful contribution to this problem. Other 

applications of Al include studies of its hyper-

fine structure and the isotope shift in the optical 

emission spectrum for use in an ultra-sensitive 

analysis program; use as a tracer to measure the 

mass transfer of Al ions in liquid extraction 

studies; and, once the half life is confirmed, use 

af a gamma-ray counting standaru. For these 

reasons an effort was made to produce Al in high 

yield. 

Nuclear spallation yields a broad spertrum of 

reaction products that are primarily neutron defi¬ 

cient and generally unavailable in useful amounts 

from other sources. The isotope of interest must 

be isolated from many diverse radioactive species 

in addition to gram-kilogram quantities of target 

material, generally without adding any carrier 

of the element in question. Further, due to 

the intense radioactivity of the targets afte: 
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Fig. 70. 

Welded copper cylinders in aluminum frame used for salt target irradiations. 

irradiation, these chemical separations must be 

carried out in a hot cell. 

2. Experimental. The Los Alamos Meson 

Physics Facility (LAMPF) is a proton linear accel¬ 

erator with design objectives of 800-MeV maximum 

energy and 1-mA average current. It is presently 

operating at close to full energy and approximately 

600 uA of current, of which 50 to 75% is available 

at the main beam stop and the Isotope Production 

Facility. 

The target consisted of a single crystal of 

„ ectronics-grade silicon '-asuring 1.47 cm thick 

and 5.34 cm in diameter and weighing 63 g. It was 

housed in a stainless steel container and sealed 

with a copper "0" ring. This target was cycled in 

and out of the Isotope Production Facility at LAMPF 
23 

during a two-yr period. Approximately 10 protons 

having an energy of 500 to 700 MeV were received 

by the silicon during the irradiation. The target 

read ~50 R/hr at several centimeters 6 months after 

the end of bombardment. 

In a hot cell, the silicon was dissolved in a 

1:1 mixture of ultrapure, concentrated HF and HNO, 

at 100°C. The silicon was removed by distillation 

as SiF during the target dissolution. The disso¬ 

lution was carried out slowly over a several day 

period resulting in a dissolution volume of 600 m£. 
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This solution was taken to dryness in a teflon 

beaker several times with HF, then with fuming HNO^, 

and finally with concentrated HC1O4- After slurry-

ing the precipitate with HC1O. and transferring to 

a 40-m£ Vycor centrifuge tube, the slurry was 

heated in an open furnance to 200°C until complete¬ 

ly dry. The residue was taken up in 10 to 15 m£ of 

purified 0.25 H oxalic acid/0.1 M HC1. The oxalic/ 

HC1 acid solution was previously . un through an 

anion exchange column identical to the one describ¬ 

ed below. 

An anion exchange column 10.5 cm high by 

2.2 cm i.d. was prepared using HP-1, 200-400 mesh 

resin. The free column volume was 44 mH, and the 

column was preconditioned starting with concentra¬ 

ted HC1 and proceeding down to water and finally 

with the 0.25 M oxalic acid/0.1 M HC1 solution. 

The dissolved residue was loaded onto the 

column and the flow rate was determined by gravity 

(~40 m£/hr). The column was rinsed with 10 m£ of 

the oxalic acid solution, 70 mi! of water, and 60 mi 

The aqueous fraction and the acid wash were com¬ 

bined and the entire extraction procedure wa 

repeated. 

As a final clean-up step, the Al fraction 

was taken to dryness several times with fuming HNO, 

and concentrated HC104 and run through the anion 

exchange column as before except ~50 n« of 0.25 H 

oxalic acid/0.2 M HC1 was used as a wash after 

loading instead of just 10 m£. This improved the 

Be separation. 

26. 3. Results. Approximately 11 uCi of '"Al 

were recovered. Chemical yield is conservatively 

estimated at 90%. Extra care was taken to avoid 

the addition of any aluminum carrier; however, due 

to the production of stable aluminum in the target 
nc 

during the irradiation, the Al is not carrier-

free. Table XXII lists the remaining contaminants 

a* day 204.9(81) MST in the 26A1 fraction relative 

to the dpm of Al present. In addition to the 
26A1, 2.1 Ci of 22Na and 1.5 Ci of 7Be, corrected 

of 0.1 M HC1. These washes removed a significant to the end of bombardment, were obtained. The 

decontamination factors of the Al from these 

nuclides were >10 and >10 , respectively. 

22 7 

amount of Na and Be. The aluminum was eluted 

with 150 m« of 6 M HC1. 

The major contaminants in this preliminary 
26A1 fraction were 7Be, 22Na, 46Sc, 75Se, 88Y, 
172Hf/Lu and 175Hf. With the exception of the 7Be 

22 
and Na, these contaminants came from the hot cell 

in which the chemistry took place. This fraction, 

in 150-nue volume, read 500 mR/hr at contact, but 

was considered low enough in activity to be removed 

from the hot cell for further purification. 

After taking the Al fraction slowly and 

carefully to dryness (AlClj is somewhat volatile), 

it was redissolved in 0.25 M oxalic acid/0.1 M HC1 

and run through a second anion column using the 

same procedure just described. Further separation 
7 22 

from Be and Na was achieved, but little improve¬ 

ment was to be expected from the other contaminants. 

Removal of the 46Sc, 172Hf/Lu, and 88Y and a 

great reduction in Se contamination was achieved 

by several extractions with bis-2-ethyl-hexylortho-

phosphoric acid (HDEHP). The' 26A1 fraction was 

taken up in 1 M HC1 and extracted with an equal 

volume of 10% HDEHP/toluene for 5 min. The aqueous 

fraction ( Al) was washed with toluene, the 

organic fraction was washed with 1M HC1, and 

this acid wash was further washed with toluene. 

TABLE XXII 

CONTAMINANTS IN THE ALUMINUM-26 

Nuclide 

56CO 

75Se 

77As(77Br) 

88y 

110mA9 

114mIn 

172Hf(172Lu) 

183Re 

184,184mRe 

Upper limit onVv 

dpm/dpm26Al 
(204.904 (81)) 

<0.034a 

0.031 

0.019 

0.002 

0.015 

0.044 

<0.04* 

0.119 

0.01 

\ 

77d 

120d 

1.61d (2.37d) 

106d 

253d 

49.5d 

1.87y (6.7d) 

71d 

38d (169d) 
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P. Production and Recovery of 123Xe(123I) (J. W. 

Barnes, M. A. Ott, T. P. DeBusk, G. E. Bentley, 

P. M. Wanek, and F. H. Seurer) 

A study to determine the optimum parameters 

for the production of I was initiated. The prin-
123 

cipal strategy is to form 2-hr Xe in an appropri¬ 

ate target, isolate the radioxenon as rapidly as 

practical following end-of-bombardment (EOB), allow 
123 123 

Xe to decay to I, transfer the remaining 

xenon nuclides, and recover the radioiodine. The 

major interference arises from the simultaneous pro¬ 

duction of 17-hr 125Xe, which decays to 60-d 1 2 5I. 

The production variables being studied include 

1) target material; 2) irradiation time; and 

3) time allowed for radioxenon to decay to radio-

iodine. 

A new target container was fabricated out of 

stainless steel. It was capable of being coupleo 

to a vacuum line system and contained a thin 

copper seal that could be punctured while attached 

to the vacuum system. The vacuum line contained 

four cold traps, one of which was used to remove 

volatile species other than radioxenon released 

from the target container. The remaining three 

cold traps permitted a study of the 1/ I 

ratios at different growth times following removal 

of the radioxenons from the target. 

The results following a one- and a two-hour 

bombardment of Csl are shown in Table XXIII. 

Although these results were obtained under condi¬ 

tions that were less than optimum, nonetheless the 

1/ I ratios obtained in the first traps are 

TABLE XXIII 

PRELIMINARY BATCH METHOD 123I AND 125I 

RESULTS FROM DECAY OF RADIOXENOUS 

PRODUCED IN A Csl TARGET 

Length of Irradiation 

Trap #1 

Decay Period 

Trap #3 

Decay Period 

dpm at T 

EOB * 1.35 h to 

EOB * 4.35 h 

FOB ' 4.35 h to 

EJB ' 6.35 h 

0.008 

EOB • 6.35 I- to 

EOB t 8.35 h 

0.036 

EOB • 1.30 h to 

EOB 1-4.30 h 

EOB + 4.30 ti to 

EOB • 6.30 h 

0.O08 

EOB • 6.30 h to 

EOB • 6. 30 fi 

0.022 

encouraging. New irradiation containers and vacuum 

lines have been constructed, and additional experi-

mens are planned when LAMPF resumes operation in 

1982. 

F̂  The Chemical I eolation of Spallogenic Seleniurn 

from RbBr (F. J. Steinkruger) 

72 

Selenium-72's daughter, As, has been sug¬ 

gested as a useful brain scanning agent; however, 
72 

separation from parent Se is considered diffi¬ 

cult. Wong et al. have suggested that Se may 

be an appropriate radiolabel for the study of the 

b'odistribution of proline. In the separation 

of Ge from a HbBr target, isotopes of selenium 

(*Se) and arsenic (*As) are codistilled with the 
fift 

germanium. After extraction of Ge, arsenic and 

selenium remain in the aqueous phase. This solu¬ 

tion, therefore, represents a possible source of 

desirable radioisotopes of selenirm and arsenic. 

The irradiated RbBr pellet is dissolved in 6 M 

HC1 and distilled into a cooled receiver containing 

a few milliliters of H_0_. The distillate is 
fifl 

adjusted to 8.4 M HC1 and the Ge is extracted 
into CC1.. The remaining aqueous phaso contains 

* 3 
the arsenic and selenium radioisotopes. In s*all 
scale testing lrt of saturated NH2OH-HC1 is added 
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to 10 mi of this solution to reduce selenium to the 

metal. The reduction step reaches 95% completion 

in 120 hrs. The extent of the reduction reaction 

is determined by the loss of Se from the solution 

to the glass surface. The remaining solution is 

decanted, and the container is rinsed 3 times with 

1.2 H HC1. Ten m£ of concentrated HN03 is then 

added to the container. After 80 hrs, 75% of the 

original Se is found in the concentrated HNO,. 

No arsenic radioisotopes are found in the final 

solution. Because a relatively old *As - *Se solu-
72 

tion was used for small scale testing, no Se was 

present. 

Work continues on optimizing conditions to 

maximize *Se recovery and on the design of a 
7? 79 
Se -» As generator. 
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F. Irradiation and Separation Methods for Cu 

(J. W. Barnes, K. E. Thomas, G. E. Bentley, P. M. 

Grant, and D. A. Miller*) 

reaction cross section of 0.82 mb ^oupled with the 

cost of the enriched Zn target material and loss 

of the target due to the competing (n,-y) reaction 

have resulted in a high price for the reactor-pro¬ 

duced Cu. Because of this, we have studied 

alternative methods of producing Cu. 

RbBr was the initial target selected for inves¬ 

tigation for Cu production and a chemical separa¬ 

tion procedure for copper was successfully develop¬ 

ed. However, the experience gained from high-level 

irradiations revealed that many krypton radionu-

clides were produced that either had to be trapped 

or allowed to decay before chemical processing. We 

decided to switch to a ZnO target. The chemical 

procedure consists of dissolving the target in 

concentrated HC1, adding stable palladium as 

carrier that is then precipitated as the sulfide. 

Following dissolution of the precipitate, the solu¬ 

tion is passed through a cation column (AG50-X4) 

and then an anion column (AG1-X8). The copper 

fraction is removed with 4 M HC1. The overall 

chemical yield of copper is ~80% and no radioactive 

impurities are detected in the final product. 

A 90-g target of ZnO was irradiated in the 

Isotope Production Facility for 63 hrs; chemical 

processing was completed two days after the end ot 

bombardment resulting in the recovery of 0.7 Ci of 

Cu. Two collaborative research studies, one at 

the University of New Mexico and the other at Cal -

fornia State University at Fullerton, were initi¬ 

ated. 
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G. Rare Radioisotopes for Research from Tantalum 

(K. E. Thomas, M. A. Ott, T. DeBusk) 

The Medical Radioisotope Program facilities at 

LAMPF and at the Nuclear Chemistry Building (TA-48) 

have been used to produce large quantities of 

neutron-deficient hafnium and lanthanide isotopes. 

