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Summary 

PART I. RADIOACTIVE WASTE DISPOSAL 

1. Fate of Trace Elements and Radionuclides 
in Terrestrial Environment 

Banding of several reference clay minerals was evalu- 
ated in a continuous density-gradient solution using 
zonal centrtfugation. Variables examined were particle 
sizes. cationic saturations, and centrifugal forces. Zonal 
centrifugation was also used to segregate mineral 
fractions of several environmental samples, and then 
these were investigated for phosphate or radionuclide 
distribution. For phosphate distribution. samples were 
obtained from the bottom and suspended sediments of 
the ORIC pond and a soil whose runoff drains into the 
pond. The principal finding is that most of the 
phosphate is present in the iron and aluminum phos- 
phate forms. 

For radionuclide distribution samples. bottom sedi- 
ments from White Oak Lake Bed and Creek were 
examined. Cesium- 137 was found primarily in the clay 
mineral band: "Sr was found in most bands, including 
the bands containing calcium carbonate. which tenta- 
tively c o n f i i s  earlier conclusion. Distribution of 
13'Cs in a soil from previously tagged trees (Lirio- 
dendron forest) suggests that the mineral illite plays a 
dominant role in fvring t h s  radionuclide. 

Water quality studies of Walker Branch Watershed 
were continued. Water temperatures were measured 
continuously at several locations in the two streams 
which drain the watershed. Differences in water temper- 
atures were observed with time and location. and the 
differences were not predictably uniform. The differ- 
ences are discussed, with reference to the source of 
groundwater and to air temperatures. 

2. Disposal by Hydraulic Fracturing 

Operational waste injection ILW-6 was made in June 
1969. Some 80,000 gal of waste, containing nearly 
100,000 Ci of activity, were disposed of without 
incident. 

The work in New York State is well under way. The 
injection well and the tour surrounding observation 
wells have been completed. and two test injections have 
been made. Both injections were into the same slot at a 
depth of 1350 ft. The first was made with water only in 
October 1969. and apparently made a dominantly 
horizontal but complex iracture. The second, con- 
talnmg 2.7 Ci of 9sZr-95Nb,  was made on June 26 ,  
1970, and is already known to be horizontal. A dye, 
Rhodamne B ,  was mmed w t h  the radioactive tracOr to 
make a visible marker. 

3. Disposal in Natural Salt Formations 

The principal effort in the current program is a study 
leading to the development of a conceptual design (and 
the required safety analyses) of a combined solidified 
high-level power reactor fuel-reprocessing waste reposi- 
tory and low-activity alpha-contaminated waste reposi- 
tory. This one facility should be capable of handling all 
waste of these two types until about the end of this 
c entury . 

For the high-level wastes a total (gross) salt mine area 
of about 850 acres. al l  newly mmed for the purpose, 
will be required. The present design for the low-level 
facility calls for the use of an existing inactive mine 
which has around 40 million cubic feet of space already 
mined. The tentatively selected location is near Lyons, 
Kansas. 

A geologx and hydrologic study based on available 
information indicates that the central Kansas area meets 
the criteria established for the location of the first 
demonstration repository (e.g., salt beds at  least 200  ft 
thick and lying at depths of no more than 2000 ft). 
Also the Arbuckie formation appears to be suitable for 
disposal of excess salt as brine. However, contacts with 
local salt producers have indicated the possibility for 
sale of the salt either as brine or as rock salt. Therefore, 
sale of the excess salt is considered to be the desirable 
disposal method, with the Arbuckle formation as a 
backup. 

IX 



X 

A number of preliminary studies of temperatures (due  
to radioactive decay heat) at mine level and in the rock 
formations around the mine have been carried out. 
Based on all considerations (such as mine stability. 
aquifer temperature rises. etc.), it appears that 200°C 
peak salt temperature is neither too conservative nor 
too liberal for a t  least the initial stages of a high-level 
disposal facility operation. 

A study of salt tectonics in relation to the disposal of 
solidified hgh-level waste was made. Considering the 
speclfic case of the formation at Lyons. Kansas, it was 
concluded that the possibility of extensive salt deforma- 
tion affecting the safety of the disposal area for a 
period of a few hundred thousand years can be 
excluded. Also the heating caused by the decay heat 
generated in the hgh-level waste would be of such short 
duration (from a geologic point of view) that no 
s i d i c a n t  consequences would be expected. 

4. Engineering, Economic, and Safety Evaluation 

Investigation has continued of factors involved in the 
siting and operation of nuclear facilities. Radioactive 
production and decay processes can now be included 
dlrectly in computer calculation of downwind air 
concentrations that result from routine release of 
gaseous effluents. After deposition, the movement of 
radionuclides in food c h n s  c- :le simulated by the 
prelirmnary computer progra ZATHWAY. An ex- 
ample I S  used to illustrate application of this program. 
Information has been assembled on nuclear power plant 
locations and the surface waters contiguous to each site 
for use in discussions on reBonal planning. 

5 .  Earthquakesand %ctorSafety 

Routine operation of the O W L  seismograph station 
has continued during the year, including the regular 
reporting of data to  the U.S. Coast and Geodetic Survey 
and the periodical issuance of a station bulletin. In 
addition, a seismic hstory of the southeast region of 
the United States was compiled and a study of the 
seismicity of this area made. 

6.  Dose Estimation Studies Related to Peaceful 
Uses of Nuclear Explosives 

The concentration of tntium and Kr in gas samples 
from the Gasbuggy well, the first nuclearly stunulated 
natural gas well. declined exponentially as contami- 
nated gas was removed dunng flarmg operations and 
dduted with uncontarmnated formation gas. The ratio 
of these radioactive impurities III the gas to  the 
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concentration of carbon dioxide and hydrogen also 
diminished for reasons that are not clear a t  present. 
Recent cinsus data were used for an estunate of the 
home occupancy iactor. the fraction of the time that an 
average home is occupied, to aid calculations of home 
exposure to radioisotopes in contamnated gas used for 
heating and other purposes. 

Data on gas consumption in two West Coast metro- 
politan areas. Los Angeles and San Francisco. have been 
combined with meteorologcal information to nrovide 
estimates of the hypothetical doses resulting :tom the 
use o t  contaminated natural gas in these area. Calcu- 
lated concentrations of radioisotopes in the atmosphere 
were higher in Los Angeles than in San Francisco. but 
the hypothetical doses resulting from the maximum 
exposures were almost the same in both areas ( 2 . 2  and 
2 . 5  milhemslyear respectively) because of greater 
domestic use of gas in the cooler regon. 

In addition to potential radiation exposures from 
home and industrial combustion of contaminated 
natural gas, the hypothetical exposure of users of gas 
by-products has been considered, including carbon 
black, fertilizer ammonia, tritiated alcohol, and hydro- 
genated fats and ods. In all cases the hypothetical 
exposure to consumers of these products was shown to 
be neghgible at the levels of radioactivity anticipated in 
large-scale use of nuclear explosives for stimulation of 
natural gas production. 

Considerable effort has been directed toward the 
development of radiation safety guides for transient 
exposures because of the need to evaluate the possible 
hazard of radioactive releases from peaceful uses of 
nuclear explosives at or near the earth’s surface. 
Cumulative exposure guides (CUE’S), based either on 
ICRP maximum permissible annual doses or on maxi- 
mum permissible organ burdens. have been calculated 
for short-term inhalation exposures in terms of concen- 
tration (microcuries per cubic centimeter) and time 
(hours). These transient exposure guides. calculated b, 
means of computer programs, are useful for “first-cut” 
assessment of the possible unpact or short-term releases 
of radioactive materials to  the environment. 

Other exposure modes which are, III general. more 
difficult to evaluate than inhalation, have also be..? 
considered in calculating CUE’s. A computer progran 
available for calculating the exposure resulting from 
immersion in radioactive clouds for short peri3ds. A 
simplified model has also been developed to describe 
one exposure pathway, the fallout-milk-man food 
chain, that can aid evaluation of ingestion hazards 
resulting from either transient or long-term fission 
product deposition on vegetation. 
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Potential doses to indigenous populations dong  
Route 17 in eastern Panama and Route 25 in north- 
icestern Colombia were estimated lor a combination ot 
!,\pothetical exposures to rsdiation. The krudies 
Jttempted to determine when i t  might be appropriate 
tor populations to reenter areas adjacent to the two 
ioutes. 

7 .  Related Cooperative Projects 

Representatives ot other agencies continued to par- 
ticipate in the Radioactive Waste Disposal Section’s 
,tudies. One d ien  guest was in residence during the 
!ear. One member served as assistant news editor tor 
the United States for Health Phvsics and as an assistant 
cditor of .Litclear Suferv. One member of the Section 
w v e d  on the Southern Governors’ Conference Task 
Force for Nuclear Power Policy. Members of the 
Section participated part time III the Nuclear Safetv 
Information Center. the Civd Defense Research Project. 
m d  the agroindustrial complex study . 

PART 11. RADIATION PHYSICS 

8. Theoretical Radiation Physics 

A critical appraisal has been made of quantities and 
units in radiation protection work, and a different 
approach has been suggested for establishing permssible 
limits of radiation exposure. 

A Monte Carlo method has been developed for 
determining LET spectra from energy-proportional 
pulse-height measurements, and work has begun to use 
this method to develop a more convenient and more 
reliable means of determining LET distributions. 

Work is in progress in collaboration with the experi- 
mental Health Physics Group at CERN on the dosim- 
etry of high-energy pions. Calculations are being 
tadored to simulate actual experimental conditions such 
as beam density profile, energy distributions, and target 
size, shape, and composition, and initial results have 
been in good agreement with experiment. 

X new theoretical investigation has been made of 
electron binding to a finite dynamic dipolar system 
where the Harmltonian operator in the Schrodinger 
equation contains, in addition to  the electron kinetic 
energy, the rotational energy of the dipole. Approxi- 
mate Hartree-Fock energies have been calculated for 
autoionizing states in neon and argon atoms. A new 
variational method has been formulated and applied to 
the determination of elastic scattering phase shifts. A 
generalization of the oscillator strength of a molecular 
system which includes nuclei as well as electrons has 

been enunciated. X rapid method of obtaining the 
potential energy of a diatomic molecule has been 
Jevised. .An expression tor the mean free path of a swift 
,:harged particle for plasmon excitation. valid for 
relativistic energies o i  the particle. has been given. A 
theoretical treatment of the difference in stopping 
power of a charged particle and its antiparticle has been 
made using a semiclassical approach. Working m the 
RPA. a formula for the mean free path for double- 
plasmon excitation by a fast charzed particle has been 
derived. Festenberg’s experimental results showing 
momalously large damping uf volume plasmons in 
polycrystalline aluminum have been explained in terms 
c ~ f  elastic scatter o i  the plasmon on the grain structure. 
.I theory has been advanced to account tor the decrease 
in opticai reflectance of a metal in the neighborhood of 
the surface plasmon energy. A revised formulation of 
the macroscopic Maxwell theory has been made. The 
concept of energy as it enters kinetic plasma theory has 
been reexamined, and a revised version of the theory 
has been postulated. 

9. Interaction of Radiation with 
Liquids and Solids 

With a Seya-Namoka vacuum ultraviolet mono- 
chromator the optical properties of cesium have been 
measured just above the plasma energy and the data 
interpreted in terms oi  a plasmon-assisted interband 
transition. The recently installed soft-x-ray mono- 
chromator has been used to extend measurements of 
the optical properties of MgF2 and MgO, previously 
made with a Seya-Namioka monochromator, up  to  66 
eV. Further refinements have been made to the 
ultrahigh vacuum-ellipsometer, and optical constants 
were obtained for palladium from 3000 to  20,000 A. 

Investigations have been continued of the optical 
emission spectra from meta! tilms bombarded with 
high-energy electrons. The radiative decay of volume 
plasmons in magnesium and beryllium has been used to 
Lalculate basic parameters associated with these 
!naterials. In addition. the radiative decay of “nonradi- 
ltive” surface plasmons i n  aiuirunum has been con- 
lkned .  Experimental coniirmation of the theory of 
radiation damping of surface plasmons from aluminum- 
Loated concave diffraction gratings has been obtained. 
and the results of diffusion pump oil contamination of 
diffraction gratings have also been investigated and 
compared with theory. 

