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Summary 

1 .  Theoretical Radiatiori Physic3 

A ttieoretical study has been made of the energy 
deposited in water spheres and cyliriders !)f various sizes 
arnund the site ;it which an uxygen or carbon nucleus 
captures ;i stopped negative pion. A review has been 
rnade o f  methods for calculatirig the spectra of delta 
rays produced by heavy ions and electrons, with a view 
toward their incorporation into microdosiinetry theory. 
Calcirlations have been made of electrt)r~.slowing-down 
specfir! in semiconductors based o r 1  the use o f  model 
cross sections for the  valence band in a semiconductor 
and chssical cross sections for excitations from inner 
levels. Interesting new formulas have been obtained for. 
the inner-shell excitation of atoms by slow heavy 
charged particles, using the perturbed stationary state 
fornialism of Mutt. An extensive theoreiical study of 
the effects of  dipolar l i m e s  on charged-particle 
scattering pheriomena has been made. Use has been 
made of Feshbach's elegant and powerful technique for 
determining elastic and total scattering cross sections 
under multichannel scattering conditions ir i  ari appli- 
cation to aturnic scattering of electrons above the 
ionization potenti;il of the target. Very satisfactory 
remilis f o r  elastic aiid total scattering cross sections have 
been obtained for  electrons on hydrogen. The mean 
free path of a n  electron in a nearly free electron gas has 
been  investigated, yielding a result which predicts an 
jppreciable probability for p lmnon  excitation by a i l  
iticidcnt electron with energy well below the  threshold 
predicted by the usual zero-d:imping theory. A general 
review has been made of some o f  the interesting 
properties of plasinons and their niariifestations in 
experimental physics. We have obtained analytical 
expressions which rnay be used to  relate the danipirig of 
long-wavelerigth plasma waves to experimentally deter- 
mined v;~lues of the coniplex dielectric permittivity of a 
rxiedi~.im. We have shown that the classical image 
poteriti;~l outside a metal may be considered to 
origiiiate in Ihe shifted zero-poirit eriergy of the surface 
plasmon field and that retarkition correction to this 

potential gives a more rapid falloff with t he  distance 
than predicted by the classical theory at distances 
which are of the order o f  tens to hundreds of angstrorns 
from the surface, depending upon the quantum pliisma 
energy of the metal. 

2 .  Interaction of Radiation with 
Solids and Liquids 

Measurements of  the optical properties of a medium 
can yield information about the rnodes of energy 
deposition occurring when high-energy charged particles 
or electrcxnrignetic radiation interact with the medium. 
Thus we have 3 continuing program t~ nieasure arid 
interpret the optical properties of materials of basic 
importance. During this year the optical constants of K 
have been measured above the plasma energy arid the 
results compared with those obtained previously for  Na, 
Rb,  arid Cs. 'The most plausible explanation for the 
strong absorption seen above the plasma energies in ;ill 
these alkali metals is that o f  plmnon-assisted interband 
transitions. The optical properties o f  glassy carbon have 
been obtained up to 82 eV and interpreted, by 
coinparisoii with graphite, in terms o f  Ir ;\rid 0 single- 
electrori transitions ;ind collective oscillations. In  
addit i o n ,  work function changes during oxygen 
chemisurption on fresh Mg surfaces have been 
correlated with the oSscrved exoelectron emission. A 
method has been developed for obt;iining extiriction 
coefficierits from critical :ingle measurements which 
gives greater accuracy than the usual method cjf fittirig 
Fresnel's equations f o r  reflectance ;is a function o f  
angle of iiicidence. A technique has also been developed 
for  reviializing vacuum ultravii.)let diffraction gratings. 

3. Physics of Tissue Damage 

The experiIrierita1 investigation of the electron- 
slowing-down spectra in semicunductors was completed 
with ;L study o f  silicon. The shape o f  the spectrum was 
similar t o  that o f  germanium and o f  those conductors 
studied earlier, but did show some evidence of dis- 
continuities m i i r  the silicon L -  and K-shell energies. 

vii 
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These are attributed to electron-induced ionizations of 
the shells. 

Electroil-slowing-down studies have been extended to 
include insulating materials. Preliminary data have been 
obtained using aluminum oxide doped with a small 
amount o f  dysprosium, which served as the electron 
source. Electron fluxes were found to be generally 
higher than those for a typical conductor. 