114 



Ŝ -.-ral of these isotopes are long-lived and are 

o.^great interest to the nuclear chemist and 

physicist. 

For a period of approximately two months 

ending on November 18, 1980, a tantalum metal tar¬ 

get was irradiated at the Isotope Production Facil¬ 

ity (A-6) at LAMPF. The target was irradiated with 

-750 MeV protons with an intensity of -350 uA. 
22 

The irradiation area received ~10 protons (6 x 

10 uA-hrs) during this two-month period. (NOTE: 

The beam intensity was not known for each irra¬ 

diated target. In a separate experiment involving 

five 1.9-cm-thick molybdenum targets in a row, the 

beam intensity decreased approximately 10 to 15% 

for each target the beam traversed. During the 

bombardment of the tantalum target, as many as five 

targets were upstream.) The tantalum target con¬ 

sisted of three slabs of the metal. Each slab 

weighed ~250 g for a total target weight of 770 g. 

The slabs measured 8 cm square and 0.32 cm thick. 

Chemistry was started approximately two months 

after the irradiation. At that time the radiation 

level of the target was >500 R/hr at 1.5 m. An 

outline of the chemical separation procedure is 

shown in Fig. 71. Because the radiation level of 

the target exceeded the shielding capacity of the 

hot-cell, only one slab of tantalum was dissolved 

at a time. The dissolution and precipitation were 

performed on each slab individually. One liter of 

4:1 concentrated HF:HNO3 was used to dissolve each 

slab of tantalum, and 250 to 500 mg of calcium 

carrier (as the nitrate) were added for each 

precipitation. Following the final precipitation, 

all three precipitates were combined for the 

remainder of the chemistry. The precipitate was 

dissolved in saturated boric acid solution, and a 

minimum volume of concentrated HC1 and then diluted 

to 500 ml with H,0. The acid concentration of this 

final solution was 0.4 H. The solvent extraction 

step involved three 100-m£ aliquots of 10% bis-2-

ethylhexylorthophosphoric acid (HDEHP) in toluene. 

The lanthanides were back-extracted into two 50-m£ 

aliquots of 10 H HC1 leaving hafnium in the organic 

phase. The HC1 containing the lanthanides was 

washed with 50 m£ of toluene to remove residual 

KD^MP; this organic wash was added back to the 

h. ,um-containing HDEHP/toluene. 

T« METAL 

1 
:. HNO, —"J~ DISSOLUTION 

—•{_ Co'RECIFITATION 
OF HI. LN 

SAT. •OR IC AGIO. C. HCI - DISSOLUTION J 
H?O —»|DILUTION TO -0 .4 M Hd| 

10% HOtHtfTOLUt NE 

10 MHO — * j EXTRACTION - ' " u j | DILUTION [ « — HjO 

J ORGANIC I 

I I I HF — { EXTRACTION-W I j APIOBFTION | « — DOWEXSO.t. 

•x°°. — L L 1 CATION COLUMN lr 
| I LANTHANIDE I 

J | ELEMENT FRACTIONS | 

Fig. 71. 

Chemistry for tantalum targets. 

The lanthanide solution was boiled down to 

-5 mjl of brown solution; 10 ml of fuming HNO was 

added and then the solution was boiled until fuming 

stopped. Concentrated HCI was added and the solu¬ 

tion was boiled to a volume of ~0.5 ml. This was 

diluted to ~20 mi! with H_0, and a slurry containing 

1.5 ml of cat ion-exchange resin was added. The 

resin was washed with H20 then slurried with H?0 

and transferred to the top of a cation-exchange 

column. At this point in the procedure, the lantha¬ 

nide fraction measured -2000 R/hr at contact. The 

resin used was the ammonium form of Dowex 50 X 8, 

minus 200 mesh; the column dimensions were ~65 cm 

long with a diameter of 0.75 cm. Elution of the 

lanthanides was performed using 200 mi of pH 3.24 

o-hydroxyisobutyric acid (0.52 H) followed by a 

gradient elution using 375 me each of pH 3.33 

and pH 4.44 a-HIB (0.52 M). The flow rate was 

0.2 m£/min and samples were collected in 30-min 
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intervals. Individual element fractions were 

detected by their radiations. Overall chemical 

yield was estimated at >90% for hafnium (in the 

o-ganic phase), ~90% for lutetium and -60-70% for 

gadolinium and europium. 

Listed in Table XXIV are the samples obtained 

from the described chemistry and the isotopes iden¬ 

tified in each sample. The mass of each isotope is 

calculated from the measured radioactivity. Those 

isotopes with stars beside the half life are 

shielded. In addition to the fractions listed, it 
1^7 1Rft 

is possible to recover terbium for Tb and Tb, 
dysprosium for Dy; and hoUniuro for Ho. The 

88 

dysprosium is contaminated with Y, which is a 

reaction product of contamination in the target 

material. 

NucJides that are being used or are planned 

for use in research are the following: Hf and 
1 5 0Eu for nuclear structure studies; 1 7 2Hf and 

Tm for targets for neutron cross-section measure¬ 

ments; isotopically pure targets of Ho, Dy, 
146Gd, 148Gd, 150Gd, and 1 4 6Sm for nuclear reac-
tion studies; and 

half-life. 

158. 
Tb for determination of its 

XIV. THEORETICAL CHEMISTRY 

A. Collision-Induced Dissociation in Ar + H.. Col¬ 

lisions as a function of the Rotation State of H,, 

(N. C. Blais and D. G. Truhlar, University of Min¬ 

nesota) 

Two classes of approximation schemes appear in 

the literature that describe the dissociation of 

diatomic molecules during collisions with atoms. 

In one, attention is centered on the vibrational 

quantum number v of the diatom, and the rotational 

quantum number J is assumed fixed, or more realis¬ 

tically, the results are assumed to represent an 

average over a canonical distribution of J to be 

summed over final J1. On the other hand, in the 

rotational model, attention is centered on J, and v 

is assumed fixed, or is averaged and summed. The 

first is the more popular model, but it is argued 

that the latter rotational level master equation 

allows for more reasonable and accurate solutions. 

AMOUNTS 

Isotope 

1 7 2Hf 

175Hf 

179m2Hf 

TABLE XXIV 

OF NUCLIDES AT tQ = 

*l/2 

1.87yr 

70day 

25day 

Curies 

6.7 

58 

8.5 

11/18/80 

mg 

e.o 

5.4 

0.3 

178m2, 
Hf 

173 
Lu 

174 
u 

169. 
Yb 

170. 
Tm 

168. 
'Tm 

167. Tm 

146, 
Gd 

148, 
Gd 

150, 
Gd 

151, Gd 

143, 
Pm 

144 
Pm 

139, 
Ce 

31yr (estimated) 0.4 

1.37yr 

3.3yr 

142day* 

161d(6.7day) 

32day 

129day* 

93day 

9.3day 

48day 

75yr 

2xlC6yr 

10. 

0.11 

0.19 

0.047 

28. 

0.04 

0.38 

15.0 

2.4 

0.009 

6.6 

0.16 

0.04 

0.01 

1.2 

0.01 

0.05 

0.17 

0.13 

0.28 

120day 1.5 

265day 

363day* 

138day 

0.10 

2.4x10 

0.032 

-3 

0.21 

Gd 

1 4 7Eu 

1 4 8Eu 

149Eu 

1 5 0Eu 

145Sn 

1 4 6 s m 

242day 

24day 

55day 

93day 

36yr 

340day 

7xl07yr 

0.9 

1.81 

0.084 

2.25 

2.lxio"4 

0.33 

0.25 

0.049 

J.lxlO 

0.24 

3.1x10 

0.12 

-3 

-3 

t>.03 

9.5x10 ."4 

4. 7x10 -3 
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Xne interesting and controversial aspect of dia-

j=-.mic dissociation is the temperature dependence of 

the observed rate constants attributed to tempera¬ 

ture-dependent activation energies. These activa¬ 

tion energies are less than the dissociation ener¬ 

gies and decrease with increasing temperature. 

Using the rotational framework, a simple col¬ 

lision model has been proposed that accounts for 

the general temperature characteristics of disso¬ 

ciation. As summarized by Pritchard, in the fol¬ 

lowing excerpt, where D is the ground-state disso¬ 

ciation energy, J is the rotational quantum number, 

and U (J) is the height of the centrifugal bar¬ 

rier: "The physical reason for this behavior is 

fairly simple: [i] we have insisted [in the model] 

that a molecule in state J must have an energy DQ + 

U (J) before it can dissociate,... and [ii] we 
max 

have also insisted [on] a Boltzmann distribution of 

rotational states; thus as we raise the tempera¬ 

ture, more energy to dissociate - which means that 

the rate of dissociation does not increase with T 

as rapidly as it would if the critical energy had 

remained constant at 0_." Pritchard recognized 

that this collisional model is only part of the 

complete description because the nonequlibrium 

effects are important. 

We describe here our tests of assumption [i], 

namely that the energy of activation for state-

selected dissociation is equal to the energy re¬ 

quired to surmount the centrifugal barrier We 

calculated rate constants by the quasi-classical 

trajectory (QCT) method. The potential energy 

surface and techniques used for the calculations 

are explained elsewhere. For the calculations in 

Ref. 4, the temperature of all thermal distribu¬ 

tions was taken as 4500 K, and all thermal 

averaging was performed by the Monte Carlo method 

with unbiased sampling. 

Figure 72 shows the results of our classically 

exact calculations of the activation energy for 

Ar + H,. We compare these energies to those of the 

rotation barrier model: 

<Eb(v,J)>v = <-Eint(v,0)>v + Umax(J) . 

We find that almost as good a fit to our data is 

:ained from the simple model, which relates the 

Fig. 72. 

Energy of activation for collisions leading to com¬ 
pletely dissociative states (crosses) or to both 
completely dissociative states and dissociativelike 
quasibound states (circles) as compared to the 
average dissociation energy <-E. (v,J)> , lower 
curve, or to the average centrifugar barrier height 
to dissociation <Eb(v,J)>v, upper curve, as 
functions of initial H2 rotational quantum number 
J for Ar + H2 collisions with a translation-vibra-
tional temperature of 4500 K. 

activation energy to the average dissociation 

energy, <-Elnt(v,U)>v. 

We have shown that the assumption that the 

energy of activation for a given J level is equal 

to the average centrifugal barrier height for dis¬ 

sociation is a poor one. We attribute this to the 

fact that the centrifugal barrier is a two-body 

concept involving the internal angular momentum of 

the H. pair and that it has no meaning during the 

critical portion of the tree-body trajectories 

under consideration. In connection with this argu¬ 

ment, we find that the internal angular momentum 

of the H, pair is not even approximately con¬ 

served during dissociative collisions. 
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B. Quasiclassical Trajectory Calculation of the 

State-Specified Differential Cross Sections and 

Opacity Functions for F + H2 •* HF(v')+ H (N. C. 

Blais and D. (T Truhlar, University of Minnesota) 

The only chemical reaction for which there is 

experimental observation or possible observation of 

quantum mechanical resonance effects is F + H, 

HF + H. The experimental evidence for the reson¬ 

ance is the shift of the differential cross section, 

do/dfi for the v' = 2 product vibrational level from 

backwards peaked to having a substantial sideways 

peak as the relative translational energy is in¬ 

creased from 0.09 to 0.14 eV. The same quantity, 

da/dfi for v1 = 1 and 3 remains backward peaked 

under the same conditions. 

The resonance is also shown in the results of 

quanta! calculations of the opacity function, the 

probability for reaction as a function of impact 

parameter or initial orbital angular momentum. 

The function is calculated for all reactions 

leading to each final v1 state, and the functio 

shows, for v1 = 2 only, a pronounced peak. It can 

also be observed directly by examining da/df} calcu¬ 

lated quantum mechanically. Such calculations have 

been made but the approximations involved are 

serious. 