Abnormally high exoelectron emission currents from 
magnesium have been observed on exposure to O2 or 
H 2 0  gas. The emission currents. which achieved maxi- 
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mum values in times comparable with times estimated 
to form monolayer coverages on the surface, are 
believed to be associated with a lowering of the work 
function of the magnesium and a formation of unstable 
chemcal bonds on the metal suriace. 

10. Physics of Tissue Damage 

The electron flux in an irradiated semconductor 
( ’  Ge)  was measured and compared with that in metal 
irradiated similarly. When data were reduced to  elimi- 
nate differences due to high-energy stopping powers. 
densities, and source strengths, identical spectra were 
found at the higher energies (-5 keV), but the flux in 

the semiconductor rose to  about twice that in the metal 
st low energles (10 eW.  possibly due to reduced 
semiconductor stopping power near the band gap 
energy. 

An attempt was made t o  see if the electron flux in an 
irradiated medium is enhanced substantially by absorp 
tion of photons released in the medium by deexcita- 
tion, x-ray production, and bremsstrahlung. Thin and 
thick (compared with most photon attenuation lengths) 
sources of ’ W were examined with the Keplertron 
(electrostatic spectrometer), but no differences in elec- 
tron gpectra were found. The possibility remains, 
however, that extremely low-energy photons (less than 
1 keV) may be important, and stili thinner sources will 
have to  be studied to  check this. 

The optical constants of the organic liquids CCl4, 
C,H, , ,  C 6 H 1 2 ,  C 6 H 1 0 ,  C,Hs,  and C 6 H 6  have been 
measured in the energy range from 4.0 to 10.7 eV using 
the closed-cell semicylinder method. In the course of 
this work satisfactory techniques were developed for 
cleaning the semicylinder cell windows. enabling con- 
sistent data to be obtained. The data have been 
interpreted in terms of n - n*, n + u*, and u + u* 
molecular electronic excitations. 

1 1. Electron and lon Collision Physics 

The cross-section behavlor for the production of slow 
electrons (0 to  0.5 eV) upon electron impact ionization 
of the rare gases, water vapor, and benzene has been 
studied for the first time using the SF6 scavenger 
technique and the trapped-electron method. For the 
rare gases the cross section for the production of slow 
electrons abruptly rises at the ionization p o t e n t d  and 
remains relatively constant up to  an energy in excess of 
100 eV. The cross sections for water vapor and benzene 
are found to  steadily increase beginning at their 
ionuation potentials in contrast to the flatness ex- 
hibited by the rare gases. Absolute cross-section meas- 

urements of these inelastic scattering processes will be 
helpful in interpreting electron-slowing-down spectra in 

gases. 
Negative-ion formation in a large number of organic 

and inorganic molecules has been studied in consider- 
able depth with both electron swarm and electron beam 
techniques. The major part of our effort has been 
devoted to the study of ( 1 ) negative-ion lifetimes. ( 2 )  
temporary negative-ion resonances. ( 3 )  dissociative 
attachment cross sections. (4 )  thermal energy electron 
attachment rates. ( 5 )  negative-ion mobilities. and ( 6 )  
mass analysis of negative ions formed in electron swarm 
experiments. Input data from all these experiments 
provide a quite detailed description of electron attach- 
ment mechanisms. 

An apparatus has been constructed to mass identify 
the positive- and negative-ion products resulting from 
collisions of fast neutral cesium atoms with molecules. 
Measurements of the threshold for ion pair production 
in collisions of cesium atoms with electronegative 
molecules afford a deterfination of the lower l imt  to 
the electron affinity of molecules. Using this technique 
we have shown that the electron affinity of nitrogen 
dioxide is greater than or equal to 2.2 5 0.2 eV. Mass 
analysis of ions formed in collisions of high-energy 
cesium atoms (-30 ev) with Brz shows that both Br2- 
and B r -  are produced. Mass analysis of ions formed in 

collisions of cesium with molecules is providing a 
wealth of new information about the formation of 
negative ions due to the complex adiabatic nature of 
the collision. 

Reaction products and rates of reaction of low-energy 
(0-2 eV) 0 -  ions with acetylene, ethylene, ethane. and 
benzene (and their deuterated analogs) have been 
investigated. The absolute magnitudes of the ion- 
molecule reaction cross sections, their dependence on 
0 -  energy, and branching ratios and isotope effects 
have been compared with existing theory. 

12. Atomic and Molecular Radiation Physics 

1 The scattering of thermal electrons by highly polar 
molecules has continued. The dependence of the drift 
velocity of thermal electrons traveling through polar 

to  determne the magnitude and the velocity depend- 
ence of the momentum transfer cross section. The data 

with relevance to a number of factors which can 
distinctly affect the scattenng. Measurements have been 
made also of electron diffusion coefficients and mobili- 
ties in hydrocarbon vapors. These yielded stopping 

gases has been investigated. and the data have been used 

have been discussed within the Born approximation and 

\ 
! 
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zowers of electrons less than -3 eV which were 
remarkably insensitive to structural variations. 

I n  accurate and exhaustive experimental test has 
made of electron swarm energy ciistribution 

functions ( ( E .  E . P )  ior the carrier gases C2  H,, N 2  , and 
.Ar used in electron attachment studies. A standard set 
ot ? ' ( E ,  E , P )  has been established and recommended. X 
,nethod has been deveioped wherebv both the magni- 
:ude and the energy dependence or thermal-peaking 
tlectron attachment resonances is obtained from elec- 
tron swarm data alone. The method has been applied 
,uccessfuily to many molecules (e.g., CCI, . SF, ,  anthra- 
cene. I .:-benzanthracene). Lifetimes and cross sections 
ior long-lived polyatormc negative ions have been 
measured and have been related to electronic and 
yeometricai structure. Estimates of electron affinities 
were obtained for some molecules. 

Electron capture by an organic molecule with simui- 
:aneous excitation of one of the orbiting electrons 
resulting in a long-lived parent negative ion has been 
observed for the first time. .Also. the first energy 
dependence of the autoionization lifetime of long-lived 
negative ions has been found for both nuclear- and 
eiectron-excited Feshbach resonances, and i t  clearly 
showed the effect of increase in internal energy of the 
ion on the autodetachment rate. A systematic study has 
been made of electron attachment to molecules of the 
form CnH2,,+ Br ( n  = 1 to I O )  which allowed a deeper 
understanding of the energetics and quantitative aspects 
of dissociative electron attachment to polyatornic 
molecules. .A new high-resolution experimental arrange- 
ment has been constructed and built which enables 
threshold-electron and compound negative-ion excita- 
tion studies. 

Yew information of great significance has also been 
obtained on the emission and decay of organic liquids 
under electron impact. photophysical studies of liquids, 
transport of resonance radiation in gases, and sensitized 
ionization of molecules. 

13. Graduate Education and Training 
The Health Physics Training Program included fellow- 

s h p  students from Vanderbilt University, The Uni- 
versity of Tennessee, the University of Kansas, the 
University of California. and Georgia Institute of 
Technology. These reported to O W L  for summer 
on-the-job instruction in applied and research health 
physics. 

Division personnel visited I 7 colleges and universities 
to w e  seminars on various research problems of current 
interest and also to help recruit qualified students in the 
fellowship program. 

The Health Physics Dinsion provided research tacdi- 
ties and advisors tor 20 Oak Ridge Graduate Fellows. 
4EC Fellows. and USPHS Fellows who were conduct- 
ing thesis research. A total ot 41 university personnel 
ranging from undergraduates to protessors spent the 
,ummer in the Division. 

Teaching assistance was pven to The University ot 
Tennessee ror its program in Kadiation Physics and to 
Vanderbilt University tor its course in Radiation 
Phvsics. Lectures 3nd tours were given for several 
university groups visiting ORNL. 

Assistance and consultation nere given to eight 
hchools that were interested in establishing health 
physics courses or programs in their science depart- 
ments. 

The Division cooperated with ORAU in the presenta- 
tion ot a ten-week course in Applied Health Physics and 
in the screening of appiicants for AEC Fellowships. 

PART 111. RADIATION DOSIMETRY RESEARCH 

14. Dosimetry for Human Exposures and 
Radio biology 

Calculations of depth-dose distributions for neutrons 
were extended into areas of practical application, 
especially for the use of l S  'Cf in cancer therapy. Dose 
and LET distributions for line, point. and disk-shaped 
sources of neutrons hanng the energy spectrum of ' 'Cf were calculated. The calculations of dose and 
LET distributions due to neutrons were also made for 
two small cylinders chosen to approximate the size of 
rats and rabbits respectively. Preliminary calculations 
were also made for the dose distributions in human 
ietuses exposed to radiation from the nuclear bombs 
exploded over Hiroshima and Nagasaki. Close liaison 
has been maintained with the Atomic Bomb Casualty 
Commission (ABCC) in Japan. Emphasis this year has 
been gven to computation of the radiation doses 
received by those persons exposed near the bombs,who 
survived because of the radiation and blast protection 
aiforded by seismic reinforced buildings. 

15. Spectrometry Research and Development 

Experimental measurements of dose distributions in 
man-sized tissue-equivalent media were made to test the 
recently calculated values. .A special extrapolation 
chamber was developed and used for measuring the 
dose distribution near bone-tissue and tissue-bone inter- 
faces in phantoms irradiated by the Health Physics 
Research Reactor (HPRR).  Other experiments were 
duected to the measurement of LET in neutron- 
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irradiated tissue phantoms utdlzing recently developed 
counters. Measurement of the HPRR spectrum in the 
energy range below 0.5 MeV was accomplished. A 
variety of electronic instruments related to spectrom- 
e:ry research were developed or unproved. and zone- 
refining techniques were used for the purification of 
detector materials. 

16. Applied Dosimetry Research 

The emphasis on thermally stimulated exoelectron 
mussion (TSEE) has continued. with I;. r advances 
made in the sensitiwty and stability detectors. 
especially sintered BeO. Initial studies ot neutron 
response characteristics have been completed, and the 
response per unit dose as a function ot photon energy 
has been measured for several detector types. TSEE 
techniques were also apphed to samples of lunar 
material with the objective of learnmg more about the 
thermal and radiation hstory of the moon. 

ReBstration of charged-particle tracks m msulating 
solids has proved to be of increasing practical value. 
with application in autoradiography with alpha particles 
and radon monitoring. More basic studies of track 
regstration were made. with emphasis on alpha-particle 
repstration in cellulose nitrate. 

17. HPRR and Accelerator Operations 

Results from a new target assembly promse greater 
neutron yields and longer hfe for tritium targets for 
accelerators, especially those used for the T ( ~ J ) ~  He 
reaction. The DOSAR Low Energy Accelerator (DLEA) 
and the 3-MV Van de Graaff are used extensively in 
these studies and in most other d o m e t r y  research. 

The HPRR was operated routinely and w t h o u t  fault. 
The annual disassembly and inspection revealed no 
detectable change in the core materials. In  July 1970. 
the seventh intercornparison study 111 dosimetry was 
held, using the HPRR as the radiation source. and 
participants included dosimetrists from four foreign 
countries. 

18. Interaction of Charged Particles with Matter 

Transfer of equipment from the University of Ken- 
tucky to the 3-MV Van de Graaff was completed. and 
installation and testing were initiated. Initial studies 
include the intensities, lifetimes. and wavelengths of the 
electromagnetic radiations emitted ftom noble gases 
irradiated by fast protons as well as the W values of 
pure gases and gas m t u r e s .  

PART IV. INTERNAL DOSIMETRY 

19. Internal Dose Estimation 

Estimates of dose to red bone marrow are difficult to 
obtain because of the complex distribution of red bone 
marrow within the body. Yet it is a tissue of particular 
importance. because the dose limits recommended for 
purposes of radiation protection are lower i 5  remsiyear 
for occupational exposure) than for most tissues. The 
anthropomorphic phantom and Monte Carlo computer 
program reported here previously for estimation of dose 
due to photons have been adapted to  take account of 
the distribution of red marrow. Only doses from a 
monoenergetic photon emitter present in lungs are 
reported here. As might be expected. the dose is highest 
for the red marrow in the rib cage and certain portions 
of the spine. The pelvlc regon contains a considerable 
fraction of the total red marrow, and the dose to this 
portion is much less, often by an order of magnitude. 