A series of studies was initiated on the influence of 
source thickness on the slowing-down spectra in an 
effort to explain the present discrepancy between 
theory and experiment. In the thinner sources a 
pronounced peak in the electron flux was observed at 
theLMM Auger range. This represents a new source 
which can contribute to the electron flux at lower 
energies and may be. in part, responsible for the poor 
agreement between theory and experiment at the lower 
energies. 

Experimental studies of the optical properties of 
organic liquids was continued with investigations of 
several commonly used solvents. 'Ihe measurements 
were made using a newly developed transmission cell 
which enables studies to  be carried out on samples as 
thin as  500 A. 

An experimental investigation of the optical and 
dielectric properties of the nucleic acid bases has been 
initiated. Preliminary data have been obtained for 
guanine at energies up to 80 eV which, in general, show 
good agreement with the results of the electron- 
energy-loss studies obtained by scanning electron micro- 
scope techniques. 

4. Electron and ton Collision Physics 

The t'irst experimental values f o r  thermal and near- 
thermal electron transport coefficients have been deter- 
mined for oxygen and water vapor with a time-of-flight 
electron swarm experiment using the drift-dwell-drift 
technique. Comparison with theory where available is 
good. Studies of the interaction of low-energy electrons 
with a series of organic and organometallic compounds 
in  the gas phase have elucidated a number of new 
electron-rrrolecule reaction mechanisms. Electron 
collisions with a series of anhydride molecules produced 
metastable C 0 2 - *  ions, and the lifetime of this ion was 
measured f o r  the first time. Also, metastable ions of the 
form C,H,,C02-* were found to dissociate after elec- 
tron detachment into energetic C x H y  and C 0 2  mole- 
cules. The formation of positive and negative ions in the 
organometallic "sandwich" compounds ferrocene, co- 
baltocene, nickelocene, and magnesocene have been 
studied by high-resolution electron impact mass 

spectrometry techniques. The electron affinities of a 
number of organic and inorganic molecules have been 
determined by the cesium collisional ionization tech- 
nique. A number of positive-ion condensation reactions 
in  the benzene system have been examined in a 
time-of-flight mass spectrometer. Ion-pair production 
by chemi-ionizing collisions of  exicted rare-gas atoms 
with molecules have been studied and show extremely 
large cross sections. In short, a number of gas collision 
problems of direct interest to radiation chemistry have 
been studied. 

5 .  Atomic and Molecular 
Radiation Physics 

Intermediate phase studies for understanding radia- 
tion interaction with condensed media and f o r  
developing a coherent picture of radiation interaction 
with matter are discussed with emphasis on electron 
attachment and drift through low- and high-pressure 
gases and liquids. Highlights of our studies on long-lived 
polyatomic negative ions, moderately short-lived nega- 
tive ions, compound negative-ion resonance states. 
threshold-electron excitation of polyatomic molecules, 
and thermal electron scattering by molecules are out- 
lined. The emphasis in these studies is on key groups of 
organic molecules including 0- and NO2 -containing 
organic: molecules, 1V-heterocyclic benzene and 
naphthalene derivatives, and saturated and aromatic 
hydrocarbons. Reactions of molecular Rydberg states 
and emission spectra from higher excited n-singlet states 
of aromatic hydrocarbons in solution are also discussed. 

6 .  Graduate Education and Vocational 
Training 

The health physics training program included 
fellow ship stud en t s from the U 11 ive rs I t y i) f Kentucky , 
the University of Michigan, Georgia Institute of Tech- 
nology, and Purdue University. These reported to 
ORNI, for summer on-the-job instruction in  applied and 
research health physics. 

Division personnel visited eight colleges and uni- 
versities to  give seminars on various research problems 
of current interest and also to help recruit qualified 
students in the fellowship program. 

'The Health Physics Division provided research 
facilities and advisors for 13 Oak Ridge Graduate 
Fellows. AEC Fellows, and USPH§ Fellows who were 
conducting thesis research. 

Teaching assistance was given to The University of 
Tennessee for its program in radiation physics. Lectures 
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and tours  w e e  given for several university groups 
visiting OKNL. 

Assistance arid consultation were given to six schools 
that were interested in establishing health physics 
c w r s e s  (or programs iii  their science departinerits. 