The important question to be resolved in inter¬ 

preting the above results is whether the shift in 

da/dfi for v1 = 2 is a resonance effect. Because a 

resonance effect is a quantum mechanical interfer¬ 

ence effect, we would not expect to see the reso¬ 

nance in a quasiclassical trajectory (QCT) calcula¬ 

tion. In the present paper we report QCT calcula¬ 

tions designed to answer the question: is the 

sideways shift of da/dfi for v' = 2 also present in 

classical calculations or is it a quantal effect? 

We also ask a similar question for the peak in the 

v' = 2 opacity function obtained in quantal calcu¬ 

lations. Our calculations are based on the same 

potential energy surface used in the quantal cal¬ 

culations. The initial conditions for the pre¬ 

sent study are E . - 0.233 eV and the ground 

vibrational-rotational state. Final vibration 

levels are assigned by the histogram method using 
2 

good action variables, and differential cross 

sections are computed by the Legendre moment 

method.3 

Figure 73 shows the calculated values of do/dfi 

for each v1. For this figure we use six Legendre 

moments (n = 0-5). The results are qualitatively 

similar if we use more moments or use the more pop¬ 

ular method of sorting into angular bins, but those 

procedures show more statistical noise. The main 

conclusion from the figure is that, even at E = 

0.233 eV, da/dfi is still backward peaked for all 

three v'. 

Figure 74 shows the opacity functions and com¬ 

pares them to those calculated quantum mechanically. 

The QCT opacity function for v1 = 1 does show a 

maximum for nonzero £, but within the statistical 

error bars, those for v1 = 2 and 3 are nionoto-

nically decreasing functions of £. The biggest 

disagreement in shape, as compared to the quantum 

calculations, occurs for v' = 2. Another way to 

compare the opacity functions is in terms of the 

mean value of £ for reactive collisions leading I 

each final vibrational state. 
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0 20 40 60 BO 100 IZO 140 160 180 

Fig. 73. 

The differential scattering cross section, do/dfi 
for final product states v1. Dash-dot line is 
v1 = 1, solid line is v1 = 2, and dotted line is 
v1 = 3. All have been normalized to v' = 2 by mul¬ 
tiplying v1 = 1 by 3.88 and v1 = 3 by 1.53. Six 
Legendre moments were used to calculate do/dfi. 

Our conclusion is that the trajectory calcula¬ 

tions show neither the sideways shift of do/df) nor 

a big shift to larger 2. in the opacity function for 

the v' = 2 vibrational level of HF resulting from 

the F + H, reaction. Thus, both these effects seem 

to be quantal effects. This supports, or at least 

does not contradict, the resonance interpretation 

of these features. 
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Fig. 74. 

The opacity function for each final product vibra-
tional state, i.e., the probability that a product 
is formed in state v1 at the indicated initial or¬ 
bital angular momentum. The histograms are the 
trajectory results and the curves are quantum cal¬ 
culations. 
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C. State-to-State Cross Sections for Vibrational-

Rotationai-Translational Energy Transfer in Ar-H., 

Collisions (N. C. Blais and D. G. Truhlar, Univer¬ 

sity of Minnesota) 

Quasiclassical trajectory calculations have 

been widely employed to study energy transfer and 

""active collisions. However, there have bean 

very few studies by this technique of state-to-

state cross sections or rate constants involving 

very highly excited states, e.g., states with inter¬ 

nal energies of at least a third of the dissocia¬ 

tion energy, yet this is a regime where classical 

mechanics should provide useful information and 

where more accurate quantum mechanical calculations 

are prohibitively difficult. In this article we 

present state-to-state cross sections for rota¬ 

tional and vibrational energy transfer from five 

initial states of H, in collisions with Ar atoms; 

the internal excitation energies (E^.-EQ.) of four 

of these initial states are in tte range 2.022-

2.667 eV as compared to a dissociation energy (Dp) 

of 4.477 eV, and the internal excitation energy of 

the other state is 0.299 eV. For the four highly 

excited states, the collisions are energetic enough 

to transfer five or more quanta of vibrational 

energy and ten or more quanta of rotational energy. 

The potential-energy surface used for the pre¬ 

sent calculations is the one we created by combi¬ 

ning the Kolos-Wolniewicz H. potential, the Wagner-

Das-Wahl ArH potential, the nonpairwise dispersion 

term of Sell and Kingston, the LeRoy-van Kranendonk 

Ar-H, van der Waals potential, and extensively mod¬ 

ified statistical calculations of the short-range 

Ar-H2 potential. This is called the full potential 

in Ref. 1, which contains additional details and 

references. 

The computational procedures for the trajec¬ 

tories are also the same as described in Ref. 1. 

The initial translational energy was fixed to yield 

a total energy of E.. = 1.0 eV, where E. t is 

measured with respect to three free atoms. The 

data are sufficiently precise to provide quantita¬ 

tive transition cross sections for energy transfer 

from the initial v states to all of the observed 

final v'J1 states. For the purposes of this arti¬ 

cle, the data are best represented by contour dia¬ 

grams of the cross sections, plotted over all of 

the product states, Figs. 75 to 78. There is a 

little noise in these figures due to the statis¬ 

tical error of the Monte Carlo sampling process, 

but all the global structure is statistically 

significant. The first characteristic of the 

figures is the large number of final states that 

have nonzero classical-mechanical cross sections 

for transitions from the highly excited initial 

states. Moreover, the figures show that the cross 

section for large, multiple quantum transitions is 

not negligible by comparison to single quantum 

jumps. This is consistent to results we found 

earlier for hydrogen atom collisions with H,. There 

are 30 final states that have nonzero cross sec¬ 

tion for (0,6), 57 for (0,18), 86 for (2,18), 122 

for (4,6), and 142 for (6,0). It is of course 

possible that even more nonzero cross sections 

would be found if we computed even larger samples 

of trajectories. The smallest-value contour in 

the plots is 0.003 A , and the area enclosed by 

this contour is a reasonably well converged measure 

of the size of the final-state space populated by 

classical mechanics. 

Figure 74 for the low energy state shows a 

predominantly vertical pattern, dominated by pure 

rotational-translationai energy transfer, but 

Figs. 76 to 79 for the highly excited states all 

show prominent diagonal structure associated with 

mixed vibrational-rotational-translational enerpv 

transfer. The contours for the two J = 18 states 

are almost completely diagonal, which is consis¬ 

tent with the large a^j/a. . fractions for these 

states. The contours for the (4,6) and (6,0) 

states show a combination of vertical and diagonal 

characteristics, which is consistent with large 

values of both aRT and o V R T for these cases. 

Our trajectory calculations show that, even at 

a high fixed total energy, not only the quantita¬ 

tive cross sections but also the pattern of energy 

transfer, e.g., predominantly rotational-transla-

tional or predominantly vibrational-rotational-

translation, depends on the way that the energy is 

initially distributed in the various degrees of 

freedom. Cross sections for transitions from 

highly excited initial states show extensive com¬ 

pensation of vibrational and rotational energy 

transfer. The state-to-state cross sections a'1 

not easily fit by exponentials and power law. 
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Figs. 75-79. 

Contour plots of energy transfer cross sections for 
transitions from the indicated initial state of H2, 
v = 0, J = 6, to the final state v'J1 indicated by 
the ordinate and the abscissa. The contour values 
are indicated in the legend with the largest value 
closest to the v'J' state equal to vJ and dimi¬ 
nishing monotonically to other, more distant, 
states. 

Fig. 76. Same as Fig. 75 but with v = 0, J = 18. 

Fig. 77. Same as Fig. 75 but with v = 2, J = 18. 

Fig. 78. Same as Fig. 75 but with v = 4, J = 6. 

Fig. 79. Same as Fig. 75 but with v = 6. J = 0. 
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indicating that there is a large amount of infor¬ 

mation contained in the full set of cross sections. 

P. Dynamic Calculation of the Temperature Depen¬ 

dence of the Activation Energy for a Chemical Pre¬ 

diction from 444 to 2400 K (N. C. Blais and D. G. 

Truhlar, University of Minnesota) 

It is unusual for the temperature dependence 

of a chemical reaction rate to be measured over 

a temperature range of 2000 K or more. Yet for 

many applications, such as combustion, it is 

necessary to estimate reaction rates at very high 

temperatures, even though measurements may exist 

only at temperatures much closer to room tempera¬ 

ture. The most common method has been to assume 

a linear Arrhenius plot (In k(T) vs 1/T), i.e., a 

temperature-independent activation energy. Recent 

experimental results, however, have shown many 

deviations from linear Arrhenius behavior. This 

is a situation where theoretical guidance can be 

very helpful. Transition state theory (TST) often 

indicates a significant temperature dependence in 

the activation energy, but transition state theory 

may suffer from errors due to trajectories that re-

cross the transition-state dividing surface. 

In this report, we present a direct calcula¬ 

tion of the temperature dependence of the activa¬ 

tion energy of the exchange reaction H • H- -• H, + 

H from three-dimensional trajectory calculation em¬ 

ploying an accurate potential energy surface. The 
2 

results are compared to a transition state theory 

prediction and to available experimental results. 

The activation energy £ (T) is defined as the 

slope of the Arrhenius plot at temperature T. For 

an equilibrium distribution of reactant states, it 

is given by the Tolman relation 

Ea(T) = E , > > • < < E. >> re l int (1) 

where «...» denotes the average value for reac¬ 

tive events minus the average value for all pairs 

of reagents in the ves=>o-, Ergl is re7ative 

translational energy, and E-nt is internal energy. 

For the trajectory calculations, « E , >> and 

« E. . » were calculated by standard techniques 
Tnt 

as explained elsewhere; in particular, initial 

relative translational energies were selected 

by importance sampling and other degrees H 

freedom were initialized by unweighted Monte Carlo 

sampling. The potential energy surface used for 

the trajectory calculations was an analytic func¬ 

tional representation of the accurate ab initio 
A 

calculations of Liu and Siegbahn. 

The theoretical results are compared to each 

other and to the available experimental results ' 

in Tabl" XXV. All three calculations predict a 

large increase (5 to 7 kcal/mol) in E (T) when the 

temperatjre is raised from 444 K to 2400 K. Thus, 

th<; large increase in the activation energy pre¬ 

dicted by TST is confirmed by full dynamical calcu¬ 

lations. The experimental values do not extend up 

to 2400 K, but they do show evidence that E.(T) in-
5 

creases with T at temperatures up to about 500 K. 

It is instructive to rewrite (1) as 

> <Etot>reactions 

rel*reagents ' 

int reagents 

where Efc t is the total energy and the single brac¬ 

kets denote averages over all reactions or over all 

pairs of reagents in the vessel. For the present 

article, we place the zern of energy at ground-

state stationary reagents. The reason that 

TABLE XXV 

ENERGIES OF ACTIVATION (*kco1/mol) 

FOR H + H, H 

T(K) 

200 

300 

itUU 

875 

1500 

2400 

7.9 i 

8.7 1 

-

13.9 I 

-

-

0 . 

0 . 

2 . 

2* 

2 

3 

1ST 

9.12 

9.07 

9.12 

9.99 

11.96 

14 81 

T5T/Q 

5.36 

6.78 

7.63 

9.24 

11.52 

14.54 

Expt 

4 . 3 , 

8 . 1 , 

(8 

riinenl 

b 4 . 8 c 

b 7 . 5 r 

. 3 ) r 

Error estimate is one standard deviation statis¬ 
tical error due to sampling of initial trajectory 
conditions. 

bRef. 5. 

Ref. 6; value in parentheses is extrapolated. 

Transition state theory with tunneling correct! 
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<Etot>reactions 1 n c r e a s e s m o r e rapidly with temper¬ 

ature than does <E t o t> c o l l u i o n s is complex, but 

as Table XXVI shows, both the collision energies 

and the internal states of H_ are responsible. 

The increase of the collision energy component of 

E contributes about half of the increase in E . 
a a 

As is well known, this is because of the detailed 

nature of the excitation function for reaction 

with collision energy, i.e., how the probability of 

reaction increases with increasing collision energy. 