The Monte Carlo computer program mentioned above 
has been used to estimate doses in many body organs. 
However. in some cases the estimates are statistically 
unreliable, particularly for small organs such as gonads 
or thyroid when they are far from the source organ. A 
buildup factor for dose in an infinite medium of water 
has been reported, and despite the finiteness and 
heterogeneity of the body, the use of t h s  buildup 
factor seems to be accurate within a factor of 3, in all 
cases tested against the Monte Carlo code. This result is 
being tested further, and if the limit of error is this 
small, the method may be useful in estimating dose to 
small organs. 

Since many radionuclides are excreted in urine, the 
bladder wall is irradiated by radiation oripnating in the 
unne, which constitutes a pool of variable size. The 
dose per photon varies markedly as the bladder con- 
tents increase, partly because wall thickness is changmg 
and also because of the inverse-square relation of dose 
and distance. The basic data on dose per photon are 
estimated for a range of bladder sizes rangmg from 0 to 
500 ml content. 

A compartmental model for metabolism of iodine has 
been given by Berman, but because of its complexity, i t  
has not been directly compared with more conventional 
models. This is done here, and for 3 1  I the comparison 
is rather close. For some compartments and isotopes of 
iodine. differences by a factor of 2 may occur. 

The thorny question of what happens to a radium 
atom when produced in bone by decay of a thorium 
parent continues to demand attention, because the 
estimate of dose to bone will vary greatly depending on 

i 
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[he model assumed. Last year's report contained calcu- 
!ations corresponding to some hypotheses. and these are 
,upplemented here bv further cases ranpng from 
immediate transier o t  the radium atom to blood to the 
mumpt ion  that it remains iixed in situ until its decav. 

.Although unmersion in an intinite cloud of radio- 
x t ive  ermtter has been a standard case considered i n  

the past. no good estimates of the energy spectrum 
produced in such a case have been available. Due to this 
fact. no reliable estimates of dose at various depths 
within the body have been produced. The wergy 
spec~rum resulting from a monoenergetic photon source 
distributed uniformly in an infinite space of air is given 
here. I t  is expected that a correction tor ground effect 
will be forthcoming in next year's report. 

20. Stable Element Metabolism 

The eiemental balance tor intake and excretion of 
Lertain elements commonlv present in diets is reported 
here tor two auult but)iecLs wno ate ,id iibitum. The  
btudy is dlinost unique in that these individuals were 
btudied over a period or several bears. and manv minor 
:luctuations appear to "isncel out" over such a period 
oi study. 

The gross compositions ot bone and cartilage are 
reported here. The uata on cxrilage are essentially new 
m d  help fill one sizable gap in our knowledge o i  the 
composition o[ the bodv 
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Part IV. Internal Dosimetry 
W. S. Snyder 

19. Internal Dose Estimation 

ESTIMATES OF DOSE TO RED BONE MARROW 
FROM MONOENERGETIC SOURCES OF PHOTONS 

IN LUNGS AND OTHER ORGANS 

M.  J .  Cook W. S. Snyder 
G. G .  Warner’ 

The International Commission on Radiological Pro- 
rection (ICRP) has recommended lower dose limits for 
blood-forming organs than for the majority of other 
body organs - for radiation workers, 5 rems/year and 
for members of the public, 0.5 remjyear.’ In view of 
the ‘special category into which the ICRP has put the 
red bone marrow, it is important to have an accurate 
estimate of the dose to this tissue. Because of the 
complexity of the skeletal system and the red marrow, 
this is not an easy problem. 

Two types of bone marrow may be distinguished in 
the adult, namely, red and yellow: however, the 
demarcation between the two is not sharply defined. 
Red bone marrow is hematopoieticallv active, while 
yellow marrow does not have any hematopoietic 
activity, being composed mostly of fat. 

In the newborn, all of the bone marrow is red. An 
almost identical amount of red bone marrow is found in 

a child weighmg 15 kg as in an adult weighing 70 kg. 
Although between the ages of 6 and 20 years there is a 
gradual replacement of red marrow by yellow marrow. 
the absolute quantity of red marrow remains essentially 
~ n c h a n g e d . ~  In this study only the adult is considered, 
although we plan to make similar studies for individuals 
of other ages. 

Red bone marrow in the adult is located principally in 
the cavities of the ribs, sternum. skull, clavicles, 
vertebrae, and the proximal epiphyses of the femur and 

humerus. Because red bone marrow is scattered 
throughout the body, its weight has been difficult to 
obtun .  For a 70-kg adult, -1500 g has been assigned as 
the weight for the red bone m a r r ~ w . ~  

A mathematical phantom has been designed which 
has the approximate form of the human body with 22 
internal organs which are mathematical constructs of 
those in the living body.’ The exterior form and mnr 
of the principal internal organs are shown in Fig. 19.1. 
For this study the phantom has been changed slightly 
to include scapulae and clavicles. These “bones” are 
specified by the following loci. 

Clavicles - The clavicles are represented as two 
portions of a torus. The torus lies along the circular arc 
x 2  + (V - 11.1)’ = 202, z = 68.25, and the smaller 
radius of the torus is 0.7883 c m  The clavicles include 
only the portion of the torus between the planes 11.1 - 
y = hi tan 8 with 8” 5.5‘  Q 8 < 48” 12’. The absoh8W. 
value sign on x allows for both the right and left 

Mathematics Diwsion. 
Recommendations of the International Commim’on QI 

Radiological Protecrion (adopted Sept. 17. 1965). ICRP Publi- 
cation 9. Perpmon. New York. 1966. 

3Howard R.  Bierman, “Homeostasis of the Blood C8U 
Elements.” chap. 8, pp. 349-418 in Functions of the B b d  
ed. by Robert G. MacFarlane and A. H. T. Robb4d(L, 
Academic. New York and London. 1961. 

4William Bloom and Don W. Fawcett. .4 T t W h J k  d 
Histology. 9th ed., p. 184, W. B. Saunders, Philadelphu 1% 
’ H. L. Fisher, Jr . ,  and W. S. Snyder, “Distribution Of DoW 

the Body from a Source of Gamma Rays Distributed U d d  
in an Organ,” Health Phvs. Div. A n n  Row. Rept. 31, 
1967. ORNL-4168, pp. 245-47. 
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Fig. 19.1. The Adult Human Phantom. Showing an Anterior View of the Principal Organs in the Head and Trunk of the Phantom. 

clavicles. The volume oi  both clavicles is 54.7 cm' and 
the mass is -82 g. 

Scapulae - The scapulae extend from the top of the 
12th rib (z = 67.3 cm)  to z = 50.9 c m  They lie between 
two elliptical cylinders, 

9.a2 

.K2 V 2  - f- = I (outer surface of the rib cage) 

and 

.K2 V 2  - f-  = 1 ( a  somewhat larger cylinder) . 
192 9.g2 

The tapering shape of the scapulae has been ignored. 
m d  they are specified further as the volume between 
the above cylinders bounded by the planes .v =0.1,5x. 
.I' = 0.80x, and 50.9 S z < 67.3. The volume of both 
scapulae is 100.7 cm3, and the mass is taken as 151 g. 

A computer code has been designed to compute 
random histories of photons which originate in one 
organ (the source organ) and to estimate the fraction of 

the photon's initial energy absorbed in each of the 21, 
target organs. This is essentially an application of the 
well-known Monte Carlo technique. In a previous 
report6 estimates of the absorbed energy haw been 
published for these 7 2  target organs when a mono- 
energetic source oi  photons is distributed uniformly in 
16 different source organs. However, "marrow" as 
reported there includes both red and yellow. For this 
report the phantom and the computer code have been 
modified so that absorbed fractions for the red bone 
marrow are obtained. 

In Fig 19.2 the stippled areas represent the red bone 
marrow in the phantom skeleton and in the drawing of 
an actual skeleton. Of the total 1500 g of red bone 
marrow. 13.1% is in the skull. 28.4% in the vertebrae, 

~ ~ 

"W. S. Snyder et ai.. "Estimates of Absorbed Fractions for 
Monoenergetic Photon Sources Uniformly Distributed in 
Various Organs of a Heterogeneous Phantom," MIRD Pamphlet 
Uo. 5. Suppi. No. 3 .  J .  .Vucl. .\fed.. 7-52. (August 1969). 
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Fig. 19.2. Idealized Model for the Computer (Left) Showing 
Distribution of Red Bone Mamw in a Normal Adult (Right). 

10.2% in the ribs and sternum, 4.8% in the scapulae, 
1.6% in the clavicles. 36.2% in the pelvis, 1.9% in the 
proximal epiphyses of the humerus, and 3.8% in the 
proximal epiphyses of the femur. These data have been 
selected from Ellis.‘ although Hashimoto,* Russell ef 
ab.’ and others have gven similar data. If the red 
marrow constitutes a fraction 1. of the total weight of a 
bone plus marrow. then the energy absorbed in the red 
marrow of that bone is taken asf X (energy absorbed in 
that bone plus marrow). Thus red marrow is assumed to 
absorb energy as efficiently per gram as do the other 
constituents of bone. One may use the code to compute 
the absorbed fraction with the source in any location. 
but for this study we are onlv reporting dose to the red 
bone marrow from a monoenergetic source of photons 
in the lung. We plan to obtain similar estimates with the 
source in other organs. The lung was chosen for these 
first calculations, because a considerable fraction of the 
red bone marrow is located close to these organs and 
inhalation is a frequent mode of exposure. 

For this study 30.000 photons were programmed for 
each photon energy. The code provides estimates of 
average dose to the total red bone marrow. but since 
thus dose would not be expected to be nearly constant. 
the code also provides separate estimates of dose for red 

bone marrow in ribs, three sections of the vertebral 
column, pelvis, arm bones, leg bones, clavicles. scapulae, 
and skull. A standard deviarion and coefficient of 
variation are provided for each estimate. 

As examples. in Fig. 19.3 are presented the dose to 
tne rotai rea bone marrow. three regions of the 
vertebral column (upper, mid. and lower), ribs and 
sternum. and pelvis. If  . . ;iicient of variation was 
greater than 6070, the e. : .. . was not included in this 
figure. The estimate  pi^ ‘.tl minus one standard 
deviation IS shown unless the standard deviation was 
less than IWO of the estimate. The I?, different energies 
selected are 0.010. 0.015. 0.02, 0.03, 0.05, 0.1, 0.2, 
0.5. 1.0. 1.5. 7.0. and 4.0 MeV. For 0.010 MeV the 
standard deviation of the estimate was always greater 
than 6Wr; therefore these data are not included in the 
figure. 

‘p 
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‘R. E. Ellis. “The Dlsalbutlon of Active Bone Marrow in the 
Adult.”Phys Med BIOI. 5, 255-58 (1961) 

8Uichio Hashunoto. “The Distnbution of Active Marrow in 

the Bones of Normal Adult.” Kvushu J Med. Scr 11. 103- 1 I 
(1960) 

’Walter J .  Russell ef a l ,  “Active Bone Marrow Distnbution in 

the Adult.”Bnr. J .  Radrol. 39,735-39  (1966). 
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With the source in the lungs. the ribs and sternum 
receive the highest dose. The midregion of the vertebral 
column receives almost the same dose as the ribs and 
siernum at  the higher energies but less at energies below 
0.1 MeV. Of the regions shown here. the red bone 
marrow ot' the pelvis receives the lowest dose, which is 
expected as i t  IS  iarthest from the source in the lungs. 
The dose to the total red marrow falls about midwav 
between these high and low values. as would be 
expected. In particular. the red bone marrow of the ribs 
and midvertebral column receives almost iour times the 
average dose to the total red bone marrow. Of course, 
dose to the red bone marrow in the pelvis and leg bones 
is simlariy low. 

I n  this report the dose to various regions of' the red 
bone marrow has been calculated when the source IS 

distributed unitormly in the lungs of adults. Plans are 
under way to calculate the dose to these repons of red 
bone marrow when the source is in other organs such as 
the gastrointestinal tract, urinary bladder, erc., 3nd to 
study the problem for various age groups. 