'Ilkii-) Divisioii couperated with OKAU in the 
presentatiori of ;i ten-week course in applied health 
physics ant i  i n  [lie xreeriirig o f  applicants /'or AEC 
Feiicivddiips. 

3. Dosimetry fur Human Exposures 
arid Radiobiology 

(:';ik~iilations of dose dis1,rihutiuris in liunan-size 
tissue-1:r?uiv;rlent p h a n t o m  for  a wide variety ( J f  rdi- 
a t i o i i  soiiru25 c(:iitinues t c i  be a major objective in this 
rmeiiich. Ihr ing  this report period, ernphiisis was a g ~ i i i  
placcd O I I  dislributions from 5 2  Cf ,  rnoricienergetic 
r m i t  r o w ;  incident a t  45" with ilie axis o f  the phmtoni, 
and monoenergetic plriotons incident uni1atct;illy on ;L 

1ieteri)geneous phantom. Local dose distributions for 
implaiitetl C f  so~irces were dcierrnirted, and  tables 
of expcjsure values were prepared for  regions close to 
the Scii.trc2. Neutroai isodose curves in tissue were also 
prcparcd. An absoliit e comparison of nmsurecl dose 
distribul ions (reported i n  OKNL-4720) W;IS made wit11 
calcuhtions. The agreement was found to be withiri the 
probable e r r~ i -s  of measurement arid calculation. Values 
of rieii t r o n  arid gauiirna-ray dose were measured i n  the 
vicinity of a " C f  soiirce facility within the Biology 
Ilivision. This was done to  deterniiiie the expostire 
coridiiicins for speciirierrs irradiated . ~ t  that f'ncility. 
LiJ isci n with the A twnii: Bomb Chwalty Commission 
hiis c:oritiirued. Studies of particular irnportance indude 
dosimetry for "heavy shielding" cases, deteriniriatiuns 

. ;mi a pilot study of the histories of 
siirvivurs wh(r were exposed to the radioactive "black 
rain." 

8. Applied Dosimetry Research 

Major emphasis in the scdid-state dosimetry program 
cont i l i l ies t o  be in the are:i of  detector research. 
Exotlectron emission studies were centered around the 
role and natiure of activators in the ceramic Be0 
iletecturs. reproducibility o f  ?'SEE readout, stability uf 
stored signals, ef fec ts  un TSEE response such :is 

atmospheric, temperature, light, etc., and the develop- 
merit of TSEE readers. TSEE activators si.ich as sodium, 
lithimn, magnesium, and aluminum were added to  
ceramic Be0 before firing ti:, 1600°C. None of these 

samples exhibited a glow ~ u r v e  different from that o f  
Be0 995, which has a natural  content of silicon o i  2000 
ppni. These x t i v a t o r s  seem to  prorrioic exoeleztrori 
ern i s s i c m  which i s  dreacly iii[ririsiz to the ceramic He0 
by increasirig the efficiency of exoelectron release. A 
signit'icarit kiding study was in& ot' ;3 variety of new 
solid-state detectors as well as several f i lm dosimeters. I t  
was found that latent rmetched fissiori fragment tracks 
in  iO-pm polycarbonate foil are stiible f i x  at. least three 
months a t  30°C and 95% relative huniidity. Radio. 
phu toluminescent JRPI.,) and ehermoiiiriiiiiesceii~ ('TLD) 
detectors as well ;js cornmo~i di>siIyketer films wcre 
iricluded in this study. 'flRree differerit W I ,  dosimeters 
showed less than 15% deviation in  readings between orte 
day and three months after e ~ p m i r e  ii' stored tit 30°C 
at:d 95% relative hamidity. O P  various 'TL tleteciors. 
tadtrig in CaSO, :Dy W;IS harely detectable, while 
CaF2 :Dy showed pronounced fading i.uider the sanli: 
coriditions. S t i d e s  associated with developing ari al- 
tmwt ive  detector (to photographii: t'ilm) I 'or personriel 
iieutron mciriitoring have colitillut.d xid were centtwd 
on the registration of charged particles in  plastic. 