But Table XXVI shows that «E. .» also contributes 
int 

significantly to the increase in E , but with a 

very different temperature dependence. In fact, at 

the lower temperatures, it appears that the lower 

internal states that are populated inhibit the reac¬ 

4. 

tion slightly, since <<E . t 
is negative. The 

increase in E occurs primarily at much higher tem¬ 

peratures. Of course, both of these averages, 

<<Ere]>> and <<Elnt>> are interrelated. Nonethe¬ 

less, when analyzed by other means, such as looking 

at E for given internal states, the same conclu¬ 

sion is reached: The temperature dependence for 

both E. . and E . contribute significantly. 
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The E. Reactions of van der Waals Molecules: 

Rare Gases (D. L. Thompson and L. M. Raff) 

Traditionally, there has been a great deal of 

interest in the properties of van der Waals bonding 

primarily because of its importance in determining 

the bulk properties of solids, liquids, and gases. 

Currently, however, considerable effort is being 

devoted to obtaining an understanding of the kine¬ 

tics of reactions involving the breaking and forma¬ 

tion of these weak, nonchemical bonds. It has be¬ 

come apparent that van der Waals molecules play 

important roles in a wide variety of dynamical pro¬ 

cesses, such as energy transfer, reaction, and con¬ 

densation. For example, the formation of long-

lived complexes due to van der Waals forces appears 

to be the explanation for the observed enhancement 

of the rate of the self-relaxation of vibrationally 

excited hydrogen halides at low temperatures. 

Also, there are many cases where van der Waals 

dimers are important in thermoleclear reaction 

mechanisms, a striking example being the six-center 

reactions of halogens studied in crossed molecular 

beams first by King, Dixon, and Herschbach. 
2 3 

Herschbach and coworkers ' showed that the same 

sort of information can be obtained for the reac¬ 

tive and inelastic scattering in the weakly bound 

systems as has been obtained in ordinary chemical 

systems. They studied the reactive and nonreactive 

scattering of X + (C12)2> where X = Xe, Br2> and 

HI. (Where reactive and nonreactive are used with 
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reference to van der Waals bonding. Herschbach and 

. coworkers also studied reactions involving the 

breaking and formation of both chemical and van der 

Waals bonding.) The van der Waals chemistry 

observed in the molecular beam experiments cf 

Br, + (Cl.),, for example, includes energy transfer 

to give internally excited (Cl_),. collision 

induced dissociation with the diatomic products 

8r- + 2C1,, and exchange of van der Waals bonds 

to yield Br2Cl2 + Cl2. 

Condensation depends on van der Waals bonding 

and gross features of the kinetics are usually con¬ 

sidered in theoretical treatments, but the details 

are often not explicitly considered. This is pri¬ 

marily due to the lack of information rather than 

to lack of its importance. Accurate nucleation 

(clustering) theory must account for the kinetic 

behavior if it is to correctly describe condensa¬ 

tion, especially in the initial stages. The col¬ 

lision of a rare gas atom with a rare gas dimer 4s 

the simplest monomer-cluster collision. Monomer-

cluster collisions probably provide the dominant 

pathway in the initial stage of homogeneous forma¬ 

tion of a liquid from a vapor. It is important 

that these simple collisions involving weak van 

der Waals forces be understood as a basis for the 

development of a better knowledge of the much more 

complex dynamics of collisions involving larger 

clusters. We have carried out extensive dynamics 

and statistical studies of rare gas atom-dimer 

(Rg + Rg?) reactions. Atom-exchange and dissocia-

Fig. 80. 

Illustration of the effective potential for a rela¬ 
tively small value of angular momentum. The var¬ 
ious regions are labelled S ("stable"), M (metas-
table), and D (dissociation) to indicate how pro¬ 
ducts were defined. 

(S) if the total internal energy is less than that 

of two separated atoms, metastable (H) if the 

energy is greater than zero but less than the rota¬ 

tional barrier height (E. ), and dissociated (D) 

tion have been studied in Ar + Ar_, Ar + ArKr, Kr + otherwise. Figure 80 shows the cross sections for 

NeAr, Kr + Ar., and Xe + Ar_; and collisional dis¬ 

sociation has been studied for the pure Rg + Rg2 

systems, where Rg = Ne, Ar, Kr, and Xe. 

Rare gas dimers are weakly bound with dissoc¬ 

iation energies generally over two orders of magni¬ 

tude smaller than normal chemical bonds. Conse¬ 

quently, rotationally metastable dimers make non-

negligible contributions to the total concentra¬ 

tion of dimers, which in both equilibrium and non-

equilibrium (such as beams) systems can be rela¬ 

tively large. Because of the' shallowness of the 

dimer potential well, th3 effect of the rotational 

barrier is not negligible as it is for most chem¬ 

ically bound systems. Thus, the reaction products 

are divided into three categories as illustrated 

in Fig. 80. The product dimer is counted as stable 

atom exchange in Ar + Ar? collisions as a function 

of the relative translational energy. The values 

of the cross section for the formation cf Ar_ ex¬ 

change products with total internal energy 7ess 

than the potential energy of two separated atoms 

are shows as solid squares. The cross section for 

the formation of rotationally metastable Ar * from 

Ar + Ar is shown by the triangles. The classical 

threshold for Ar?* formation is approximately 

E j = 0.25 kcal/mole, which is about equal to the 

Ar2 well depth (0.28 kcal/mole) as would be expec¬ 

ted (reactant zero-point energy is 0.0436 kcal/ 

mole). The cross stction as a function of E 

rapidly rises to a peak at about 0.4 kcal/mole and 

then very gradually diminishes as E increases. 
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ft the peak, the cross section for metastable Ar * about 50% that for "stable" Ar2 (where "stable" 

refers to products with energy below the dissocia¬ 

tion limit for nonrotating Ar,). As the relative 

translational energy increases, the cross sections 

for the two categories of products approach one 

another and become approximately equal at energies 

greater than 0 65 kcal/mole. 

The results in Fig. 81 illustrate the impor¬ 

tance of rotationally metastable products for ex¬ 

perimental conditions that normally would involve 

energies higher than 0.65 kcal/mole. Stogryn and 

Hirschfelder computed lifetimes of metastably 

bound Ar2 for the Lennard-Jones (6-12) potential. 

They conclude that at atmospheric pressure and or¬ 

dinary temperatures most metastable Ar,* do not 

decay before undergoing a collision. For homoge¬ 

neous nucleation in a supersaturated vapor this 

would mean chat metastable dimers would be impor¬ 

tant. However, the lifetimes of some states are 

sufficiently short that under conditions such as 

might exist in beam experiments (which can require 

lifetimes >10 s for detection) tunneling could 

be a factor. And, as our trajectory results show, 

the metastable products are formed as readily as 

the stable ones at the higher energies. 

Ar*Ar2 EXCHANGE 
O "STABLE' Ar2 

A METASTABLE Ari 
• TOTAL 

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 
Erel(kcal/mol«) 

Fig. 81. 
Cross sections as a function of relative transla¬ 
tional energy for Ar + Ar2 atom exchange. The 
points at a given energy were computed from 1000 

ijectories. (The curves are not fits to the 
,«ints; they are drawn to illustrate the general 
behavior of the points.) 

For states with energy near E. , the lifetimes 

are effectively infinite. If it is assumed that 

the Ar2* lifetime must exceed 10 s to allow de¬ 

tection as a bound product in a crossed-beam exper¬ 

iment, WKB tunnelling calculations predict that 

49% of the Ar2* formed by exchange will satisfy 

this re iiiirement. Consequently, the importance of 

such metastable states in beam measurements is 

clear. In nucleation experiments, where the pres¬ 

sures are much higher then in beam experiments, 

metastable species nay play an even greater role. 

Some of the details of the mechanisms for 

reactions involving the exchange of van der Waals 

bonds have been investigated for Ar + ArKr and Kr + 

NeAr. Atom-exchange and dissociation cross sec¬ 

tions were computed for Kr + NeAr as a function of 

initial relative translational energy, and angular 

scattering and product energy distributions were 

computed. The results indicate that mechanistic, 

as well as statistical, factors are of major impor¬ 

tance in the determination of the exchange reaction 

dynamics. Light-atom abstraction is found to 

occur by a stripping mechanism, whereas abstraction 

of the heavier atom involves complex formation and 

rebound scattering. The mechanism for light-atom 

abstraction in some systems is found to be energy-

dependent with the low-energy stripping mechanism 

becoming more like that for heavy-atom abstraction 

as the collision energy increases. When this 

occurs, the mechanisms become nearly identical, 

and the computed branching ratio therefore comes 

into accord with statistical predictions, 
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F. Energy Transfer in Collisions of Highly 

Excited Diatomic Molecules (Donald L. Thompson) 

Recent experimental studies of rotational 

lasing have provided evidence that energy transfer 

is at least partly responsible for the rotational-

state population inversions. The initial step in 

the mechanism that leads to lasing is the produc¬ 

tion of an inverted vibrational-state population, 

possibly with some nascent rotational inversion, in 

the product molecule of a chemical reaction. An 

inverted rotations-1 population is then produced by 

rapid vibration-rotation (V-R) energy transfer. As 

the system cascades down the vibrational ladder, it 

climbs the rotational ladder; thus giving an in¬ 

verted J-state distribution in the lower states. 

We have carried out a series of quasiclassical 

trajectory studies of the energy transfer in He + 

H2, Ar + HC1, Ar + HF, and Ar + OH. The energy 

transfer in systems with both high vibrational and 

rotational energies had received little attention, 

from both theorists and experimentalists before 

this work. State-to-state cross sections have been 

computed as a function of the initial vibrational 

and rotational states, and the initial relative 

translational energy. The same qualitative beha¬ 

vior occurs in all the systems studied. The impor¬ 

tant features of the mechanism for relaxation of 

highly excited diatomic molecules colliding with 

rare gas atoms are illustrated (Fig. 82) by the 

state-to-state cross sections in a.u. for the pro¬ 

cesses Ar + HC1 (v.. = 2, J = 30 -» vfJf) at 0.5eV 

collision energy. There are upward shifts in the 

rotational state for the downward vibrational 

transitions and downward shifts for upward vibra¬ 

tional state changes. Similar results were 

obtained for the other systems studied. 

"•« 16 

- 12 

18 20 22 24 26 28 30 32 34 36 38 40 

Fig. 82. 

State-to-state cross sections for v. = 2 , J. = 30 •» 
vf, Jf as a function of vf and J, At O.SeV

1initial 
relative translational energy in Ar + HC1 colli¬ 
sions. 

The locations of the peaks in the distribu¬ 

tions of final rotational states in the final vibra¬ 

tional states display a near linear dependence on 

the final vibrational quantum number, as illustra¬ 

ted for the case of Ar + HF in Fig. 83. In Fig. 83, 

the rotational quantum number for the peaks j"!ax in 

the final rotational state distributions are plot¬ 

ted against the final vibrational state v, fo-

J. + 30 and v. = 0 , 2, 4 and 6. The behavior of 

J. is essentially independent of both v. and J.. 

The major conclusion of these studies is that 

relaxation from high v, J states may 1-sad to inver¬ 

ted rotational populations in the lower vibrational 

states. Thus this work adds support to the energy 

transfer pumping mechanisms in pure rotational 

lasers. 

126 



•"• 4 2 -

10 

Fig. 83. 

Plots of the final rotational quantum number asso¬ 
ciated with the largest state-to-state (V., J. •» v,, 
J_) cross section in the various v_ for J. = 30, 
v. = 0, 2, 4, and 6 at 0.5eV initial relative trans-
Intional energy in Ar + HF collisions. 

G. Theoretical Studies of Surface Diffusion (J. D. 

Doll and H. K. McDowell, Visiting Staff Member) 

Surface diffusion is an important elementary 

process in surface chemistry. In spite of this 

importance and in spite of a decade of detailed 

experimental studies, surface diffusion is poorly 

understood theoretically. For example, at present, 

we do not clearly understand the effects of surface 

geometry and composition on the diffusion process. 

Recently, we have undertaken theoretical stu¬ 

dies of surface diffusion to explore the ability of 

rn dynamical methods to describe such processes. 