ESTIMATION OF DOSE TO GONADS FROM 
GAMMA EMITTERS PRESENT IN THE BODY 

W. S. Snyder Marv R. Ford 
G.  G.  Warner' " 

The author and colleagues' I have developed a Monte 
Carlo tvpe computer code for estimating the specific 
Jbsorbed traction of photon energy 9 ( X -  17. that is. 
fraction o i  energy absorbed in Y per gram of that 
released In X ,  where .Y is an organ of the body 
containing a source of photons distributed uniformly 
therein and Y is a target organ. The code involves a 
mathematical anthropomorphic phantom whose organs 
approximate those of their prototypes in size. shape. 
amposit ion.  and density. Although results have been 
published' I for 16 source organs X and some 20 target 
organs k', the estimate is inaccurate sometimes because 
ot  poor statistics. This is likely to be the case when Y is 
3 small organ and far from the source. In particular. the 
? s t imte  of the specific absorbed fraction for the 
gonads frequently is found to have a large coefficient of 
variation. For this reason no estimates of the absorbed 
fraction for gonads were included in ref. I 1  except 

I Mathema tics Division. 
' ' \ V  S Snyder er al.. "Estimates ot Absorbed Fractions !or 

\lonoenergetic Photon Sources Uniformly Distributed in 
Various Orgns ot a Heterogeneous Phantom." MIRD Pamphlet 
Uo. 5 ,  Suppl No. 3 ,  J. "vucl. Med.. 5 ( 1969). 

when the gonads are a source organ. The present note is 
J first attempt to supply an approximate estimate of 
the specific absorbed fraction !or the gonads. 

Berger' ' has computed the buildup factor B(w) ior 
photons rmna t ing  from 3 point source in an intinite 
medium ot' water. p i n g  values tor photon eneryes 
from 0.02 to 1. MeV and for ILU < 20. D being the mass 
dttenuation coefficient for the photons. The specific 
absorbed fraction a t  distance x cm t'rom a point source 
in the water is then given b v  

where .Y represents the distance o t  the intinitesimal 
target volume t'rom the point source and p,b IS the mass 
absorption coeificient for the photons. l f  @(X) is used 
to estimate the iraction o i  energy absorbed per gram in 
the gonads at distance. x from a point source in the 
body, one might expect the result to be an overestimate 
since S ( w )  was computed for an infinite mehum SO 

that buildup would be maximized. On the other hand, 
i t  is not easy to foresee what efiect the differences in 
composition and density of the bodv mght  have in 
comparing buildup in the body with that in a homoge- 
neous medium Moreover, even if one suspects Eq. ( I )  
w i l  provide an overestimate of the specific absorbed 
fraction for distances in the bodv, it is desirable to 
know approximately the extent o t  the overestimate. 

In an attempt to answer some of the questions raised, 
@(X) has been computed by the Monte Carlo methods 
o i  ref. I I for certain subregions of the body much 
larger than the gonads. so that the statistical accuracy, 
while not always good. is nevertheless much better than 
for the gonads. These regons are "slices'' shown in Fig. 
19.4 and are numbered I to 5 .  The source has been 
placed in the thyroid, so that the distance from source 
to target is as large as can be attained in the trunk. 
Distance has been taken from a central point of the 
thyroid to the center of each slice. Clearly distance 
from the source to a point of the slice vanes sig- 
nificantly at different portions of the slice, and thus a 
high degree of accuracy cannot be expected from the 
cornparison. Figures 19.5-19.10 show the results tor 
@ ( X )  for photons of energies 2.  I .  0.5. 0.2. 0.1, 0.05 
MeV as computed by the Monte Carlo calculation of 
ret'. 1 I .  For comparison, formula ( 1)  with B ( W )  as 

Martin J. Bergcr, "Energy Deposition in Water by Photons 
from Point Isotropic Sources." MlRD Pamphlet No. 2. Suppl. 
No. 1. f. .Vuc/. Med. 15 (1968). 

I2 
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Fig. 19.5. Estimates of Specific Absorbed Fraction@ for an 
Infinite Medium of Water and for Subregions of an Anthm 
pomorphic Phantom. 2 MeV. 
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tabulated by Berger is shown also. I t  is seen that 
generally formula (1) is higher, as expected, and the 
cases when this does not hold might plausibly be due to 
either poor statistics or t o  the rather inaccurate 
characterization of the distance x. To test the influence 
of this distance factor, the value of 'WXl has been 
computed also for the central portion of the slice (see 
Fig. 19.4), and it is evident that tlus generally improves 
the agreement of the estimate provided by this Monte 
Carlo cuculation and that provided by Berger. 

On the basis of the evidence presented here, it seems 
likely that the use of the buildup factor as given by 
Berger' and of formula (1) given here will generally 
overestimate @ ( X )  but not by more than about a factor 
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Fig. 19.7. Estimates of Specific Absorbed Fraction@ for an 
Infinite 5iedjum of Water and for Subregwns of an Anthro- 
pomorphic Phantom. 0.5 MeV. 

Fig. 19.8. Estimates of Specific Abscnbed Fraction@ for an 
Infinite Medium of Water and for Subregions of an Antho- 
pornorphic Phantom. 0.2 MeV. 

o i  2 .  Such a margn of error is acceptable in mew of the 
fact that alternative methods involve uncertainties of at 
least as much and are frequently much more difficult. I t  
should be noted that the degree of accuracy obtained 
for formula ( 1 )  is roughly the same as can be attained 
bv use of the reciprocity theorem (see ref. l 3 ) ,  namely, 
.I factor of about 2 .  

I t  should be emphasized that the above comments 
apply only to the "point-source" formula. When the 
source is much more extended. for example. the lungs 
or stomach or liver, one should perform an integration 
over the source region and only then should one expect 
m x r a c y  as indicated above. The use of a "representa- 

' 3 W  S. Snyder, "Estimation 01 Absorbed Fraction of Energy 
trom Photon Sources in Body Organs." Proc. ORAU Svm- 
posrum on Medical Radionuclrdes: Radiatron Dose and Effects. 
December 8-1 1. 1969. Oak Ridge. Tennessee (in press). 

tive point" for such large organs. say, a central point. 
will add an additional uncertainty. Moreover, when 
lungs are the source organ. the distance to the target 
organ probably should be taken in mass units. The 
influence of such corrections f o r  the variable density of 
the body and the choice of "representative points" for 
source organs are matters which the author hopes to 
explore further in future studies. 
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pomorphc Phantom 0.1 MeV. 

ESTIMATION OF DOSE AND DOSE COMMITMENT 
TO BLADDER WALL FROM A RAMONUCLIDE 

PRESENT IN URINE' 

W. S. Snyder Mary R. Ford 
G. G. Warner' O 

Estimation of dose to the bladder wall from a r on 
ermtter present In urine is more complicated than the 
case of most organs. because the dose per photon iaries 
by almost an order of magnitude as the bladder fills, 
being largest for a nearly empty bladder I s  This large 

' 4 R e ~ n t e d  a i  Aealth Physics Society Meeting, June 28-July 
1. 1970, Chicago, 111. 
'W. S. Snyder. "Estimation of Absorbed Fraction of Energy 

from Photon Sources in Body Organs." Medical Radionuclides. 
Radlotion Dose and Effects, p. 33, USAEC-DTI, Oak Ridge. 
June 1970. 

I 1 
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Fig, 19.10. Estimates of Specific Absorbed Fraction* for an 
lnfmite Medium of Water and for Subregions of an An- 
pomorphic Phantom 0.05 MeV. 

variability implies that a dose estimate will depend 
significantly on the schedule of bladder v o i h g .  More- 
over, if some compartment is present which has an 
elimination half-ti- that is short compared with the 
time for a bladder filling, then the dose estimate will be 
influenced by whether this activity enters the bladder 
when it is nearly empty or nearly full. It is the purpose 
of ths study to provide a basis for estimating the extent 
of the variability of dose to the bladder wall. The 
present study is concerned onlv with the dosimetric 
aspects of the problem In a later study we hope to take 
into account certain patterns of urinary excretion 
which may be regarded as "typical" to  provide bow& - variability o f  dose 10 the bladder wall as a 
-,nsequence of other patterns. 

The bladder is considered to be an oblate spheroid. 

I 1 4 7 9 4 9  



707 

where (x,,. x o ,  2") = t i ' .  -4.5. 8) are the coordinates of 
the center in a Cartesian system of coordinates as 
chosen inMIRD Pamphlet 5." that is. positive x 3x1s to 
the left. positive v axis pointing toward the back. and 
positive z axis directed upward dong  the center line of 
the trunk with the origin at the base of the trunk. The 
semiaxes of the ellipsoid have the ratio a;b:c = 4:3:?, 
and this ratio is assumed to remain t i e d  as the bladder 
fills. The above equation may be considered to 
represent the inner wall of the bladder. snd the exterior 
surface is represented by 

where p I S  chosen so that 

1 
?iabc(p3 - 1 ) = 45 g ( 3 )  

is the mass of the bladder wall. For different volumes of 
urine present in the bladder, the mass remains un- 
changed. and the value o t  45 g has been chosen as 
typical." In Fig. 19.1 1. a schematic diagram of the 
bladder is shown for three different situations. namelv, 
empty and for content of 100 and 400 ml. 

Define now a function D,( V) to be the average dose 
rate to the bladder wall, radsipCi-hr, when the bladder 
content (urine content) is L- ml. No mathematical 
formula for D,( V) is available: rather. its values may be 
obtained by use of the Monte Carlo method described 
in MIRD Pamphlet 5,16  the only change being that the 
bladder content here is V ml and dose is estimated to 
the wall rather than averaged over wall and contents. 

If one considers D,(V  as known, then formulas for 
the dose under any conditions of filling are easily 
written. Thus if f t t )  d t  ml of urine enter the bladder in 
time interval d t  (hr )  and if s ( t )  d t  pCi of activity enter 
the bladder in time dt  (hr), then the total dose (rads) 
from time 0 (commencement of bladder filling) to time 
T is given by 

3 

Formula (4) includes the special case where actiwtv 
begins entering the bladder when it IS partly filled: one 
need only assign s(f) E 0 during this period. 

Consider now a more special situation where 

;CL .--- ICN OF ELAODER FOR SEVERAL JCLvMES MASS CF BLADDER 45qramsl 

Fig. 19.11. Section of Bladder for Several Volumes. 

Equations ( 5 )  represent the special. but unusual, case 
where bladder tilling occurs at a constant rate, say, a 
ml/hr. and excretion is exponential in character [Le.. 
o A e e - ( h + A r ) f ]  with only a portion ot the material 
excreted passing through the bladder. With this special- 
ization, Eq. (4) becomes 

- LaT dx e - ( X c h r ) x ' c r  D,(x)l . (6)  

The latter integral of Eq. ( 6 )  is obtained by substituting 
I = crf as a new variable of integration. 

The function D,( V) has been computed for V = 0. 50. 
100, 100. 300. 400. 500 ml and for the same 13, 
monoenergetic sources of  photons given in MIRD 
Pamphlet 5,16 namely, 0.01. 0.015, 0.02. 0.03, 0.05. 
0.1. 0.2. 0.5, I ,  1.5. 1 .3  MeV. The results are displayed 
in Fig. 19.13 for the four lowest energies and in Fig. 
19.l2b for the others. As will be noted the curves cross, 
and they are separated here to facilitate their use. This 
complex behavior seems to be due to the interplay of a 
number of factors. ( I )  amount of energy released, ( 2 )  
changes in the mass absorption and mass attenuation 
coefficients with energy, and (3) thickness of the wall. 

I'W. S .  Snyder. Mary R. l'ord. C .  G. Warner. and H.  L. 
Fisher. Jr . .  "Estimates of Absorbed Fractions for Mone 
energetic Photon Sources Uniformly Distributed in Various 
Organs of a Heterogeneous Phantom." MIRDPamphlet No. 5. 
Suppl. No. 3.  J.  ~Vucl. Med. 10. 7 (1969). 

I ' X I .  M. Nold. R .  L. Hayes. and C. L. Comar, Health Phvs. 4, 
36 ( 1960). 

I 1 4 7 9 5 0  



208 

_- 40- ' I 
- H 4 S S  EL4DDER W 4 L L :  459 
&- so------- - 
I 

ORNL- DWG m-a713 ,E  *a 
__ MASS EL4DDER W 4 L L  4 5 q  ~ 

~ 

_I 

2 

' (a) 
,fi'4 I 

Fig. 19.12. Variation of Dose to Bladder Wall of a Photon Emitter in Urine as a Function of Photon E n e m  and Mass of Bladder 
Content. ( 0 )  Lower energes; tb) higher energies. 