9. Interaction of Charged 
fartides with Matter 

The specific objective o f  this r ;jri.h program con- 
tiniies t o  be directed a t  deterrnining energy pathways 
after swtR charged particle!; interact. wi th  gases. During 
this repurt period studies have c.erineretl ori  t h e  inter- 
ac;tiim of 2-MeV prl>!i>;is with hel i~im a t  pressures 
between 1W3 and I O 3  torr. ?'he tlvininating ( 2 '  F') 
state W;IS studied by ubservirig the i i t n i .  liehavior of a 
tcsonarice lirio resuItiiig friin-1 P.1 ' S  tmixi t ioi i : ;  rit 583 
K .  Compariiig rhese data with thr: iriierisity :(nd time 
behavior of  the continuous trnissioii, i t  was coricluded 
that the atomic state 2'1' is conver~.e!l iu two different 
excited rnu1ecirl;ir states: in helium by three-body 
collisior!s. 'The eriergy pathways rriodzl develuped in 
these studies suggests that the Jesse e f f e c t  originates 
frcirn ;I rmtast;ible n~olecule rather than  from a r i  atomic 
state, as previously believed. An opcr:iriririal rationale 
fur radiatiori protection is beiiig developed which is riot 
encumbered by such concepts as "permissible levels" 
measured iri terms of  ahsorbed dose or its myriad of  
frictors. The radiation field is tiefitled by specifying 
every variable which could cunsidcrably :rffect the 
biological probabilities. 'i'wo approaches tu the problem 
are being pursued. I n  the first approach ail operaciorial 
relationship beiweeri r;idiation arid c t fec t  is expressed 
by assuming that an operator exists which traiisfosms 
the radiation field directly into ptdxibihties of ob- 
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serving effects. The second approach embodies an 
operational relationship implied in the first approach 
and prompted by the observation that there are no 
“radiation diseases.” The objective here is to discover 
the operator O(N) which changes the natural rate of 
incidence to that which occurs as a result of radiation 
(N). A joint program with the Biology Division is under 
way in which an attempt is being made to find the 
operator O(N) for the case of mouse cataract incidence. 

10. HPRW Accelerator 

energies above 200 keV as a function of incident angle 
on the roof of the DOSAR Control Building during 
HPRR operations. These data are part of a program ti) 
evaluate the doses received by survivors in heavy- 
shielding buildings at Hiroshima and Nagasaki. An 
increasing commitment to studying radiation in the 
environment was expressed by the development of a 
computer program to calculate possible isotope con- 
centrations produced in the environment by the 
operation of a power reactor. High-resolution garnma- 
ray and alpha-particle spectrometers were obtained and 

July 1971, the ninth in a series of intercornparisoris of 
nuclear accident dosimeters was conducted. Participants 
included A X  contractors and companies holding 
licenses for handling large quantities of fissile material. 

In support of the program in nuclear safety, an 
extensive calculation of the HPRR’s neutron energy 
spectra under three different conditions was made. A 
comparison o f  these calculations with previous rneasure- 
ments h:ir been completed. The close agreement pro- 
motes a feeling of confidence in the calculations. The 
3-MV Van de Graaff was operated throughout this 
report period i n  support of the energy pathways 
studies. Dosimetry studies and the determination of 
detector responses were perfoniied using the DOSAR 
Low-Energy Accelerator. 

1 1. Spectrometry Research 
and Development 

New applications of previously developed techniques 
highlighted the work i n  spectrometry research. For 
example, the capabilities developed for the zone re- 
fining of organic scintillators were applied to other 
organic compounds being studied by inass spectroscopy 
in the K;idiatioii Physics Section. Instrument develop- 
ment produced a stable source of light pulses for use as 
a standard in the organic scintillator studies and a 
paper-t ape-t o-t ypewriter translator that rejects non- 
significant zeros to aid in the clarity of a digital 
readout. Two different fast-neutron detectors with high 
sensitivity were developed. The first was for use with 
the Aerial Radiological Measuring Surveys system 
operated for the Atomic Energy Commission by the Las 
Vegas Division of EG&G, Inc. The second was a 
last-neutron spectrometer for measuring neutrons with 

PART’ 111. lNTERNAL DOSIMETRY 
(Chapters II 2---  16) 

Estimation of absorbed fractions of photon energy 
per gram of target organ is of great importance, since 
dose i s  proportional to  this quantity and for many 
organs of the body, particularly the gonads, the direct 
Monte Carlo calculation is inaccurate. The accuracy of 
the estimates obtained in the report “Estimates of 
Absorbed Fractions for Photon Emitters within the 
Body” are generally well within the range expected of 
most dose estimates, particularly when the organ 
involved receives only a small fraction of the dose to  
the critical organ or tissue. I t  is hoped that this method 
of using the buildup factor in obtaining estimates o i  
dose will come into general use. 