Self diffusion on metals was chosen for initial 

work because extensive surface diffusion constant 

data from field ion microscope studies already 

exist. Although wt realized the overly simplistic 

nature of such an approach, we began our studies by 

assuming that the microscopic interactions could be 

approximated by simple pair potentials chosen to 

fit bulk thermodynamic properties (e.g. , heat capa¬ 

city, sublimation enthalpies, thermal expansion co¬ 

efficient, etc.). These potentials were used with-

out modification in (classical) molecular dynamics 

studies of surface diffusion. 

The results of these surface diffusion studies 

are encouraging. We find that such pair potentials 

extracted from bulk thermodynamic data yield quanti¬ 

tative estimates of the surface diffusion constant 

and its temperature dependence for various systems. 

For example, we find this to be true in small acti¬ 

vation energy systems (fcc(lll)), in large activa¬ 

tion energy systems (bcc (110)), and preliminary 

calculations indicate that it is true for channeled 

crystalline faces (bcc(211)). That such simple 

pair potentials derived from bulk data can accur¬ 

ately model such microscopic detail in surface dif¬ 

fusion is surprising. 

XV. UNCLASSIFIED WEAPONS RESEARCH 

A. Structures of Organic Explosives: Refinement 

of the Structures of Ammonium and Potassium 

Picrates (R. R. Ryan, A. C. Larson, H. H. Cady 

(WX-2), and R. N. Rogers (WX-2)) 

It has been observed that the isostructural 

explosives ammonium picrate (AP) and potassium 

picrate (KP) are markedly different in their sensi¬ 

tivity to detonation by impact. The reason for 

this difference in behavior is not understood and 

we have carried out an extremely accurate determina¬ 

tion of the structures in order to ascertain whether 

chemically significant differences can be detected 

between these two compounds. 

Both compounds crystallize in the space group 

Ibca with the following cell parameters, AP: 

a = 13.480(3), b = 19.793(6), c = 7.130(1) A and KP: 

a = 13.331(2), b = 19.120(4) and c = 7.135(2) A. 

Intensity data were collected for a hemisphere of 

data to 26570° giving four independent measurements 
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for each reflection. Refinements were carried out 

using isotropic thermal parameters for all non-

hydrogen atoms (isotropic thermal parameters were 

used for hydrogen) and neutral atom scattering 

factors. The scattering factors were modified by 

multipole terms to the octopole level, a procedure 

that allows determination of the charge on each 

nonhydrogen atom and its deviations from a spheri¬ 

cal charge distribution. 

Interatomic distance and atomic charges are 

listed in Table XXVI and correspond to the labeling 

scheme shown in Fig. 84. 

Inspection of the interatomic distances reveal 

small but perhaps chemically significant differ¬ 

ences between the two structures especially in C-0 

and N-0 distances. That is, in AP the ammonum ion 

is hydrogen bonded to 01, which is not involved in 

the potassium coordination sphere in KP; the Cl-01 
o 

distance is ca. 0.01 A longer in AP. Similarly, 02 

and 04 are involved in the K coordination sphere, 
but not hydrogen bonded by NH.. These two N-0 dis¬ 

cs ^ 
tances are ca. 0.01 A longei in the potassium salt. 

Oxygen atom 03 is not involved in the cation coor¬ 

dination sphere for either salt and the correspon¬ 

ding N-03 distances are identical in both compounds. 

Clearly, there exist significant differences between 

between the materials and it is at least interest¬ 

ing that the more sensitive material (KP) contains 

slightly elongated N-0 bonds. Whether or not these 

TABLE XXVI 

DISTANCES AND ATOMIC CHARGES IN THE PICRATE ION 

Nl-04 

N1-C4 

C4-C3 

C3-H 

C3-C2 

C2-N2 

N2-03 

N2-02 

C2-C1 

Cl-01 

K+ 

1.230(3) A 

1.438(4) 

1.393(2) 

0.992(15) 

1.373(3) 

1.459(3) 

1.232(3) 

1.233(3) 

1.458(2) 

1.244(3) 

NH* 

1.219(3) A 

1.440(3) 

1.387(2) 

0.932(15) 

1.377(2) 

1.462(2) 

1.230(3) 

1.223(3) 

1.452(2) 

1.255(3) 

Nl 

04 

C4 

C3 

C2 

N2 

03 

02 

Cl 

01 

Charge 

+0.190 

-0.112 

-0.133 

-0.055 

-0.157 

+0.105 

-0.143 

-0.098 

+0.024 

-0.156 

Fig. 84. 

ORTEP projection of the picrate ion in ammonium and 
potassium picrate. The unlabelpd atoms are related 
to the labeled atoms by a t«/o-fold axis through 01, 
Cl, C4 and Nl. 

differences signal incipient reaction pathways for 

reactions which lead to detonation must await simi¬ 

lar studies on many compounds of varying sensi¬ 

tivity and studies to see if these differences are 

magnified at elevated temperatures and pressure. 

The atomic charges that are a side product of 

our studies are chemically reasonable and may prove 

to be of value in joint studies with WX-2 and with 

J:m Holder of the Naval Surface Weapons Center on 

the prediction of crystal density through molecular 

packing analysis. It has been found that coulombic 

terms are essential in these studies in defining 

the pair-wise potential functions that give the 

correct minimum energy structures. These quantities 

can be determined more accurately by careful x-ray 

(and neutron) diffraction methods than they can be 

estimated from theoretical calculations. 

B. Raman Studies of High Explosives (B. I. 

Swanson) 

As part of a laboratory-wide program to 

clarify the fundamental physics and chemistry of 

energetic materials, a Raman study of organic hi 

explosives (HE's) has been initiated. The bulk of 
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.FY 1981 has been devoted to setting up a new 

j. omputer-controiled laser Raman facility with suffi¬ 

cient sensitivity to allow the study of micro 

crystals at extreme pressures (1 bar to 100 kbar). 

The overall objectives are to help develop a micro¬ 

scopic level understanding of the detonation 

process and clarify what determines the shock 

sensitivity of HE's. The approach here is to to 

characterize the molecular vibrations of sensitive 

and insensitive HE's and to map the response of 

both phonon and molecular vibrations to the extreme 

pressure and temperature condition relevant for 

shock initiation. Raman spectra of a small (ca. 

80 um on edge) crystal of pentaerythritol tetrani-

trate (PETN) have been obtained to 50 kbar using 

the new instrument; representative spectra are 

shown in Fig. 85. The spectra exhibit excellent 

signal-to-noise demonstrating that accurate esti¬ 

mates of frequencies, lineshapes, and relative 

intensities as a function of pressure are quite 

feasible. One notable observation is that both 

the symmetric and asymmetric C-H stretching modes 

undergo significant frequency increases (57 and 

71 cm , respectively) in going from 1 bar to 

50 kbar. Earlier time resolved measurements ' of 

PETN subjected to a 60 kbar shock showed no change 

in the frequency of these same modes. Our results 

show conclusively that both groups carrying out 

time-resolved measurements were, in fact, observing 

PETN at low pressures and not within the shock wave. 

The spectra also show evidence for substantial 

relative intensity changes and variable frequency 

shifts with increasing pressure. The strong mode 

dependence of the frequency shifts do not correlate 

with absolute frequency showing that conventional 

analysis using mode Gruneizen parameters is inade¬ 

quate. It is likely that pressure induced coupling 

are responsible for the intensity and frequency 

changes. Indeed, it is possible that the intensity 

change observed for C-H stretching modes in the 

5O KBARS 

I5OOO •• 

2000 
200 1200 

Fig. 85. 

Raman spectrum of PETN. 
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tine resolved studies arises from shock-induced 

structural changes in the PETN crystal. 

Finally, significant lineshape changes have 

also been observed as a function of pressure as is 

consistent with dynamic coupling between optic and 

phonon nodes. Further work, including pressure 

dependent studies of isotopically labeled systems, 

is underway to further clarify these unusual fre¬ 

quency, intensity, and lineshape changes. 

The Study of Insensitive HE's 

Picrate salts exhibit vastly different shock 

initiation properties; ammonium picrate is quite 

insensitive whereas metal picrates are shock sensi¬ 

tive. The most striking comparison is that of 

ammonia and potassium picrate, which are isostruc-

tural. In an effort to clarify what structural 

differences, if any, occur for these materials, 

Raman spectra have been obtained for both salts at 

10 and 300 K. The largest difference in the Raman 

spectra of ammonia and potassium picrate is in the 

phonon region where the relative intensities of the 

modes are quite different. Of the internal modes, 

the N-0 stretches are most perturbed as is consis¬ 

tent with strong K — 0 _ N intermolecular bonding 

and the concomitant mixing of K translation with 

-NO, stretching. Surprisingly, the various NH. 

deformation and particularly the torsional modes 

were not clearly discernible in the spectra of 

ammonium picrate. Further Raman and ineleastic 

neutron scattering studies of isotopically labeled 

and mixed K-NH. salts are underway to further 

clarify the mode coupling in the picrates. 

The Raman spectra of several isotopic species 

of triamino trinitro benzene TATB (- N02, -
15NH2, 

perdeutero, and several partially deuterated 

samples) have been studied. Comparison of the 

normal, deuterated, and - NO, isotopic species 

shows evidence for substantial mode coupling be¬ 

tween -NH2> C-N, and -N02 motions. Mixing of this 

type is consistent with the strong NH ON hydrogen 

bonding known to be present in TATB and is indica¬ 

tive of strong coupling of the -NHL and -NO, inter¬ 

nal modes to the phonon bath. Spectra observed for 

several partially deuterated samples show striking 

changes indicative of H,D scrambling and long range 

interactions. 

TATB is known to undergo UV-visible photolysis 

in the solid state to produce a green material with 

stable free radicals. The production of free radi¬ 

cals has been postulated as an important primary 

step in shock detonation and the identification of 

the photolysis products in HE'S such as TATB is of 

great interest. Unfortunately, it has been ex¬ 

tremely dificult to obtain any structural informa¬ 

tion on the photolysis reaction in TATB. In a 

recent experiment employing our new laser Raman 

facility, we have been able to rule out simple 

species such as N02 and N-0. Note that several 

attempts were made to perform the photolysis 

experi,. nt using the old Cary 82 Raman system; in 

each case no new features were observed. This cur¬ 

rent result demonstrates the utility of the more 

sensitive new Raman facility. Considerably more IR 

and Raman work is necessary to characterize the 

molecular and phonon modes and the photolysis 

reactions in TATB. 
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C. Measurement of 14-HeV Neutron Cross Sections 

' 88Zr and 88Y (R. J. Prestwood and K. W. Thomas, 

D.*R. Nethaway* and N. L. Smith*) 

As part of our continuing program in CNC-11 of 

measuring fast neutron (~14 MeV) cross sections on 

radionuc1 ides, we have measured the (n,2n) and 
Aft 

(n,np) cross sections for 14.8-MeV neutrons on Zr 

and the (n,2n) cross section for 14.2 MeV neutrons 

on Y. The prin.sry purpose of measurements such as 

these is to provide a rigorous test of complex nu¬ 

clear model cross section calculations. A relative 

wealth of experimental data exists for stable tar¬ 

gets but is almost completely lacking for unstable 

targets. The calculation codes receive a more mean¬ 

ingful test when their results can be compared with 

measurements for a number of target isotopes for a 

given element. These model calculations play a 

major role in our current weapons test diagnostics, 

and these experimental measurements are of consider¬ 

able value to our diagnostics program. 

88, The half lives of Zr and Y are 82.6 d and 

106.6 d, respectively. The yields of reactions on 

short-lived targets such as these are difficult to 

measure because the intense target radioactivity 

interferes with the measurement of the radioactive 

product nuclides. It is generally necessary to phy¬ 

sically separate the product from the target by 

means of an isotope separator, for example, or to 

chemically separate the daughter nuclide of the pro¬ 

duct. The latter technique was used for these 

experiments. Several separations as a function of 

time were made of the product daughter nuclide, 

""Sr, from the yttrium and zirconium fractions of 

the ooZr target and from the °Y target itself. 