Where the mass absorption coefficient vanes slowly 
(e.g., 0.1-4 MeV) the D,( V) decreases as photon energy 
decreases. but at still lower energies the increase in the 
mass absorption coefficient causes Or( V) to increase for 
small values of V ;  but for large V. attenuation pre- 
dormnates and Or( V) continues to decrease, although 
not regularly, as energy decreases. Also, the numerical 
values obtained by the Monte Carlo calculation are 
listed in Table 19.1 together with the coefficient of 
variation of each estimate, that is, coV = 100 (standard 
deviation)/estima te. 

The data in Figs. 19.1k.b suggest a multiexponential 
t'orm for D,( v). A twoexponential formula, 

has been found to fit the data with sufficient accuracv 
for practical purposes. The values of the parameters do 
change with photon energy sufficiently that no single 
formula applicable for the entire energy range is 
practical. The errors are not significantly less for a 
rhree-exponential form than for formula (7). The values 
of a. b. X, and p and the maximum percent deviation of 

the formula from the estimated value of D,( v) are given 
in Table 19.2. An  average percent deviation and a 
maximum deviation are also given for each energy. 

The development of formula (7) is due to P. Brindza, 
ORAU summer student from Marquette University on 
assignment to the Health Physics Division. 

APPLICATION OF BERMAKS TENCOMPARTMENT 
MODEL FOR HUMAN IODINE METABOLISM TO 

RESIDENCEOF l Z 3 I ,  lZ4I, '''1 7 1 2 6  1, 
ESTIMATION OF MICROCURIE-DAYS 

A N D ~ ~ ~ I  

S. R. Bernard 

A computer code for solving systems of linear 
differential equations (written by J .  A. Carpenter, 
ORNL Mathematics Division) was employed to obtain 
the equations for retention and the residence times in 
the ten compartments of the model for iodine kinetia 
proposed by Berman.' 

M. Berman, 1. Cfin Endocrind Merab. 28. 1 (1968). 1 8  
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This model proposed by B e m n  is shown in Fig. are not given a clearly defined anatomical location. In 
19.13. in all. 1 2  compartments, ten  of them "body" t h s  report we take these compartments ( 1.4.8, and 9) 
compartments and two excretion compartments. are 3s total-body (TB) compartments, while compartments 
Implied. The TWO excretion compartments are 1. 5, 10. 1 1 .  12,  and 13 are taken as thyroid (T) 
numbkred 0 and 6. Note that there are SIX com- compartments. We have computed mcrocurie-davs 
partments ( 2 ,  5 ,  11 .  13. 10. and 1 I ) representing the residence a t  50 years tor each of the compartments ot' 
thyold. The remaining compartments ( I .  8. 9. and 4) Berman's model except those tor excretlon. The sum of 

Table 19.2. Parameter Values for Dose to Bladder Wall: 
D,( r;) = be-p'" (radsiphoton) 

Deviation of Function 
E I MeV) x .h u and Data 1 % )  

.Average Maximum 

x 10-i x 1 0 - I 2  

0.01 V.126 0.00168 3.474 0.0Y53 -1.51 +4.8 
0.015 0.479 0.00251 4.811 0.0631 s4.28 +8.9 
0.02 0.872 0.00292 5.301 0.0507 r4.44 + n . i  
0.03 0.977 0.00248 4.162 0.0388 r3.n3 +io .7  
0.05 0.807 0.00218 2.172 0.0390 ~ 3 . 6 5  +8.6 
0.1 0.?66 0.00195 2.0'2 0.0378 r2.30 -5.4 
0.2 1.311 0.00187 4.124 0.0344 ?4,04 +9.0 
0 . 5  3.284 0.00192 10.471 0.0342 r3.66 -7 8 
I . ( I  h.  1 .?- 0.00213 19.916 0.0349 r2.56 -4 6 
I .5  S. 2 7 4  0.00199 28.293 0.0377 13.03 -b.L) 

2.0 10.587 0.00198 34.723 0.0414 I 2 . 0 4  -4.6 
4 0 19.086 0.00235 53.210 0.0380 ~5.08 -10.9 

Fig. 19.1 3. Berman's Compartment Model Cor Iodine Metabolism. 



i the residence times tor these compartments present in where ' the thvroid (here designated bv Tl  and the sum of the 
extrathvroidal compartments (here designated bv TB) 
are given. 

The equations tor the amounts ot ioaine present in 
each compartment oi the model, written In matrm 
notation. x e  

Here )'if) is a column vector o i  ten elements .v,( t )  cj = 
1. ..., 10) corresponding to the amount of iodine in the 

j th compartment 3t time r: 17t )  is the derivative o i  the 
column vector Y ( r ) :  = ( A i k )  is a 10 bv 10 matrlx of 
transfer coefficients Xik o', k = I .  ..., IO) .  and the values 
for 3 normal man have been specified bv Berman. We 
do not list these here. They mav be found in ret. 18. We 
do list the solution vectors we have obtained in our 
application of the computer code. I t  is unfortunate that i 
these cannot be compared with those of Berman. In 

I Table 19.3 are listed the eigenvalues corresponding to 
metabolism of stable iodine. Note these are generally 
complex numbers. 

In order to explain the solutions which follow we 
have to discuss the solution of the differential equations 
(1 ) .  The computer is instructed to diagonalize the 
matrix i\. that is. find P and D. where 

2nd di is the eigenvalue. Here I.901 is the column vector 
o t  initial values. Now consider the special case where 
Y ( 0 )  represents a vector with all elements equal to 0 
except the first, that is. unit amount is present in 
compartment 1 a t  time = 0. I t  is seen from Eq. ( 3 )  
that the elements of the vector Y(f) ,  that is, the 
solutions for the amounts present in the various 
Compartments. are linear combinations of the exponen- 
tials e - d i f  ( j  = I .  ..., n ) .  If  a vector E is defined to have 
its j th  element equal to e - d j f  and if a diagonal matrix B 
is defined by bii = p i i ,  then 

Y(r)  = P-' BE = CE . 
where C = P-' E. 

Let R(C) and I ( 0  be matrices formed of the real and 
imaginary parts o i  C and sirmlarly let NE) and l(E) be 
the vectors cnmposed of the real and imagnary parts of 
E. Then the R [ Y ( t ) l ,  the real part of Y( t ) ,  is @veri by 

R[Y(r) l  = R ( O  R(E) - MO / ( E ) .  ( 5 )  
'\ = P-' DP ( 2 )  

and where Pis the matrix whose column vectors are left 
eigenvectors and D is a diagonal matrix whose diagonal 
elements are the eigenvalues and P-' I S  just the inverse 
of P or the matrix of right eigenvectors. Now the 
solution can be shown to be 

Since I [  YCO)] = 0 and the differential equation is linear. 
t h s  implies that Y ( t )  = R [ Y ( r ) ] .  I n  Table 19.4 the 
elements of R(C3 and MO are displayed. In our 
notation E is the vector with j t h  component e-df t  = 
e-R(di)r[cos l(-di)t  + i sin I ( - -d i ) r] .  Explicit solutions i Y ( t )  = (P-' 2-D'P) U O )  , (3) 

r' Table 19.3. Einenvalues of the 10 x 10 Matrix of X;, for Stable Iodine 

Compartment No. Compartment No. R ( d j )  I(dj)  R (Ej' I (Ei)  
(This Paper) ( Berman's Paper) 

> 0 
1 1 

i 2 70 134 0.0 
t 

+OS88  0.0 e -0 .580t  0 

4 +0.00720 0.0 r-0.00720t 0 
e-O. 134r 

J 
B 
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for the retention function tor the jrh com- 
partment are displayed below. 

y , ( r )  = -0.131, x 10-le-0.58*'  + 0 . 2 ~ s  x 1 0 - 2 ~ - 0 . 1 3 4 r  

+ 0.313 X 10°e-".00720' - 0.458 X 1 0 2 e - i . 7 1 r  

+ 0.416 X 102e- i . s2r  + 0.765 X 102e-2 .45r  

- 0.778 X 10' cos 0.589 

- 0.648 X 102e-3.47r cos 0.307t 

+ 0.908 X 102e-2.88r sin 0.585f 
+ 0.356 X I02e-3 .J7r  sin 0.307r. (6h) 

Y l O ( r )  = 0.207 X 10-?e-0.588' - 0.101, X 1 0 - 3 e - 0 . i 3 4 f  

t0.296X 10-3e-" o o 7 2 o t + 0 . 1 1 5  X I 0 2 e - i . 7 i r  

- 0.102 X 1O2e-I 8 2 f  - 0.125 X 1 0 2 e - 2 . 4 5 r  

+ 0.832 X 10'e- cos 0.585t 

- 0.542 X 1 0 1 e - 3  4 7 f  cos 0.307r 

- 0.682 X 101e-*  sin 0.58% 

+ 1.116 X I 0 1 e - 3  4 7 f  sin 0.307t 
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Table 19.7. Microcune-Days at 50 Years tor 
232Th, 2zaRa-22nAc. 224Th.and 2 2 4 R a C h ~ n  in 

Man for Cases of No Recyclmg, 20% Recycling 
to Blood of the Two Ra Daughters. and 

100% Recychg 

Microcurie-Davs at 50 Year\ 

Radionuclide Compartment or ;  2 0% I ow; 
Recycling Recvcling Recycling 

~ ~~ 

Blood 1.167 x 10' 1.267 x 10' 1.267 x 10' 
Bone. long term 1.014 X 10' 1.014 X I O J  1.014 x 10' 
Bone. short term 1.425 x I O 3  1.115 x lo3 1.425 x lo3 
Soft tissues 6.219 X 10' 6.129 X IO2 6.229 X lo2 

.4c Blood 3.642 x I O '  5.406 x 10' 1.195 x 10' 
Bone, long term 6.962 x 10; 5.513 X lo3 1.331 x IO '  
Bone. short term 1.382 x 10' 1.148 X 10' 2.792 x 10' 
Soft tissues 6.085 x 10' 5.086 x 10' 1.375 x 10' 

22nTh Blood 1.699 x 10' 1.487 x 10' 1.362 x 10' 
Bone. long term 6.433 x IO3 5.104 X lo3 8.609 x 10' 
Bone. short term 1.732 x lo2 1.497 X 10' 1.043 x IO2 
Soft tissues 7.569 X 10' 6.551 X 10' 4.550 X 10' 

Blood 7.487 x 10' 8.998 x 10' 1.006 x 10' 
Bone. long term 6.416 x I O 3  4.080 X lo3 5.531 x lo - '  
Bone. short term 1.702 X 10' 1.218 X I O 2  8.825 x 10-' 
Soft tissues 7.441 X 10' 5.353 X 10' 4.346 X l o - '  

'3:Th 

2 2aRa-2  2 n 

2 2 4 R a  

p 4 
ai ? 

i 
, 

recycling is assumed. The reason for this IS that the 
shortest half-life for radium in blood is 20 days (see 
ORNL-4446. Tables 24.5 and 24.6). and hence 2 2 4 R a  
with its 3.6-day half-life undereoes decav In the blood 
before reentering bone. This IS the price one pays for 
approximating the power function with a sum of onlv 
three exponentials. Further study ot this problem is 

indicated. 

SCATTERED ENERGY SPECTRUM FOR A 
MONOENERGETIC GAMMA EMITTER 

UNlFORMLY DISTRIBUTED IN AN 
INFLNITE CLOUD 

L. T. Dillman2 

Introduction 

A basic problem in assessing the radiation dose 
received by various parts of the human body due to an 
external source of radiation distributed in a cloud is 

f i r s t  o f  all t o  d e t e r m n e  the spectrum of radiations 
incident upon the bodv It I S  obvious that for a 
monoenergetic gamma ermtter uniformly distributed in 

an infinite cloud there will be a continuous spectrum of 

Consultant to ORNL from Ohio Wesleyan University. 2 1  

scattered photons ranging in energy up to that of the 
initial photon. This spectrum results from Compton 
events in the scattering medium and also from the 
annhilation photons associated with pair production 
when this process is energetically possible. In addition, 
there will be a continuous spectrum of scattered 
electrons as a result of the photoelectric. Compton, and 
pair production events. For the case of an infinite 
unbounded medium it is clear from symmetry that 
there will be no angular dependence of the scattered 
photon and electron spectra but only energy de- 
pendence. This fact considerably reduces the com- 
plexity o f  the analysis of the problem, but a residual 
core o f  moderately complex equations remains. This 
report discusses analytic procedures which may be used 
t o  determine the scattered photon and electron spectra 
for the case of a monoenergetic gamma emitter uni- 
iormlv distributed in an infinite unbounded cloud of 
air. 