‘The second report on “Estimates of Dose to Infant5 
and Children ~JOITI a Photon Emitted in the Lungs” is 
likewise an extension of previous work. I t  appears that 
the dose to the child per photun is frequently higher 
than for an adult, the difference being one to two 
orders of magnitude. ‘The extension of these results to  
other source organs poses problems of great interest for 
clinical use of nuclear energy as well as for estimates of 
dose due to exposure of the population. 

The study of the metabolism of magnesium and its 
dosimetry is one example among many of the models 
constructsd for estimation of dose needed for the 
revision of ICRP Publication 2.  I t  will be circulated for 
review by the ICRP. 

The remaining reports 011 blood volume i n  lungs and 
on excretion of plutonium are examples of the con- 
tinuing need for metabolic data on the behavior of 
radionuclides in the body and of their importance for 
estimation of dose. 
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PAKT IV. ENVIRONMENTAL STUDIES 

17. Dose Estimation Stiidies Relilted 
to Peaceful Uses of Nuclear Explosives 

and  Other Radiimrrclide Releases 

Resexrch cuiiiiriued on development of the CUEX 
rlae!hodi>lt:igy fur essirig r;idiation exposures of tiu- 
rnsii populatiuns vi3 all important exposure pathways 
for- envirvntnenta! releases o f  radioacl ivity. Methods 
deveic.iped under. this activity were uscd to  cornpieti: 
rad io1 ogii a1 sect io li s u f E nvi ru nni z n t a I irnpnc t s tat e- 
ineiits (utility-owned nuclear power s ta t ions)  prepared 
;it ORNI., for the AEC i o  rrieer the requireinerits of'the 
Nat iorial Envirorinier1t;il Policy A c t  of  1969. Dose 
estimates were r n d e  for all significant exposure path- 
ways following a careful study of the nuclear power 
station and  its environment. Radiation doses. both to  
iiidividiials arid to tot ; i l  population within 50 miles of 
thr: station, were estimated. Comparisons were ni;ide of 
thc estimated doses with the appropriate radiation 
safety guides arid the doses due to  natural background 
radiation. 
'h: radioactivity release experience of light-water 

power reactors was analyzed in a number of ways io 
identify critical aquiitic exposure pathways and critical 
radionuclides. This work was a supporting effort to the 
;ibove-mentioned application uf CUEX rnethodology. 
'Thr: radioiiuclides giveti consideratioil iri the analysis 
were those which satisfied several criteria thought to be 
indicative of possible erivironment~il impact. The work 
provided a standard list of radioriuclides which should 
be wnsidered in estimating the environmental impact 
ut. rxliija!:tivity released iri the liquid effluent of curre:it 
light-water power reactors. 

Work 011 dose estimations related to  the Gasbuggy 
project, the first experirnerit performed IO demonstrate 
the feasibility o f  usifig riuclear zxplrxivcs tr-) increase 
production o f  natural gas, wiis completed with t h e  
preparation of three t ~ p i c a l .  reports. Trtrium behavior in 
;I natura l  gas processirrg plant was studied ds a part o f  
the evaluation ot' corisunier producls f r o m  Projecl 
Gasbuggy. Data obtained during the study experinxiit 
indicate t h a t  the  projected i%'hole--budy doses t u  plant 
worker!;, attr ibuiahle t u  tsitiurri rele;jses d!iring 
processing (if nuclearly stimulated pas, woiulcl be  less 
than 1% of  the dose from natural background radiation. 
The observed distribution of tritiuni ;imcing plan1 
products confirmed theoretical ca1cul:itiuns. leiding 
confidence in our  ability !o predict the quantities of 
radioactivity in gas and liquid prodircts icavirrg a plant 
that processes gas froin nuclearly stiniul;itzd wells. 