The target material was produced by bombardment 

of molybdenum targets with ~700 MeV protons at the 

Isotope Production Facility at LAMPF. The Zr was 

produced as a byproduct because the primary purpose 
82 

of the molybdenum irradiation was to produce Sr 
88, 

produce the final target. This cleanup was per¬ 

formed within 24 hours of the start of the bombard¬ 

ment. The target material was placed in a quartz 
og 

tube for the irradiation. The Zr target was 

141 mCi and the 88Y was 40 mCi. The 169Tm(n,2n)-

Tm reaction acted as an internal monitor for the 

neutron fluence. A cross section of 1.995 b was 

used for this reaction, representing the average of 

the LLNL (1.98) and Los Alamos (2.01) measurements 

at 14.1 to 14.8 MeV. 

The neutron irradiations were carried out at 

the Lawrence Livermore National Laboratory ICT 

facility. This facility provides an intense source 

of 14-MeV neutrons by the bombardment of a rapidly 

rotating tritium target with 400-keV deuterons. 

The 14-MeV neutron source strength in these experi-
12 

ments was about 2 x 10 n/s giving a neutron flu-
15 2 88 

ence of about 4 x 10 n/cm for the Zr irradia¬ 

tion, placed in the 0° line (14.8 MeV), and 5 x 

10 n/cm for the Y irradiation, situated at 

83.6° to the deuteron beam line (14.2 MeV). 

Following the irradiations, the appropriate 

chemical separations of zirconium, yttrium, and 

strontium were made. By making several milkings of 

the Sr daughter from the parent fractions, it 

was possible to measure the Y isomer ratio. For 

the Zr experiments this ratio refers to the popu¬ 

lation of levels following the (n,np) and (n,pn) 

reactions and following the prompt gamma-ray cas-

cade and for the Y experiments refers to the 

population of levels following the (n,2n) reaction 

and following the prompt gamma-ray cascade (see 

Fig. 86). After the milking experiments, a cation-

exchange column using <*-hydroxyisobutyric acid was 

used to separate the thulium neutron flux monitor 

from the yttrium fraction. 

The cross section results were calculated 

with the aid of a computer program that follows 

the nuclear reactions occurring during the irradia¬ 

tion and also follows the growth and decay of 
for the medical isotopes program of CNC-3. The Y each of the relevant nuclides. The timing of 

target materUl was obtained as the decay product 
nn 

from the original Zr target material. In both 

experiments the radioactive target material was 

first purified from its daughter nuclides, ali-

quoted, and then coprecipitated with Tm(0H)3 to 

Lawrence Livermore National Laboratory 

the mSr milkings turned out to be quite impor¬ 

tant. Early milkings were necessary to get the 

yield for "Y, yet enough time had to be allowed 

for the mSr daughter to grow in. Later milkings 
87 

gave the results for the ground state Y produc¬ 

tion. It was important to clean up the zirco¬ 

nium and yttrium fractions immediately after the 
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Fig. 86. 

Decay scheme of 8 7Zr, 8 7 I">9Y, and 8 7 mSr. 

87 
irradiations from any Sr that was produced by 

direct reactions during the bombardment. Otherwise, 
87 this "extra" Sr would invalidate the early 

milking results. 
Tie results for these experiments are shown in 

T3E'e XXVII. A note should be added here about the 

neutron energy of the ^f experiment. We intended 
no 

to irraaiate tne Y at 90° to the beam, which 

would have given 14.1 MeV neutrons. During the 

irradiation, however, the target sagged a bit in 

its holder (approximately 3 mm). This effectively 

put the target at an angle of 83.6°. This shift 

was detected by analyzing a series of nickel foils 

that had been placed at various known angles from 

the deuteron beam, in addition to a nickel foil 

placed at the tip of the quartz tube holding the 
8 8Y target. A plot of 58Co/57Ni measured for each 

nickel foil vs angle from deuteron beam showed that 

the 8 8Y target was at 83.6° and not at the 90" 

originally intended. This resulted in a neutron 

energy of 14.19 MeV rather than 14.10 MeV. 

The cross section values obtained are consis¬ 

tent with calculations performed both at LLNL and at 

LANL. However, refinements will be necessary in the 

codes used at both laboratories to fit all of the 

data obtained more closely. This work is currently 

in progress. 

TABLE XXVII 

RESULTS FOR THE 8 8Zr AND 8 8Y NEUTRON IRRADIATIONS 

88 A. Zr, neutron energy = 14.8 MeV 

o-(n,2n) = 471 ± 24 rob 

a(n,np) = 259 ± 26 nib 

87mY/87y T o t a 1 a _ 0 90 + 0.09 

B. 8 8Y, neutron energy = 14.19 MeV 

a(n,2n) = 1145.6 ± 57 mb 

87mv/87Y Total _ o.70. + 0.05 

a 87 
Corrected for the decay of Zr. 
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*Invited talk 

144 

"Invited talk 



I Data Release for the Red Creek Quartzite Special 
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trations of Forty-Five Additional Elements," Los 
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S. R. Garcia, "An Automated Activation Analysis 

System," 1981 International Conf. on Modern Trends 
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September 30, 1980," Los Alamos National laboratory 
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Studies Related to the Radionuclide Migration 
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(October 1980). 
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the 3rd International Symposium on Water-Rock 
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Hot Ory Rock Geothermal System," The Metallurgical 
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Radionuclide Distributions Between Selected Ground-
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oratory Studies of Radionuclide Distributions 

Between Selected Groundwaters and Geologic Media, 

April 1 - June 30, 1981," Los Alamos National Lab¬ 
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and Development Related to the Nevada Nuclear Waste 

Storage Investigations, July 1 - September 30, 
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Erickson, A. M. Friedman, S. Fried, "Nuclide Migra¬ 

tion Field Experiments Program Plan," Los Alamos 
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P.S.Z. Rogers, "Thermodynamics of Geothermal 

Fluids," Lawrence Berkeley Laboratory report LBL-
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P.S.Z. Rogers and K. S. Pitzer, "High Temperature 

Thermodynamic Properties of Aqueous Sodium Sulfate 

Solutions," Jour. Phys. Chem., 85, 2886 (1981). 

W. A. Sedlacek, E. J. Mroz and G. Heiken, "Strato¬ 

spheric Sulfate from the Gareloi Eruption, 1980: 
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Application of Fluid Chemistry Studies to a Hot Dry 

Rock Geothermal System: I. Neutron Activation 
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P. R. Guthals, and M. M. Fowler, "Measurements of 

Nitric Oxide After a Nuclear Burst," Jour. Geophys. 
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A. E. Norris, "Fission Product Release, July 1 -

September 30, 1980," Los Alamos National Laboratory 
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Williams, E. K. Hulet, J. H. Landrum, R. W. 
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and P. Eskola, "Search for an 80 MS Spontaneous 

Fission Activity in Bombardments of 
15N," Nuc. Phys. A352, 138-146 (1981). 
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A. E. Ogard, G. E. Bentley, E. A. Bryant, C. J. 

Duffy, G. F. Grisham, A. E. Norris, C. J. Orth, 

K. W. Thomas, "Are Solubility. Limits of Importance 

to Leaching?" Scientific Basis for Nuclear Waste 

Management, Vol. 3, Plenum Press (1981). 

R. J. Prestwood, D. B. Curtis, and J. H. Cappis, 

"Determination of the Half-Life of Gd-148," Phys. 

Rev. C 24 (September 1981). 

R. J. Vidale, "Potential for Geochemical Experi¬ 

ments in Large Scale Tests," Geophys. Res. Lett., 
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E. N. Vine, B. P. Bayhurst, W. R. Daniels, S. J. 

DeVilliers, B. R. Erdal, F. 0. Lawrence, K. 

Wolfsberg, "Radionuclide Transport and Retarda¬ 

tion," Scientific Basis for Nuclear Waste Manage¬ 

ment, Vol. 3, Plenum Press, 1981. 

E. N. Vine and A. C. Wahl, "Fractional Independent 
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P. Wagner, E. J. Peterson, and P. L. Wanek, 

"Assessment and Control of Water Contamination 

Associated with Shale Oil Extraction and Pro¬ 
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K. Wolfsberg, B. R. Erdal, and B. M. Crowe (com¬ 

pilers), "Research and Development Related to the 

Nevada Nuclear Waste Storage Investigations, 

July 1 - September 30, 1980," Los Alamos National 
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December 31, 1980," Los Alamos National Laboratory 
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National Laboratory report LA-8747-MS (May 1981). 
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Program Workbook. 

A. S. Mason, G. Hut and K. Telegadas, "Strato-
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N-15 Study of Complexation of Histidine by Zn(II) 
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Amphion as a Complexing Ligand," Inorgan. Chem. 
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"Thermodynamic Parameters and Experimental Data for 
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"The Oklo Reactors: Natural Analogs to Nuclear 

Waste Repositories," Advances in the Science and 
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Ogard, W. R. Daniels, "Preliminary Considerations 

Concerning Actinide Solubilities," Proceedings 
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(0-300°C; 1-1000 bar)," Jour. Phys. Chem. Ref. 

Data. 
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"Radionuclide Migration: Laboratory Experiments 
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Atmospheric Effect and Climatic Impact, Washington, 
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W. A. Sedlacek, E. J. Mroz, G. Heiken, A. L Lazrus, 
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Erdal, "Current Status of Laboratory Sorption 

Studies," Proceedings of WRIT Annual Information 
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Rundberg, "Current Status of Crushed Rock and Whole 
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September 1981. 
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1980 National Waste Terminal Storage Information 
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Fortney, K. L. Erickson, A. M. Friedman, S. Fried, 

and J. J. Hines, "Nuclide Migration Field Experi¬ 

ments," American Chemical Society Meeting, Atlanta, 

Georgia, March 29 - April 3, 1981. 
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APPENDIX B 

LIST OF FACILITIES 1 
CHEMICAL SYNTHESIS EQUIPMENT 

PAR Electrochemical Equipment 

Three Gas Chromatographs 

Vacuum Lines, Hoods, Inert Atmosphere Boxes 

for Handling Air-Sensitive Materials and 

Powerful Oxidants (F,) 

High Pressure Autoclaves 

High Pressure Liquid Chromatography 

SPECTROSCOPIC EQUIPMENT 

NMR 

Varian XL-100-Fourier Transform Nuclear 

Magnetic Resonance Spectrometer for C 

and Other Nuclei 

EM-390 Fluorine, Proton, Phosphorus; £M-36O 

Proton Spectrometers; Superconducting and 

Iron Core Magnets for Studies of Solids 

Bruker WM-300 wide-bore spectrometer for high 

resolution, multi-nuclear NMR of liquids 

Bruker CXP-200 for solid state high resolution 

studies 

INFRARED 

Perkin-Elmer 180, 283, and 683 Spectrometers 

Nicolet FT-IR Spectrometer 

Digilab FT-IR Far IR Spectrometer 

(Cryo-Matrix Equipment) 

LASER RAMAN SPECTROMETERS 

Cary-81 Laser-Raman Spectrometer 

SPEX plus Nicolet Data System, Spectra Physics 

171 with Ar+, Kr+ Lasers 

ULTRAVIOLET, VISIBLE, NSAR-IR SPECTROMETERS 

Hewlett-Packard 8450A uv/visible 

Two Cary-14's 

Molectron N-~pump and dye laser 

X-RAY DIFFRACTION EQUIPMENT 

Weissenberg, Precession and Powder Diffraction 

Picker FACS-1 Single Crystal X-Ray Diffracto-

meter (Replacement being ordered) 

Phillips and Picker X-ray Diffractometers 

Hettler riot-Stage for Optical Microscopy 

INSTRUMENTS FOR ANALYSIS 

Atomic Absorption Spectrometer (In Fume Hood) 

Plasma Emission Spectrometer 

X-Ray Fluorescence Spectrometer (Automatic 

Read-Out and Data Analysis) 

Chemical Autoanalyzer 

HPLC (High Performance Liquid Chromatograph) 