Several calculations of scattered photon S p e C t n  
similar to those reported here have been made pre 
viously for the case of a water medium," but the 

2 2 U .  Fano. L. V. Spencer. and M. J .  Berger, "Penetration 
Diffusion of X-Rays." Handbuch Der Phvsik, S. Flugge. d . 9  

XXXVIll/Z. pp. 660-817. Springer-Verlag. 1959. 



Table 19.6. Cornpanson of MicrocurieDays Residence at 50 Yean in Thyroid (T) Compartments and 
Total Body (TB) Compartments from Berman's Model and Rims' Model 

I l J I  I ' 4 [  1 2 S 1  I 1 6 [  1 3 1 1  
Lumped 

('amPartment Berman Kiegs Berman Riggs ikrrnan R i g s  Berman R i g s  Bermin Riggs 

l- o . i n i  0.184 1.74 1.79 ih.7 I 8.0 5.15 5.30 3.39 3.39 
TB 0.240 ri.777 1).387 0.4 I6 1.19 1.60 1).596 0.7X6 ').-I7 1 11.567 

formed by decay of the thorium parent was cvcled to 
biood. where i t  was eliminated as would be the case 
with freshly injected radium. We tested these models 
agamst data o i  Stover er nf." on retention of 12'Th 
and ' 2 4 R a  in beagle dogs. Thev defined the fraction of 
radium daughter undergoing translocation in the body 
bv 

1 - ( 2 2 4 R a / 2 2 8 T h ) b o d v  
0.3 F,(r) = 

and reported that Fdf) decreased with time after 
iniection (see Fig. 19.13). The fraction F,(r) was 
somputed for the extreme cases of no recvcling and for 
IOO% recycling of the ' * Ra daughter using parameters 
appropriate for the beagle dog (see ORNL3446) ,  and 
results are plotted in Fig. 19.14. As can be seen the 
assumption of 0% recvcling produces a lower estimate 
of F,(r) than the data of Stover er al. This lower F,(r) 
would correspond to  higher estimates ot  dose com- 
mitment than the other case. 

In this report we have made additional calculations 
corresponding to the cases of 50% recycling and 20% 
recycling, and the results are also plotted in Fig. 19.13. 
Here it can be seen that the case of 20% recycling of 
"4Ra daughter corresponds to an F , ( f )  w h c h  more 
closely agrees with the experimental findings than the 
other cases shown in the figure. The case of 505% 
recycling overshoots the data at all times. Since the 
ageement with the dog data is better when 20% 
recycling is assumed. we shall assume in the following 
that this fraction also applies to man and compute 
corresponding estimates of microcurie-days residence in 
the various compartments ot  the mammillary model. In 
order to estimate microcurie-days residence in man. we 
use the data for the mammillary model given in the 
previous report. There we showed how to operate on 
total-body-retention equations to estimate parameters 
for the mammillary model. We only present here the 

'OB. J .  Stover et ob. "The "'Th Decav Series in Adult 
* Bi  m Blood and Excretion." Beagles: * 24Ra. 

Radiation Res. 26. 726 (1965). 
' *Pb. and 

final results in microcurie-davs residence employing the 
parame ters derived before for man. 

Table 19.7 presents estimates o t  mcrocurie-days 
residence tor ' "Th. ' ' Ra-' '' IC. ' "Th. and l 2  Ra 
following entrv of "'Th to blood. For comparison. 
estimates ot' microcurie-davs residence are given using 
these assumptions: 0 9  recvcling ot all daughters, 2Wc 
recvcling of the two radium daughters. and IOWe 
recycling of all daughters. X s  can be noted, the 
long-term bone compartment has the highest micro- 
curie-days, and the estimates of residence using. 20% 
recvcling of radium daughters is not much different 
than that using 0% recvcling. Also. i t  can be noted that 
in the case of 100°C recycling ot' all daughters the 
residence in blood is higher than i t  is in the other cases. 
Note too the microcurie-davs residence in blood of 
"4Ra IS higher than the residence in bone when IOW' 

RECYCLi N G  i%l 
3.7 -mn _ _ ~  

- 0.5 I 

i G 

STUDIED 

3 2  

0 
0 4 00 800 1200 1600 

TIME ( d a y s )  

Fig. 19.14. Stover et ai. Estimate of Fraction of 224Ra 
Formed in the Dog Which Translocates Compared with 
Estimates Made with Model in Text. 
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I t  will be noted in Table 19.4 that certain elements of 
the matrix C are exceedinglv small. less than I O - " .  
and these have been interpreted to be 0. These occur in 
the imaginarv parts of columns 1 through 6. Also. 
:n!um 7 is the negative of column 8. and similarlv for 
columns 9 and I O .  I t  is also noted that onlv three digits 
have been used in the solutions Y , ( t ) ,  .... Y l o ( r ) .  I f  
additional digits (accuracv 1 are needed. then these can 
be obtained from Table 19.4. 

The microcurie-davs residence at 50 years were also 
computed in each of the ten compartments for inlec- 
tion of I pCi of 1 2 3 ~ .  l z 4 1 .  1 2 5 1 .  i 2 6  I .  and ' 3 i  I into 
compartment I and appear in Table 19.5. We mention 
that the correspondence between rows of the vector 
and Berman's compartment system is as follows: 

Row No. 
Berman's 

Compartment No. 

1 

4 
3 

R 
3 

10 
I I  
12 
1 3  

Now the nncrocune-days residence in the T and TB 
compartments mentioned earlier for each of these 
isotopes are shown in Table 19.6. Also shown are the 
estimates obtained by Snvder and Ford (unpublished 
data) in application of Riggs' three-compartment 
(Pharmcol. Rev. 4, 284, 1952) model as studied by 
Snyder. Fisher, and Boyd (ORNL4007, p. 228). Here 
the inorganic and organic compartmcnts are combined 

into the f B  compartment. The point to note in this 
table is that there is onlv a slight difference in the 
microcurie-davs residence given bv either model. I t  is 
seen that the two models vield about the same 
residence times for these two compartments. nameiy. 
thvroid and total bodv. but in one case differ bv a 
factor o t  about '1. This suggests tha t  the three- 
compartment model of R i g s  mght  be adequate for 
internal dose estimation tor various isotopes ot iodine 
injected into man. 

APPLICATION OF A MAMMILLARY 
COMPARTMENT MODEL TO ESTIMATION 

OF MICROCURIE-DAYS RESIDENCE OF 
2 3 2 T h . z 2 8 R a - 2 2 n A c .  2 2 B T h , A N D 2 2 4 R a I N M A N  

S. R. Bernard C. F. Holowav 

In a previous annual report" a mammillary model 
for distribution of thorium and radium in organs and 
tissues of m n  was presented. and the residence times- 
for 232Th  and 2 2 a R a  were estlmated with t h s  model. 
Two sets of residence times were computed. One 
calculation corresponded to the assumptlon of no 
recvcling of radium daughter born in each of the 
compartments by decay of the thorium pareni. Thus 
the radium daughter w a s  assumed to be eliminated only 
bv radioactive decay in situ. Another estimate of 
residence times was computed bv the use of the other 
extreme assumption: namelv. all of the radium daughter 

S. R. Bernard and C. I Holoway. "Application of a 
Mamrmllary Compartment Model to the Estimation of Micro- 
curie-Days Residence of 232Th Parent and "'Ra Daughter m 
Man." Health Phvs Div. A n n  Prw. Repr. July 31, 1969, 
ORNL4446. p. 285. 

I9 

Table 19.5. MicrocurieDays Residence at 50 Years in Each Compartment Cor 
Different Radionudides per Microcurie Administered 

~ 

Compartmen t Microcurie-Days Residence for Isotope - 
No. 1 2 3 1  I 2 4 1  I 2 S 1  1 2 6 1  1 3 1 1  

1 

3 
4 
5 
6 
1 

9 
10 

1 - 

n 

0.236 X 10' 
0.827 X I O - '  

0.292 X I O - '  
0.151 x 

0.125 x 10- 

0.863 x 
0.102 x 10-I 
0.242 x I O - '  
0.206 x I O - '  
0.145 X 10-I 

0.323 X 
0.182 x 
0.407 X 
0.863 X 
0.173 X 

0.607 X 
0.126 X 
0.124 X 
0.818 x 
0.715 X 

1 O0 
1 oo 
l o - '  
10-1 
l o - '  

10-i 
10' 
10-I 
lo- '  

0.383 X IOo 
0.237 X IOo  
0.614 X 10' 

0.148 X 10' 
0.444 X lo- '  
0.115 X 10: 
0.160X 10' 
0.117 X 10" 
0.117 X I O o  

0.11xx 10" 

0.345 X 10' 
0.207 X 10' 
0.162X 10' 

0.478 X I O - '  

0.955 X 10' 
0.455 X 10' 

0.984 X I O - '  

0.102 x loo 

0.150 x l o - '  

0.1oox 10" 

0.336 x I O o  
0.198 X 10' 
0.933 X l o - '  
0.863 X l o - '  
0.314 x I O - '  

0.873 X IO;' 
0.273 X 10 
0.936 X lo - '  
0.910 X l o - '  

0.102 x 10-i 

I 1 4 7 9 5 1  



Technique emploved was numerical solution ot the 
moment equations rather than direct numerical inteera- 
tion ot the inteeral equation. Nhich is discussed in this 
-<port. C.dculations ot the scattered electron spectrum 
have not been reported previousiv in the literature 

Calculation of the Differential Photon 
and Electron Densitv Functions 

The principal mathematical svmbols used in this 
-.port are defined below. 

Eo = m e r y  o t  initial photons in MeV. 

f(r) = differential photon densirv at energy 
E' (photons per initial photon per 
unit energv interval), 

cyo = E,/rn,c', the initial photon energy 
in t e r m  ot rest-mass energy units. 

K,(E', E) df? = probabilitv that a photon o i  energy E 
w ~ l l  give rise to a Compton-scattered 
phoron in the range of e n e r y  be- 
tween E' and.!? + dE'. 

Kc(.!?. €7 dE' = probabilitv that a photon of e n e r g  
E will give rise to a Compton- 
scattered elecrron in the range of 
energy between E' and E' f dE'. 

P(E'. E) CiE' = probabilitv that a photon of energy 
E will give rise to  a pair-production 
electron or positron in the range ot  
energy between E' and E' + d E ' .  

r (E)  = photoelectric cross section at energy 
E. 

cr(E) = Compton cross section a t  energy E, 

K ( E )  = pair-production cross section at en- 

~ ( E ) = T ( E )  f @ E )  + K ( E )  = total cross 
section at energy E. 

&.E') = differential electron densitv 3t 

energy E' (electrons per initial 
photon per unit energy interval). 

a =  Eimc'. the energy E in terms of 
rest-mass energy units. 

With these definitions the function JIE') is determined 
from 

ergy E. 

Ab') = Kp(L', Eo 1 f J v E 0  IIE) Kp(E' .  E )  d E .  ( 1  
E 

The first term on the right-hand side of Eq. ( 1 )  is the 
contribution to A,!?) due to  the initial photons. and the 

,econd term is the ionrrihution to ] ( E ' )  from the 
;cartered r d i a t i o n   ti^ m e r e v  hieher than i?. The 
integral in the second term is required since all radiation 
ot enerw higher Than k4 \XIS 3 tinite probabilitv of 
x3tterine with 3 resultant scattered photon energy ot' 
t'. Of course. the Compton scattering equations implv 
[ha t  K p ( p ,  E) = 0 i t  La .': E.( I 7 ?a), 2nd this 
cliscontinuitv must be taken  into account. 

In this inteqral equation t h r  !if?). which is o t  the 
Volterra type. function K.,(E', €7 for an air medium. 
using MeV as the energy 'unit m d  311 cross sections in 
;rn' ig. IS given bv 

where 

E - E '  
.Y = - d '  

for 

E F > -  
l + h  

and 

K,(E'. E)  = 0.0 

i t  

E E'<-  
I -+ la 

The integral equation has been solved numerically using 
an iterative technique. This iterative technique makes 
use of the fact that the solution is given exactly by 
Kp(E,, E,) when E' = E. One uses this result as a trial 
solution at E' slightly less than Eo and performs the 
integration of the second term on the right-hand side to 
obtain 3 better approximation to the solution. This 
second approximation is then used in the integral on 
the right-hand side to obtain a still better approxima- 
tion to the solution, etc.. until the iterative procedure is 
terminated when the change in the iterated solution is 
less than 0.1% from the previous iteration. By this 
process one can work gradually downward in energy to 
obtain / ( r )  at all desired energies. 