Tlie first phase vf Kulison (the secorid experiment 
performed t o  denionstr;ite the fe:isibility of using 
nirclear explosives to increase priiductiori ~ l '  natural  gas) 
close esl imations considered the radiological impact of 
hypcithetical introductiori o f  gas f rom the Kulison well 
into the distribution systems of two siriall gas trans- 
mission sys~e ins  located near the well site. Irthal:ition 
and skin absorption of  tritium disperscd in the at- 
niosphere gave d o c s  lzss t h a n  1 millirem pcr year,  bur 
h i m e  exposiiie t o  iirivented combustion products from 
kitchen rariges, the critical exposiire pathway, could 
have giveii a dose o f  3.0 rnillirerris per year in one 
system and up to  70 rnillirerris pcr year iri the sy 
that provided very little ciilulirjn of the Riilisori gas. 
Computer prograiris were dcvelvpcd. t o  aid esrinlatioi! 
arid control  of doses frorn natural gas produced in Li 

nuclearly sl i rnulnt txi  well field. 
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PION BEAM DOSIMETRY 

Some modifications were made in the program for 
coniputing pion-beam depth-dose curves in water. The 
changes allow for charge exchange and fur possible 
fiituxe extension of the code above its present energy 
limit of 125 MeV. A descriptiori of the code and 
experimental physical data programmed into it IS in 
p r e s 6  Good agreement is obtained between pion-beam 
depth-dose cutves calculated with the program and 
curves measured at the European Organization for 
Nuclear Research (CERN). Our collaboration w t h  the 
CERN Health Physics Group is continuing. During this 
year an exchange of one staff member from each group 
tvok place. 

A theoretical study has been made of the energy 
deposited in water spheres and cylinders of various sizes 

1. Graduate student. 
2. On loan from Mathematics Division, ORNL. 
3 .  New York University. 
4. Consultant. 
5 .  CERN, Geneva, Switzerland. 
h.  J. E. Turner, J .  Dutrannois, H. A. Wright, R. N. Hamm, J .  

Baaill, A. H. Sullivan, M. J. Berger, and S. M. Seltzer, “The 
Cornputition of Pion Depth-Dose Curves in Water and Corn 
parison with Experiment,” Yubrnitted to Radiation Research. 
Calculations of the dose resulting from electrons, which 
contaminate pion beams, and from subsequent electron-photon 
cascades were done at  the National Bureau of Standards. 

Fig. 1.8. Energy deposition In water sylirrrefi by hi&-I.ET 
(‘>170 MeV/cm 111 HzO) particlea produced from n capture by 
oxygen (solid cuxve) and carbon {dashed curve). Additional 
contribution of high-LET recoils from neutrons produced from 
Lapture by oxygen IS also shown (total) 

around the site at which an oxygen or carbon nucleus 
captures a stopped negative p r ~ n . ~  Figure 1.1 shows the 
mean energy E deposited by high-LET (,I70 MeV/cm 
in water) particles produced direcdy as a result of 
capture as a function of the dBttsnce R from the 
captuxc site. In the case of pion capture by oxygen the 
added dose due LO neutrons resulting from the capture 
is also shown. Practically all o f  this high-LET dose is 
deposited within a sphere of  a a h s  2 mn.  

7. J R Dutrannois, W. N. Hamin, J. E Turner, and tI A. 
Wright, “Analysis of Energy Deposition in Water around the 
Site of Capture of a Negative Pion by an Oxygen or Carbon 
Nucleus,” submtted to Physm in Medicine and Ddogy. 
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STATUS OF THE THEORY OF 
DELTA-WAY PRODUCTION 

The characterization of secondary electrons underlies 
a basic physical understanding of the action of radiation 
on matter. A review has been made of methods for 
calculating the spectra of delta rays produced by heavy 
ions and electrons, with a view toward their incorpora- 
tion into microdosimetry theory. The broad shapes of 
secondary electron spectra in materials of low atomic 
number can be predicted by using a simple binary- 
encounter theory, suitably scaled. 'The energy spectra of 
ejected electrons, integrated over all angles, are repro- 
duced rather weU both by the binary encounters and by 
use of the Born approximation. Figure 1.2 shows 
calculated and measured (circles) spectra from the 
impact of 100-kcY piotons on helium. A report of t h i s  
review was presented at the Third Symposium on 
Mic r odosime try .' 

- 
8. James E. Turner and Cornelius E. Klots, '3tat1.1~ of the 

Theory of Delta-Ray hoduction," pp. 31 - 4 5  in Boceedings of 
the Third Syniposiztm on Microdosimetry, Stiesa, Italy, October 
18 -22. 1971 (Euratom). 