SP8100 

Potentiostat - Coulometer 

Two Oionex An ion Chromatographs 

Automatic Titrator 

HYDROTHERMAL LABORATORY 

Circulation Loops 

Rocking Vessels 

Permeability Systems 

INSTRUMENTATION FOR THERMOCHEMISTRY 

High Temperature Solution Calorimeter 

Combustion Calorimeter 

Room Temperature Solution Calorimeter 

Perkin-Elmer TGS-2 Thermogravimetric Balance 

Differential Thermal Analysis Equipment 

ROCK SAMPLE PREPARATION LABORATORY 

FLUID TRANSPORT SYSTEMS 

Inert Atmosphere Box - Controlled CO-

MICROSCOPY 

Scanning-Electron-Microscope (with non-

dispersive X-Ray Analyzer) 

Optical: Microautoradiography 

MICROORGANISMS PREPARATION FACILITY 

INSTRUMENTATION FOR IN VIVO ANIMAL IMAGING 

Pickar 411 Gamma Camera 

INSTRUMENTATION FOR CHEMICAL KINETICS, CHEMICAL 

DYNAMICS, SPECTROSCOPE AND ULTRASENSITIVE ANALYSIS 

Fast-flow Tube 

Crossed Molecular Beam Machine 

Single Beam Machines 

Stopped-flow Kinetics Apparatus for Pu Studies 

Excitation Lasers uv to IR, Pulsed and cw 

INSTRUMENTATION FOR THEORY 

VAX-11/780 Computer 

MASS SPECTROMETERS 

Two Surface Thermal Ionization, Pulse-Counting 

Instruments 

Four Surface Thermal Ionization with Ion 

Detection by Faraday Cage 

One "Precision-Ratio" Gas-Source 

One Gas-Source Two-Stage for "Heavy Methanes" 

Two Magnetic Deflection Isotope Separators 

Two-stage Mass Spectrorr Ler 

Mass Spectrometer with Multiphuton Laser Ic 

ization source 
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Two Cycloidal, Masses to 80 

Quadrupole with Gas Chromatograph (Masses to 

1000) 

Time-of-Flight and Automated Nitrogen Isotope 

Ratio 

Molecular-beam Photoionization 

MEASUREMENT AND HANDLING OF RADIOACTIVITY 

Automatic Beta and Gamma Counting Systems 

Alpha, Beta, and Gamma-Ray Spectrometers 

Computer Control for Data Collection and Data 

Reduction 

Hot Cells for High Level Gamma- and Beta-Active 

Materials 

Facilities for Alpha-Emitting Materials 

RAOIOISOTOPE PRODUCTION FACILITY AT LAMPF 

CRYOGENIC SEPARATION FACILITY FOR STABLE ISOTOPES 

OF C.O.K (ICONS) 

RESEARCH REACTOR (OWR) 

Three Automated Neutron Activation Analysis 

Systems with On-Line Data Reduction 

Fourteen Thermal and Epithermal Rabbit Facilities 

In-Core Irradiation Facilities (Thermal flux 

?9 x 10 1 3 n/cm2s) 

Two Triple-axis Neutron Diffraction Spectrometers 

Neutron Radiography Facility 

Two Neutron Capture Gamma-Ray Facilities 

APPENDIX C 

DESCRIPTION OF SELECTED MAJOR DIVISIONAL FACILITIES 

1. Los Alamos NMR Facilities (W. L. Earl, E. 

Fufcushima, S. B. W. Roeder,* and W. E. Wageman) 

The NMR of solids project has undergone major 

changes in its personnel, physical facility, equip¬ 

ment, and emphases during FY 1981. Bill Earl, an 

expert in high resolution NMR of solids, formerly 

at the National Bureau of Standards, has joined us 

as of July 1981. Bill Wageman of CNC-4, an elec¬ 

tronic and computer specialist, has been assigned 

to the solid state project although he will work 

with all the instrumentation in the NMR Facility 

insofar as maintenance and troubleshooting are 

concerned. 

We have consolidated all of the research grade 

NMR instrumentation, except for two analytical NMR 

spectrometers remaining with the rest of CNC-4 in 

Building 150, TA-21, as of July 1981. Thus, the 

solid state NMR effort is no longer physically 

separated from the solution high resolution NMR 

equipment. Most important of all, the entire NMR 

personnel are now under one roof and this has led 

to a much more effective interaction between the 

various NMR experts. 

As for equipment, we devoted a large amount of 

time to the design of the optimal configuration for 

a wide variety of solids and liquids NMR experi¬ 

ments. We inspected several NMR spectrometers in 

*San Diego State University 

other laboratories in addition to visiting some of 

tiie firms who manufacture such instrumentation 

including a factory in Japan. We decided to pur¬ 

chase two commercial superconducting spectrometers 

capable of hign resolution NMR in solid and liquid 

samples, as well as to construct our own carbon-13 

machine utilizing an existing electromagnet. One 

of these commercial spectrometers, the Bruker 

CXP-200, will be capable of high resolution NMR of 

solids by several methods as well as of relaxation 

studies using complex pulse sequences. Initially, 

this machine will be used primarily for looking at 

protons and nitrogen-15, although we will expand its 

capabilities further to include many other nuclei. 

Our carbon-13 machine, currently being built, will 

be a low frequency spectrometer specifically 

designed to do high resolution NMR of solids while 

using an old electromagnet (with a f<eld strength 

of 1.4 Tesla). Because it will utilize the cross-

polarization magic-angle-spinning method, it will 

be ideally suited for the study of carbon-13 

resonances in organic solids. 

A magic-angle-spinning apparatus to spin a 

solid sample at speeds up to 5 kHz has been de¬ 

signed and constructed. It is a prototype using a 

cylindrical sample with air bearings symmetrically 

located at each end of the sample. It has achieved 

design speed of 300,000 rpm. After further refine¬ 

ment, a spinner assembly will be built for the 

actual NMR experiments on organic solids. 
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As already implied, much of the new emphasis 

of the solid state NHR effort is on studies of 

structure, molecular motion, and composition of 

organic solids consisting of or related to organic 

explosives High resolution NMR spectroscopy of 

these solids will yield valuable information on 

the structure and composition whereas relaxation 

time measurements will yield information about the 

molecular motion in the slow regime [roughly dc to 

1 MHz). 

Projects performed during 1981 include: 

1) reactivation, requiring major modifications 

and repairs, of an old iron-core electromagnet 

for high resolution NHR to be used for the 

carbon-13 magic-angle spinning spectrometer 

(Earl and Roeder); 

2) design of a magic-angle spinner (Earl); 

3) completion of a book on experimental NMR with 

an emphasis on the nuts and bolts experimental 

methods (Fukushima and Roeder and Fukushima); 

4) newly designed NMR coils for better transmitter 

efficiency, better signal-to-noise ratio, and 

larger sample volume (Roeder); 

5) change to a floppy-disk-based solid state NMR 

operating system from a casette system that 

has been used for the past ten years 

(Fukushima); and 

6) maintainance, repair, and development of new 

hardware and software for NMR spectrometers in 

the NMR Facility (Wageman). 

2. Omega West Reactor Operations (H. T. Williams, 

A. R. Lyle, and M. E. Bunker) 

The Omega West Reactor (OWR) is operated to 

provide Los Alamos experimenters with an intense 

source of thermal and epithermal neutrons. Thermal 
13 2 fluxes as high as 9 x 10 n/cm s are available at 

the normal reactor power level of 8 MW. Access to 

the neutron flux is provided by numerous beam tubes, 

removable thermal column "stringers" and fourteen 

pneumatic "rabbit" facilities. The reactor is used 

for sample irradiations, external neutron-beam ex¬ 

periments, in-core irradiation of instrumented cap¬ 

sules, neutron radiography of assemblies, neutron-

capture gamma-ray studies, neutron cross-section 

measurements, and neutron-activation assay 

measurements. A cross section of the reactor is 

shown in Fig. 87. 

MCAVT CONCItETI 

RADIOGRAPHY CAVE 

Fig. 87. 

Horizontal cross-section view of the Omega West Reactor. 
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? In FY 1981, 27 Los Alamos groups and 5 outside 

^ (Oratories (notably Livermore) made use of the 

reactor. Over 69,000 samples were irradiated and 

approximately 2,000 experiment-hours were logged by 

users. Following is a partial list of the experi¬ 

mental programs supported by the reactor operation 

during the fiscal year. 

Weapons 

Radiochemical diagnostics (CNC-11) 

-Tracers for radiochemical procedure develop¬ 

ment 

-Tracers for isotope-separation testing and 

development 

-Neutron activation analysis (NAA) of post-shot 

debris 

-Activation of fissile elements for interlab-

oratory calibrations 

-Neutron cross-section measurements 

-Miscellaneous activations for detector 

calibration 

Helium retention in uranium tritide (WX-5) 

Uranium and plutonium tritide structure studies 

(WX-5) 

Neutron radiography of weapon components (M-B) 

Inertial Confinement Fusion 

Activation of microspheres for radiochemical 

diagnostics (P-2, LLNL) 

Neutron activation analysis of optical compon¬ 

ents (P-2) 

Magnetic Fusion Energy 

Radiation damage studies (LLNL, HEOL) 

Safeguards 

Spent fuel scans for development of safeguard 

techniques and instrumentation (Q-5) 

Waste Isolation and Oklo Phenomena 

NAA for trace elements in Nevada basalts (G, 

CNC) 

NAA uranium assay of leachates (CNC) 

Tracers for water migration studies (CNC) 

Glassy containment (Rockwell International) 

Resource Assessments 

NAA for National Uranium Resource Evaluation 

(G-4, CNC-5) 

NAA for strategic metals extracted from sea-

water (LLNL) 

Geothermal and Ggochemical 

Tracers for hot dry rock project (G, CNC) 

NAA characterization of Cretaceous-Paleocene 

boundary rock (G-2) 

NAA of basalts from potential geothermal 

sites (G-9) 

Environmental Assessments 

NAA of mineral wastes from coal and oil shale 

(CMB-8) 

NAA of Los Alamos environmental samples (H-8, 

LS-6) 

NAA of uranium mill tailings (ALO/UMTRA) 

Health and Safety 

Tracers for hot-cell chemistry development 

(CNC) 

NAA of urine for fissile material (H-5) 

NAA for metal aerosol evaluation (H-5) 

NAA for trace metals in health-related samples 

(H-5) 

Biological toxicology (LS-5, Lovelace Clinic) 

Calibration and testing of thermoluminescent 

detectors (H-l) 

Research 

Neutron oscillation experiment; feasibility 

study (P-DO) 

NAA for boron in meteorites (CNC-7) 

NAA for platinum-group metals study of 

Cretaceous-Tertiary extinction (CNC-H) 

Studies of nuclear structure via radionuclide 

decay (CNC-5) 

3. Stable Isotopes Facilities 

1. Four cryogenic distillation columns are sus¬ 

pended in deep holes. The longest, 700 ft, 

distills carbon monoxide for carbon-13 produc¬ 

tion (Fig. 88). The other columns distill 

nitric oxide for concurrent production of 

nitrogen-14, nitrogen-15, oxygen-16, oxygen-

17, and oxygen-18. A test column in the 

fourth hole is used for research. The produc¬ 

tion facilities are operated continuously and 

require a set of complex control consoles for 

safe, automatic control. A newly installed 

system for reprocessing isotopically depleted 
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CARBON MONOXIDE DISTILLATION PLANT 
ICONS TA - 4 6 

TO CONDENSER SECTION 

nitric oxide by exchange with isotopically 

normal ritric acid also operates continuously 

During FY 1981, the isotope separation plant 

produced 8.5 kg 13C, 1.9 kg 15N, and 0.2 kg 

0 having a combined value of $667K. 

2. Isotopic samples from the columns and other 

parts of the routine isotope operations are 

analyzed by an automated cycloidal mass spec¬ 

trometer, all relevant data are magnetically 

stored, and a variety of displays and reports 

are available to the plant operators and 

supervisor. 

3. The product gases from these columns are 

handled by a benchtop of process equipment 

for chemical conversions. 