In the computer implementation of Eq. (l),fl,!?) was 
determned for 100 uniformlv spaced energy incre- 
ments between zero energy and the initial photon 
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energy, E,. The numerical mtegration of the second 
term on the right-hand side of Eq. ( 1 ) was performed 
bv quadrature using Simpson's rule, and the integration 
was termnated when the approximation to the integral 
changed by less than 0.15 I consecutive quadratures. 

The first term on the right-hand side of Eq. ( 3 )  is due to 
photoelectric absorption of photons of energy E'.  the 
a o n d  term is due to Compton scattering of the initial 
Fhotons which give rise to electrons o t  energy E'. the 
third term is due to scattered photons which gve rise to 
electrons of energy E' .  and the tourth and last term is 
due to pair-production events which give rise to 
electrons of energy E'. The factor of 2 in the fourth 
term is present because a positron and an electron are 
created with each pair-production event, and statis- 
tically over many such events the number of positrons 
\) t '  energv I? is the same as the number of electrons of 
energy E'.  The fourth term has been separated into two 
parts. the first term being the contribution due to the 
initial photons and the second term being due to the 
scattered photons. 

In Eq. ( 3 )  the function Ke(L?. E )  for an air medium. 
using MeV as the energy unit and all cross sections in 
cm' i g .  is given by 

where 

E' 
a E - E ' )  

Y = 

and 

K,(E'.  E') = 0.0 

if 

2& E'>- 
1 + Za 

Similarlv the function fit, E )  is given by 

where Q = 0.135(T - 0.57,)2(1 - Z?, with the 
restrictioii that Q is set q u a i  to zero ii this expression 
tor Q is negative, and where 

z = 3[x( 1 - x, ]  " 2  . 

where 

E' 
E - h o c 2  * 

X =  

and 

where 

In addition to the above expressions for AE') and 
s(E') the probability of obtaining annlhilation radiation 
per initial photon. P,, is 

where the integral is, ot course. zero if  E, < h o c 2 .  
The probability of obtaining photoelectrons of energy 
equal to the initial photon energy, P,.  is 

7) 

The probability of' obtaining photoelectrons of energy 
equal to the 31. 'Tilation radiation energy, PUe, IS 

These equations have been applied to find the 
differential photon and electron densities for a source 
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of monoenergetic photons unit'ormlv distributed in an 
intinite homogeneous cloud o i  air. The generated table 
o t  t e r m  ofjIE") as a function ot  from Eq. I 1 \ is used 
to evaluate g(.!i'). The integrais on the right-hand side ot  
Eqs. ( I ). 13). and (6 )  must. in general. he evaiuated bv 
dividing the range o t  the integration into several smaller 
subranges of inteeration because o t  discontinuities in 
the functions ,f(L3. R,(L4". E). and RJE' .  L7. For 
example. !(E) is discontinuous at E = E o i (  1 + 'a,), 
K,(t ' ,  i3 I S  discontinuous at L" = E;(  I + ?a) .  and 
K ' i ( t ' ,  is discontinuous at E' = hEi(  I + l a ) .  The 
x o s s  sections used in this work were computed from 
theoretical expressions given in Chap. 2 o f i l I p h ~ - .  Bera- 
Jnd Gomma-Ra.v Specnoscopv.' but interpolation 
from Sational Bureau o t  Standards or comparable 
tables2J,25 would work fquallv weil a n d  provide 
greater speed. 

Calculation of the Photon and 
Electron F l u e s  

The equations discussed above may in turn be used to  
t'ind the photon and electron tluxes which pass through 
m v  given cross-sectional u e a  of the infinite cloud. 
Consider the volume element oi the cloud. r' dr sin d 
dg. which is illustrated in Fig. 19.15. The number of 
disintegrations per second in this volume element, dV.  
is 3.7 X 10' Cp dV,  where d V  = cm3. 3.7 X IO" =d i s  
sec-' pCi- ' ,  C = pCi per gram ot air. and p = the 
densitv ot air = 1.2929 X g/cm3. Thus disintegra- 
tions per second in volume d V  = 17.84C d V .  Yow the 
.;olid angle subtended bv an infinitesimal area dA as 
shown. tor a point at d l /  is 

dA cos 0 
r' 

Lin=-. 

and so the fraction of radiations emitted from dV 
which start out in a direction such that they would pass 
through dA if undetlected or unabsorbed is 

dA cos9 
fraction = - 

Jlrr' 

But the probability that the gamma ravs survived to 
distance r is e - u r .  where IJ. is the linear absorption 
coefficient. Thus the number of gamma ravs from 
volume element d V  which pass through dA per second 
is 

47.84CdV F d A  cos 8 e - M r  

krr2 

3.807CF cos 8 d A  d V e -  p r  - - 
r L  

2RVL-  D W G  ' 0  -40368 

Fig. 19.15. Illustration of Geometric Parameters Involved in 
the Calculation of the Photon Flux. 

where F is the number of initial gamma rays per 
disintegration. Integrating over the half space which can 
contribute to photons passing through dA in one 
direction (i.e., integrating over the ranges 0 Q 4 G 2R. 0 
GO < I r / Z , a n d O d r < m ) , w e  have 

initial photons per second passing through dA in one 
sense 

Thus the number of initial photons per second per 
square centimeter of area is obtained by dividing ths 
result by dA ; so we have 

11.96CF 
initial photons sec-' cm-' = - 

d Eo 

Since we are dealing with an infinite medium, there 
are scattered photons associated with each initial 
photon. Let !(E) represent the number of scattered 

C. M. Davisson. "Interaction o i  Gamma Radiation with 
Matter," .4/pha-, Beta- and Gamma-Ray Spectroscopy, li. 
Siegbahn. ed.. chap. 2. North-Holland. Amsterdam. 1966. 

G. W. Crodstein. "Y-Ray Attenuation Coefficients for 10 
keV to 100 MeV." .XBS Circular 583, 1957: and R. T. 
McCinnis. Supplemenr to NBS Circular 583, 1959. 

"1. H. Hubbell. "Photon Cross Sections. Attenuation Coef- 
ticients. and Energy ,Absorption Coefficients from 10 keV to 
100 GeV." NSRDS-NBS 29, 1969. 
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photons per initial photon per MeV at  energy E [see 
Eq. ( 1 ) ) .  Then the number of scattered photons sec-'  
cm - MeV-' at energy E is - 7  

scattered photons sec-I cm-2 MeV-' 

, In Eqs. (9 )  and (IO), c((E3 = linear absorption coef- 
ficient in cm-l rather than in cm2 /g as used previously. 
In addition, if the initial photon enerw is above h o c 2 .  
pair production will give rise to annihilation quanta. Let 
P, be the probability of obtaining annihilation radiation 
per initial photon [see Eq. (6)] .  Then the number of 
annihlation photons sec-l cm-' will be given by 

-, 11.96CFPo 
annihilation photons sec-l cm = . ( I 1 1  

I-l(moc2 
Next we shall calculate the number of electrons sec-' 

cm-' MeV-' w h c h  cross a unit cross-sectional area in 
one sense In the medium of air The number of 
disintegrations per second per cubic centimeter of air is 
3.7 X IO4 pC = 37.84C. where the units are as given 
previously. Thus the number ot electrons per unit 
volume per second associated with a particular gamma 
ray and of energy equal to that of the gamma ray is 

initial photoelectrons sec-' = 47.84CFPe , 

where F is the number of gamma rays per disintegration 
and P,is the probability of obtaining photoelectrons of 
the energy equal to the initial photon energy as given 
by Eq. (7). Consider a volume of cross-sectional area A 
and thickness dr. The number of initial photoelectrons 
emitted per second by such a volume is 4I .WFP8 dr. 
Now dE = S(E) dr. where S(E) is the stopping power: 
that is, S(E) = d€/dr by definition. Hence the number 
of initial photoelectrons emitted per second by such a 
volume may be written as 47.84CFP& dE/S(E). 

Half of these photoelectrons will pass through one 
surface of area A and the other half through the other 
surface. The number of photoelectrons wtuch pass 
through surface A in one sense per second is 
23.92CFPP d€/S(E).  The number of initial photo- 
electrons per square centimeter per MeV is simply 
obtained by dividing this result by A d€. Letting 
represent the number of initial photoelectrons per 
square centimeter per MeV in one sense we have 

Because of scattering there wlll be a continuous 
distribution of Compton-scattered electrons and photo- 
electrons ot energy lower than the initial gamma-rav 
energy. Now g(E') in Eq. ( 3 )  represents the number of 
such electrons per initial photon per MeV. Anv such 
electrons which initially start out with an energy greater 
than E wll pass through energy E in the slowing-down 
process and thus contribute to the flux a t  energy E 
Therefore the number of scattered electrons cm-' 
sec-' MeV-' . N(E), ,  IS 

The total number of electrons cm-' sec-' MeV-'. 
LV(v(E). is thus 

*V(O = 33*92cF [P, + J E 0  g(E')  dE'] . (14) S(R E 

This expression neglects the probabilitv o i  obtaining 
photoelectrons of energy equal to the annihilation . 

radiation energy, Pa,, which is negligible for air. To 
include this effect in the above equation one would 
merely add the term Pae to the two terms in the 
brackets. 

In Eqs. (12). (13). and (14). S(E) is in units of 
MeV/cm. S(E) was deterrmned from the relativistic 
Bethe-Block equation2 ' 

i 
I 

Discussion of the Results t 

The calculated photon and electron fluxes for initial 
photon enerpes of 0.1. 0.5. and 4.0 MeV are shown in 
Figs. 19.16, 19.17, and 19.18 respectively. The results 
are for a source intensity of 1 PCi per gram of air and 
assuming 1 photon per disintegration. The dis- 
continuities in the photon flux curves occur at an 
energy corresponding to  the fact that there is a 
minimum energy of the scattered photon equal to 
Eo/(  1 + ?ao) when the inirial photon scatters. The 1 

discontinuity in the case of the 0.1-MeV initial energy 
photon curve is sufficiently severe that a small bump in 
the curve occurs at an energy value of approximately 
E/( 1 + la), where E = Eo:'( 1 + h0). This is precisely 
what one would expect. 

The discontinuities in the slope of the electron flu 
curves occur at an energy complementary to that of @ 

% -i% 
.: 

"G. Knop and W. Paul. "lnteractlon of Electrons and A @ h  
Particles wlth Matter." Alpha-. Beru- and Gu??lm-RUY S F  
fmscop.~ .  K.  Siegbahn, ed.. chap. 1, p. 12. North-Ho- 
Amsterdam. 1966. 
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Fig. 19.16. Photon and Electron Fluxes in an Infmlte Cloud 
ok Air tor a 0.1-MeV Photon Emitter Uniformly Distnbuted m 
the Cloud. Source intensity 19 I wCi per gram ot ar 

Fig. 19.17. Photon and Elecmn Fluxes in an Infinite cloud 
ot Air for a 0.5-MeV Photon Emitter Uniformly Dismbutd hi 
the Cloud. Source intensity IS 1 JLCI per g a m  ot air. 

photon !lux discontinuity, namely. at an energy value 

The curves illustrated have been tested in several 
wavs. The energy integral o t  the function g l E )  de- 
rrrmined by Eq. ( 3 )  plus the energy associated with 
initial photoelectrons should equal the initial photon 
m e r g .  since all oi the photon energy is eventuallv 
delivered to electrons. The observed error increases 
jlowlv as the initial photon energy increases and  
amounts to 1.2% at 4.0 MeV. the highest energy used. 
At 0.5 MeV the error is 0.3%. One expects the error to 
increase with increasing initial photon energy because 
at' the rapid variation of at low energy values when 

0tEn ~~ E,/( 1 f '(Yg). 
the initial photon energy is high. The numerical 
integration ot the tunctlon over energy thus 
becomes less accurate 

Another test ot the accuracv ot the results presented 
here has been to obtaln the curves bv an alternate 
procedure." The alternate procedure is only expected 
10 be accurate a t  energies greater than approximately 
20% ot the initial photon energy, 3nd the two methods 
Jgree to better than 1'7 in this region 

L. T. Dillman. unpublished data. 1969 2 7  
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Fig. 19.18. Photon and Electron Fluxes in an ln fd te  Cloud 
of Air for a 4.0-MeV Photon Emitter Uniformly Distributed in 
the Cloud. Source intensity is I rCi per gram of air. 