ORNL-DWG 7 2 -  6701A 
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Fig. 1.2. Secondary-electron energy ( T z )  spectrum from 
impact of 100-kcV protons on helium. Ckcles show experi- 
mental data of Crooks and Rudd, Phys. Rev. A3, 1628 (1971). 

ELECTRBN-SLBWING-DOWN SPEm 
IN SEMICONDUCTORS 

A theoretical program paralleling that in the Physics 
of Tissue lbarnage Group has been established to study 
the spec tn~m of slowing-down electrons in senticon- 
ductors containing beta-emitting nuclides. Progress in 
this effort requires detailed estimates of differential 
inelastic cross sections for excitation of valence- to  
higher-band transitions and for transitions from inner 
levels by incident electrons having energies ranging from 
a few eV to -lo6 ev .  

Spencer and Fano and Spencer and Attix have given 
theore tical treatments of electron-slowinig-do\Nn spectra 
at energies high enough that detailed electronic strue- 
ture of the materid is not important. Calculations at 
energies comparable with transition energies from inner 
levels require not only detailed cross sections which 
account for binding effects biit also require a different 
approach to the solution of the Boltzmann equation. 
The Spencer-Fnno method is predicated upon the 
approximate validity of the continuous-slozpling-downs1 
approximation; this approximation is suspect in this 
range of energies where the probability of large frac- 
tlonal energy losses in a single interaction becornes 
appreciable. 

The work reported here has involved the use of ( 1 )  
the Callaway-Tosatti model of a semiconductor to  
generate cross sections for excitation from the valence 
band, (2) classicd cross sections for excitations from 
inner levels, and (3) the Kane cross sections for electron 
interaction with the phonon field. We thereby include 
the effects of plasmon creation and electron-hole 
production in the valence band and the excitation of 
electrons from inner levels. We have decided to use 
classical binary collision cross sections to represent 
excitations from all inner levels in the case of metals 
and semiconductors. Our reasons for using the classical 
model are (1) the quite reliable results which one 
obtains for the few cases in which experimental or Born 
approximation cross sections are available, (2) the 
convenient scaling properties possessed by cross sec- 
tions whicli emerge from the model, (3)  the relatively 
simple analytical forms possessed by such cross sec- 
tions, and (4) the ease with which one may constrain 
these cross sections so that sum niles and high-energy 
stopping-power requirements are satisfied, 

These cross sections have been prepared in a form 
suitable for use in a Monte Carlo code which was 
desiyed and written by us for another application. This 
code has been used to compute slowing-down spectra in 
neutron-activated silicon. Figure 1.3 shows the resulting 
fluxes presented in histagani fcm in the energy range 
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Fig. 1.3. Electron-slowing-down spectrum in siliccpn. The 
points reprewnt experimental data corrected to the interior of 
the wmple The smooth curve shows the results of calculations 
using the Spencer-Atttx theory. The histogram gives results 
using a Monte Carlo approach. 

from 10 to  1 0 4  eV. The flux spectrum obtained 
expedmentaliy is shown as the solid points, while 
results of a calculation using the Spencer-Attk method 
are shown as a solid line. Reasons for the discrepancy 
between theory arid experiment ace being sought. 

lNNER-SHELL EXCITATION OF ATOMS BY 
SLOW HEAVY CHARGED PARTICLES 

Much effort has gone into the study o f  x-ray 
generation due to the filling of inner-shell vacancies in 
atornk systems. Theoretical cross sections for produc- 
ticxi of such vacancies by heavy charged particles have 
been much studied in the Born approximition, usually 
employing Coulombic wave fiinctions to describe initial 
and find states. I t  is of interest to investigate theoreti- 
cally cross sections for production of  inner-shell vacan- 
cies by particles having velocities low compared with 
those of electrons in the shell considered. Considerable 
data have been accumulated in this regime. 