4. As a service to the outside scientific com¬ 

munity, we have developed an automated nitro¬ 

gen isotope analytical facility. Ammonium sul-

fate samples resulting from isotope labeling 

experiments are sequently converted to nitro¬ 

gen gas which is purified cryogenical ly and 

analyzed by isotope ratio mass spectrometry. 

This facility processes several hundred sam¬ 

ples daily, prints out results, and stores 

data magnetically. 

4. Mass Spectrometry Clean ROOM 

To enlarge our array of radiochemical detector 

elements to diagnose thermonuclear fuel performance, 

we are developing sensitive mass spectrometric 

techniques that will permit the use of detector 

elements whose activation products are long-lived. 

These new techniques require the elimination of 

any participate contamination. The latter is 

achieved by doing both the chemical preparation of 

the samples and the mass spectrometric analysis in 

clean rooms. A new 115-m room was designed and 

constructed to house three single-stage and a newly 

fabricated double-stage mass spectrometer. Class 

3.5 air, particle count not exceed a total of 3.5 

particles per liter of a size 0.5 um and larger, is 

supplied to all critical work areas. The remainder 

of the room is maintained at Class 350. Figure 89 

shows the room with the preparation area at the 

left and a spectrometer at the right. 

Fig. 88. 

Carbon Monoxide Distillation Plan Icons TA-46 
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Fig. 89. 

Mass Spectrometry clean room. 
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APPENDIX D 

COMPOSITION OF ADVISORY COMMITTEES FY 1981 

I. Medical Radioisotopes 

Chairman: 

Monte Blau, State university of New York, 

Buffalo, New York, 1978-81. 

Thomas F. Budinger, Lawrence Berkeley Labora¬ 

tory, Berkeley, California, 1979-82. 

Raymond E. Counsel 1, University of Michigan, 

Ann Arbor, Michigan, 1979-82. 

Allan M. Green, New England Nuclear Corpora¬ 

tion, North Billerica, Massachusetts, 

1978-81. 

Paul V. Harper, Franklin McLean Memorial 

Research Institute, Chicago, Illinois, 

1979-82. 

Thomas P. Haynie, M. D. Anderson Medical 

Center, Houston, Texas, 1979-82. 

David E. Kuhl, University of California, Los 

Angeles, California, 1978-81. 

Richard C. Reba, The George Washington Medical 

Center, Washington, D. C., 1978-81. 

II. Stable Isotopes Resource Advisory Committee 

Chairman: 

Dennis Bier, Washington University School of 

Medicine, St. Louis, Missouri, 1975-81. 

Robert Barker, Cornell University, Ithaca, NY, 

1975-81. 

Harry Hogenkamp, University of Minnesota, 

Minneapolis, Minnesota, 19/5-81. 

Kenneth Rinehart, University of Illinois, 

Urbana, Illinois, 1975-81. 

Donald Jenden, UCLA, Los Angeles, California, 

1975-81. 

Charles Sweeley, Michigan State University, 

East Lansing, Michigan, 1975-81. 

111. Visiting Committee for Nuclear and Radio-

chemistry 

Chairman: 

Anthony Turkevich, University of Chicago, 

Chicago, Illinois, 1980-81. 

Chairman-Elect: 

Jerome Hudis, Brookhaven National Laboratory, 

Upton, New York, 1980-82. 

John 0. Rasmussen, University of California, 

Berkeley, Calfornia, 1980-83. 

Robert Vandenbosch, University of Washington, 

Seattle, Washington, 1980-83. 

Lawrence Wilets, University of Washington, 

Seattle, Washington, 1980-82. 

APPENDIX E 

DIVISIONAL SEMINARS 

"Flowing Afterglow Study of Ion-molecule Reactions "Retention and Transport of Elements in the Earth's 

of SFc," Lucia Babcock, CNC-2, November 7, 1980. 
b 

"Extraterrestrial Studies Using Nuclear Inter¬ 

actions," Robert Reedy, CNC-11, December 5, 1980. 

"Overview of Waste Isolation 'Activities in CNC 

Division," Bruce Erdal, CNC-7, January 9, 1980. 

"Nuclear Magnetic Resonance of Polymers—An Example 

of a Solid State Study," Eiichi Fukushima, CNC-4, 

February 6, 1981. 

Crust--The OKLO Experience," David Curtis, CNC-7, 

March 6, 1980. 

"Dynamics of the Reaction of Nitric Oxide and 

Ozone," Jim Valentini, CNC-2, April 17, 1981. 

"Evidence in New Mexico for an Extraterrestrial 

Event Marking the End of the Cretaceous Period," 

Charles Orth, CNC-11, May 1, 1981. 
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."Carbon 13 NHR as a Biochemical and Physico-

.lemical Probe," Bob London, CNC-4, June 5, 1981. 

"Thermonuclear Fuel Burn--Foreign and Domestic 

'Are You Sure You Can't Fool Mather Nature,'" 

(classified) Don Barr, CNC-11, August 7, 1981. 

"Ultra-Sensitive Analysis of Plutonium Using Laser 

Spectroscopy," Dr. Norbert Trautmann, Institut fur 

Kernchemie, Joh.Gutenberg—Universitat Mainz, West 

Germany and "Heavy and Superheavy Element Studies 

at GSI," Dr. Jens Volker Kratz, GSI, September 18, 

1981. 

APPENDIX F 

LIST OF DIVISIONAL PERSONNEL BY GROUP 

CNC-DO (667-4457) 

CMR Building, TA-3, R. A214 

*Darleane C. Hoffman, Division Leader 

*N. A. Hatwiyoff, Deputy Division Leader 

Margaret Plageman, Budget-Fiscal Spec. 

Audrey Giger, Administrative Assistant 

Joan Brown, Secretary 

CNC-2 (667-4686) 

CMR Building, TA-3, Wings 4 and 5 

*John H. Sullivan, Group Leader 

Karen Peterson, Secretary 

Archuleta, Frank A. 

*Blais, Normand r. 

*Cross, Jon B. 

*Doll, Jimmie U. (Laboratory Fellow) 

Fernandez, Wilbur 

Garcia, Anthony R. 

"Holley, Charles E. Jr. 

*Keller, Richard A. 

*Newton, Thomas W. 

*Nogar, Nicholas S. 

*Streit, Gerald E. 

"Thompson, Donald L. 

*Valentini, James J. 

*White, Ralph W. 

*Zeltmann, Alfred H. 

Bomse, David S. (JRO Fellovv) 

Postdoctoral Appointees 

Babcock, Lucia M. 

Dovichi, Norman J. 

Miller, Charles M. 

Valone, Steven M. 

CNC-3 (667-4675) 

Radiochemistry Building, TA-48 

Target Area, LAMPF Beam Stop 

"Harold A. O'Brien, Group Leader 

Barbara Burress, Secretary 

"Barnes, John W. 

"Bentley, Glenn 

Debusk, Thomas P. 

Ott, Martin A. 

Seurer, Franklin H. 

"Steinkruger, Fred J. 

"Svitra, Zita 

"Thomas, Kenneth E. 

"Wanek, Philip M. 

•Wilbur, D. Scott 

Postdoctoral Appointee 

Rogers, R. Scott 

CNC-4 (667-6045) 

Building 3 and 150, TA-21 

Building 88, TA-46 

"Robert A. Penneman, Group Leader 

Ruth F. Capron, Secretary 

"Armstrong, Dale E. 

"Asprey, Larned B. 

"Earl, William 

"Eller, P. Gary 

Ekberg, Scott 

Foltyn, Elizabeth 

"Fukushima, Eiichi 

"Goldblatt, Maxwell 

Garcia, Michael 

"Han, Chung Hwa 

"Hutson, Judy 

"Jarvinen, Gordon 

*Staff Member *Staff Member 
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"Jones, Llewellyn H. 

"Kubas, Gregory J. 

"Larson, Allen 

Lehman, Charles A., Jr. 

"London, Robert E. 

"Mclnteer, Berthus B. 

Medina, Raymond 

*Mills, Thomas R. 

Montoya, Joe G. 

"Moody, David C. 

Komero, Ramon 

"Ryan, Robert R. 

Salazar, Kenneth V. 

"Swanson, Basil I. 

Schmahl, Francis 

Vandervoort, Raymond C. 

"Wageman, William E. 

"Walker, Thomas E. 

Postdoctoral Appointee 

Fry, Herbert 

Phi 11ippi, Martin A. 

Unkefer, Clifford J. 

CNC-5 (657-4151) 

Omega Site, TA-2 

"Merle E. Bunker, Group Leader 

Sarabel Serna, Secretary 

"Denton, Michael M. 

Eide, Bruce P. 

"Garcia, Sammy R. 

Gomez, Richard D. 

Kent, Alex P. 

"Lyle, Alvin R. 

"Minor, Michael M. 

*Starner, John W. 

"Williams, Herbert T. 

CNC-7 (667-4498) 

Radiochemistry Building, TA-4S 

"Ernest A. Bryant, Group Leader 

S. Kathleen Kelly, Secretary 

Aguilar, Ruben D. 

"Alei, Mohammed 

Banar, Joseph C. 

"Bayhurst, Barbara P. 

Bayhurst, Gregory K. 

"Benjamin, Timothy M. 

"Binder, Irwin 

"Cappis, John H. 

"Charles, Robert W. 

"Curtis, David B. 

"Duffy, Clarence J. 

Dye, Suzann 

"Efurd, D. Wesley 

"Erdal, Bruce R. 

"Fowler, Malcolm M. 

"Frank, D. James 

"Gancarz, Alexander J. 

"GuthaU, Paul R. 

Hande), Deva 

"Mason, Allen S. 

Mitchell, Lia M. 

"Mroz, Eugene J. 

"Norris, A. Edward 

• Oakley, Glenda £. 

"Ogard, Allen E. 

"Perrin, Richard E. 

Pruner, Robert E. 

Raybold, Nancy A. 

"Rokop, Donald J. 

"Sedlacek, William A. 

"Treher, Elizabeth N. 

"Vidale, Rosemary J. 

Wanek, Patsy L. 

"Wolfsberg, Kurt 

Postdoctoral Appointee 

Rogers, Pamela S. 

CNC-11 (667-4546) 

Radiochemistry Building, TA-48; 

LAMPF Building, TA-53 

"James E. Sattizahn, Group Leader 

Marcel la Kramer, Secretary 

Armijo, Voncille K. 

"Balagna, John P. 

"Balestrini, Silvio 

"Barr, Donald W. (Laboratory Fellow) 

"Butler, Gilbert W. 

Cisneros, Michael 

Cisneros, Sandra 

"Clinton, David D. 

"Daniels, William R. 

*Staff Member 
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Orafce, Joy 

*Dropesky, Bruce J. 

Elder, Pat-icia A. 

*Ennis, Martha L. 

*Gallagher, James D. 

Gallegos, Carla E. 

*Giesler, Gregg C. 

*Gilmore, James S. 

*Grisham, Genevieve F. 

Hansen, Gary T. 

"Helmick, Sara B. 

Holmes, Lynn 

Kelley, Gregory M. 

"Kelley, Thomas A. 

Knight, Jack H. 

*Knight, Jere D. (Laboratory Fellow) 

"Knight, Sylvia 

"Knobeloch, Gordon W. 

Lark, Marjorie E. 

* Lawrence, Francine 

Lermuseaux, Shari 

*Liepins, Leila 

*Liu, Lon-Che.ng 

Longmire, Calvin C. 

Longshore, Joseph S. 

Lucero, Fabiola 

Maestas, Sixto 

Mitchell, Alan J. 

Myers, Thomas A. 

Oliver, Petrita Q. 

*0rth, Char-les J. 

Paulson, Lloyd L. 

*Prestwood, Rene J. 

*Reedy, Robert C. 

*Rundbirg, Robert 

*Rundberg, Virginia 

Schofield, Raymond G. 

Staritzky, Alice W. 

Stice, Richard 

Tallmadge, Lois F. 

Tnomas, Kiroberly W. 

Thompson, Joseph 

Ulibarri, Larry 

*Vieira, David J. 

Vigi1, Janet E. 

"rfilhelmy, Jerry 6. 

Postdoctoral Appointee 

Clark, James L. 

*Staff Member *Staf Member 
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