I t  is important to note that the photon fluxes 
illustrated in Figs. 19.16-19.18 are only for scarrered 
photons. In addition, there are initial photon tluxes of 
6.098 X 10'. 1.055 X I O 5 ,  and 2.997 X lo5 photons 
cm-' sec-' for the 0.1-, 0.5.. and 4.0-MeV initial 
photon e n e r e  cases respectivelv. Furthermore, there is 
an annihilation quanta flux of 1.500 X IO' photons 
cm - sec-' in the case of the 3.0-MeV initial photon 
energy case. where pair production is possible. 

Work is presently in progress to apply these results to 
immersion dose problems. The most obvious applica- 
tion is to program the Monte Carlo gamma-ray code 
developed bv Snyder and F i ~ h e r ~ * * * ~  for a source 
uniformly distributed on the surface of the phantom 
they use to represent standard man. Then if one picks 
initial photon energies according to the probability 
distribution implied by the photon tluxes calculated in 
this report and runs the Monte Carlo code for many 
photons, one may calculate the relative dose dis- 
tribution to various o r p n s  of the body. A number of 
modifications must be considered so that photon and 
electron fluxes associated with finite and bounded 
clouds may be determined. 

- 7  

28H. L. Fisher. Jr., and W .  S .  Snyder. Health Phys Div. Ann 

29H. L. Fisher, 11.. and W. S .  Snvder. Health Phys Div. Ann 
Frog. Rept .  Ju1.v 31. 1966. ORNL4007. p. 221. 

Progr. Rept .  Ju1.v 31. 1967. ORNL-4168. p. 245. 



20. Stable Element Metabolism 

ELEMENTAL INTAKE AND EXCRETION 
IN LONG-TERM BALANCE STUDIES 

Isabel H. Tipton’ Peggy L. Stewart’ 

This final year of the program for the study of trace 
elements in normal human beings has been spent for the 
most part in analyzing duplicates of the self-chosen 
daily diet and all excreta of a fourth adult male. subject 
F. for the period November 6, 1967, to November 14, 
lY68. This material has been ashed, and values for the 
concentrations of Cd. Ca, M g ,  P,  K, Na. m d  Zn have 
’leen determined by atomic absorption or tlame pho- 
rometry. Ashed samples have been excited in a dc arc. 
and photographic records of spectra have been made. 
Transmissions of appropriate lines of 16 elements (AI ,  
Ba. Be, B. Cr.  Co. Cu ,  Fe. Mn. Mo,Ni, Sr, Sn.Ti, V ,  3nd 
Zn) on the resulting films have been measured with a 
densitometer. Unfortunately there has not been time to 
convert these raw data into concentrations nor to 
calculate the daily intake 2nd excretion from the 
concentrations already determined. 

Descriptive statistics for a full year’s data for subject 
E [see annual report 1969 (ORNL-4446)J have been 
prepared. and multiple regressions of diets and feces 
and diets and urine have been carried out [see annual 
report 1968 (ORNL-1316)). Table 70.1 includes the 
mean daily elemental intake by ingestion and fecal and 
urinary excretion and Table 20.2 gives the mean daily 
gross dietary intake and gross fecal and urinary ex- 
cre tion. 

Plots of daily intake and excretion (Fig. 20.1) 
brought to light an interesting circumstance for this 
subject. A marked elevation in the intake of mag- 
nesium. which began on the 143th day of the period 
and continued for 14 days, was followed by a sunilar 
elevation in fecal excretion on the 174th day which 
lasted for 17 days. 

excretion for the three subjects C. D. and E. For 
subjects C and D no significant relation between fecal 
excretion and intake by ingestion of magnesium was 
hrought out by this statistical treatment. For subject E. 
however. this treatment indicated a hgh correlation 
between the +day amount o t  magnesium excreted in 
feces and the intake by ingestion during the two 4 4 a y  
periods that included the 29th to  36th days previous. In 
fact, the multiple correlation coetficient R for this 
subject was 0.91, indicating that 83% (R2) of. the 
variability of magnesium in feces was due t o  the intake 
39 to 36 days previously. The correlation coefficients 
for the periods 29-32 and 33-36 days previous were 
0.43 and 0.26. indicating that for this subject 69% of 
magnesium ingested during an %day period was ex- 
creted after an elapse of about 4 to 5 weeks. 

GROSS COMPO!3ITION OF BONE AND CARTILAGE 

Isabel H.  Tipton’ Cyrus Feldman’ 
Mary Jane Cook 

Samples of bone and cartilage, carefully collected by 
Alfred P. Stoholslu, M.D.. o i  the New York Medical 
Examiner’s office, were analyzed at O W L ,  and the 
results of the analyses were used to calculate the gross 
composition shown in Table 20.3. 

The same rib and vertebra m d  3 portion from the 
same region ot costal cartilage. skull. and sternum were 
taken a t  autopsy, placed in polyethylene bags, and 
transported frozen to ORNL. where they were kept 
trozen untd analysis. 

Specific gravity was determined by the method of 
water displacement on thawed bone. Dry weight was 
determined first atter the sample had been in a 
freeze-drying apparatus overnight 3t 50 /J pressure and 

Regressions were run on fecal excretion over a 4-day 
period and intake over the same period. the previous 
I-day period, 2 periods previous. and so on through 17 
periods previous or covering a total of 48 days betore 

‘Department ot Phyws.  Universitv of Tennessee. 
’ Analytical Chemistry Division. 
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Table 20.1. Mean Daily Intake by lngestion and Fecal and U r u u v  Excretion 

Sub~ect E: October 5 .  1964-October 5 .  1965 (365 days) 
All  values except ratio in mllhgrams per day 

Balance t 295% Excreta. 
Sum of Feces 

DlCt. F‘etX5. I T  unne. Confidence lnterva!). UrrdExcieta. 

Ddference. Diet Mmus Fu 
Element 

Excreta ( t2S.E.)  ‘an “S‘E‘’ plus Urine (2S.E.) Mean I6.E.)  Mean ( S . E . )  

A I  
, Ba 

Be 
B 
c3 
Cd 
C r  
co 
cu 
Fe 
M.re 
Mn 
MO 
Nl 

P 
I; 
A g  
N a  
S r  
Sn 
Ti 
v 
Zn 
ZI 

Ll(2) 
l.O(O.1) 
0.043(0.003) 
13i1.1 
1100.(?3.) 
0.14( 0.004) 
0.5 l(0.07) 
0.24( 0.02) 
4.1(0.2) 
15 .(O. 8) 
380.(19.) 
7.9(0.8) 
0.1 l(O.01) 
0.8M0.25) 
1900.( 32.) 
3 lOO(35 .) 
0.095(0.008) 
4 50046 3.) 
2.2C0.1) 
15(0.8) 
0.18(0.02) 
0.07 1( 0.004) 
14.0(0.3) 
0.045(0.004) 

1 3 ~ 0 . 6 )  
0.96( 0.02) 
0.00034~0.0001) 
0.3M0.006) 
790.117.) 
O.O47( 0.00 1) 
0.1 2(0.001) 
0.047(0.003) 
2.5(0.1) 
18.(0.4) 
320.( 14.) 
2.5(0.1) 
0.05 2(0.001) 
0.29(0.0 1) 
550.( 14.) 
42O(10) 
0.0037(0.0005) 
110J7.) 
3.4(0.1) 
2.7(0.1) 
0.26(0.01) 
0.053(0.002) 
lS.O(O.4) 
0.032(0.002) 

~6(0.03) 
.021(0.007) 

0.00058(0.0003) 
2 .2 (  0.4) 
2 3 O(5.1) 
0.075(0.004) 
0.3 3(0.04) 
0.16(0.02) 
0.03 l(0.004) 
1.6(0.13) 
70.(2) 
0.006(0.002) 
0.05 3(0.015) 
0.084(0.0 16) 
1100.(25.) 
2500(48.) 
0.0 1 O(0.002) 
4300.(71.) 
0.21(0.011) 
0.066(0.018) 
0.14(0.01) 
0.0 lo( 0.00 1) 
0.52(0.02) 
0.058(0.0 19) 

14(0.6) 
0.98(0.02) 
0.00092(0.0003) 
L.S(O.4) 
lOOocl8) 
0.12(0.004~ 
0.45(0.04) 
0.21(0.02) 
2.8(0.08) 
2M0.4) 
33W 14) 
2.5(0.1) 
0.1 l(O.0 1) 
0.37(0.02) 
170W28) 
2900.(50) 
0.014(0.002) 
4500( 7 2) 
3.6(0.1) 
2.8(0.1) 
0.40f 0.02) 
0.063(0.003) 
16.0(0.4) 
0.09W0.02) 

7.(4.2) 
0.02f 0.13) 
0.042(0.006) 
1 0 3  2.) 
YOS60.) 
0.02(0.0 1) 
0.06(0.08) 
0.03(0.06) 
1.3(0.4) 
5 ( 2 )  
SO(50.) 
5.4(2) 
O.O(O.03) 
0.51(0.5) 
200.(90) 
2004 120) 
0.08 1 (0.02) 
O( 190) 
- 1.4(0.4) 
12.(2.) 
-0.2 2(0.06) 
0.01~0.02) 
2.W0.3) 
-0.045(0.04) 

0.040 
0.021 
0.63 
0.88 
0.23 
0.62 
0.62 
0.76 
0.01 1 
0.080 
0.21 
0.0024 
0.48 
0.23 
0.65 
0.86 
0.7 1 
0.96 
0.058 
0.024 
0.35 
0.16 
0.032 
0.64 

Table 20.2. Gross Daily Intake and Excretion (g/day) 

Subject E: October 5 ,  1964-October 5 ,  1965 
Mean +_ standard deviation 

Total dady intake by ingestion 3200 i 520 
Water content 2700 f 580 
Total daily fecal excretion 2 2 0 t  7 2  
Total daily urinary excretion 1100 t 200 

Table 20.3. Gross Composition of Bone and Cartilage 

Number of subjects included in each determination indicated in parentheses 

Water Ash Fat Protein Specific 
(70 t S.D.) (% t S.D.) (% t S.D.) (% 2 S.D.) Gravity 

T issue 

Cartllage (costal) 54.7 2 6.2 (4) 2.1 i 0.2 (4) 3.4 t 0.9 (4) 32.1 2 3.3 (4) 1.13 f 0.001 (4) 
Rib 25.9 i 10.8 (4) 38.8 2 6.6 ( 5 )  9.0 t 4.7 (4) 22.6 t 6.9 (4) 1.40 r 0.08 (4) 
Skull 15.6 2 6.8 (7) 50.2 r 5.4 (7) 7.2 t 4.1 (7) 20.4 2 3.8 (7) 1.66 t 0.116 (7) 
Sternum 46.4 tr 8.2 (8) 13.0 i 2.7 (8) 10.1 i 3.0 ( 8 )  27.4 t 5.1 (8) 1.14 +_ 0.028 (8) 
Vertebra 45.3 2 4.8 (4) 17.2 i 3.8 (4) 22.2 2 2.9 (4) 10.1 2 2.0 (4) 1.17 r 0.030 (4) 
Rib plusvertebra 33.0 (1) N.D. 10.8 24.1 1.25 
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again after the freezedried sample had been in a drying Each freeze-dried sample was finely divided in a 
Oven at 110" for I8 hr. The water content was special apparatus. Aliquots of this mealy material were 
determlned on the basis of the weight after this final taken for fat extraction by the Folch procedure [(J. 
drying, An aliquot of the freeze-dried material was Biol. Chem. 226, 479-509 ( 1967)j and total nitrogen 
ashed 'in a mufile furnace at  450°C. and the weight of determination by the KjeldaN method. Total nitrogen 
ash was related back to wet weight to determine ash vaiues were used in calculatiIig the proLriri in  the h i a l  
percent of wet weight. sample. 
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