We have obtained interesting new forniulas for K-sheU 
excitation using the perturbed stationary state for- 
malism of M ~ t t . ~  His approach yields an exact expres- 
sion for the probability amplitude that the nth ionized 
or excited state in at] atomic system is reached in an s- 

9. N. F. Mott,i%c. Cambridge Phil. SOC. 27,553 (1931). 

to s-wave transition when a slowly nioving charged 
particle i s  incident on the system with impact param- 
eter b relative lo the nucleus. This expression i s  exact 
for limiting small velocity. For a charged particle with 
velocity v and charge Z1 e,  incident with straight-line 
trajectory along the Z axis, the probability amplitude 
for excitation of the nth excited state is 

if the atomic system is initially in the state 0. This 
expression is appropriate to  a one-electron atom but 
may be generalized immediiitdy io apply to a many- 
electron atom. The basis set Gn(r9 
exact, orthonormal solutions of Schroedinger's equa- 
tion for the electron 111 the Coulomb field of the two 
nuclei when held stationary at a distance IRI apart. 2 is 
the z coordinate of the incident charge if the atom i s  
situated at  the origin and i fv l  IS p a d e l  with the z axis. 
The wave number knn = ( W ,  - W,)/h ,  and W,(R)is 
the energy of the electron in the nith excited state at 
separation IRI. ' h i s  rather complicaied expression may 
be simplified greatly using the following trick. 

If the term (r - R1 is expressed as a Fourier integral, 
Eq. ( I )  may be written 

where 

Making the change of variable 

this expression becomes 
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where 

and the vectors q9 W, and t have been resolved into 
components perpendicular (I) and parallel with the z 
axis. 

If 14' is expanded in a 'Taylor serizs in the variable Q 
and if the resulting t e r m  are integrated by parts in the 
variable Z ,  it is found that 

Designating the j t b  term in this series by aNU),  it may 
be siiown that 

where ko(x)  is the zerc-order modified Besscl function 
of the second kind and Jlm*(r ,  Et,, 0) designates the 
electron eigenfunction evaluated at the position of 
closest approach of the incident charge. The remaining 
terms in this series may be shown to be negligible by 
comparison with a,(') in the case of small v l .  The 
expression for a,( above is comparable in form to the 
Born approximation-theoretic result of Bang and 
Hansteen.' However, the interpretation of the various 
quantities in Eq. ( 5 )  is quite different. Bang and 
Ilanstecn work in the large v1 regime; the eigenfunc- 
tions which they employ correspond to those of the 
unperturbed atom, while the eigenfunctions appearing 
in Eq. ( 5 )  are perturbed strongly by the incident 
paiticle. The wave number kon is different from the 
corresponding wave number of Bang and Hansteen and 
is evaluated at the distance of closest approach. 

Equation (5) yields a cross section for ionization 
which is quite similar to one which has been obtained 
by a plausible but empirical procedure applied to the 
Bang-Hansteen high-velocity formulas. This procedure 
consists of shifting the binding energy of the ground 
state by a stationary state perturbation energy corre- 
sponding bo the distance of closest approach of the 
perhxhing particle. 

10. J. Bang and J .  M. Hansteen, Kg! Don Vidensk. Scrlsk., 
Mof.-Fyr Me&. 31(13), l (1959) .  

[his recipe Iws yielded theoretical cross sections in 
good agreement with cxperiment in the small v, regime. 
Equation (5) puts this pruceduie on a sound theoretical 
baris and may lead to  improvements, for example, 
through the use of vaniationdy determined Wm(R) and 
Gm(r, R) in establishing cross sections. 

This work was done in collaboration with Prof. 
Werner Brandt of New York University. 

LXW-BNERGY ELECTRON SCATTERING 
BY PBIAR MOLECULES 

An extensive theoretical study of lowenergy electron 
scattering by dipolar target systems has been concluded. 
This was the culmination of a long-range program to 
obtain detailed theoretical knowledge of the effects of 
dipolar forces on charged-particle scattering phenom- 
ena. The present study is complementary to earlier 
theoretical investigations' of the critical binding 
properties of dipolar fields and to experimental investi- 
gations' 4-1 of morrrentuna transfer cross sections for 
thermal electrons in y d a r  gases. 

We limit our considerations to  the energy range in 
which the relevant experimental data are available, and 
in this region (-0.03 eV) rotational excitations are the 
only open inelastic channels. If we designate the 
projectile coordinate by Y measured from the center of 
mass, then the Schroedinger equation can be written as 

( 6 )  

where Hrot is the rotational Ilamdtonian of the target 
system and V(P, s) is the total electron-molecule inter- 
action potential. The orientation of the molecule is 
designated by s ,̂ and the target rotational eigenfunctions 
are the spherical harmonics YYi(2) .  We have chosen 
Rydberg atomic units, where h = 1,  me = e* = 2 .  
The units of energy and distance are 13.6 eV and the 
Bohr radius a o ,  respectively. 

If the orbital angular momentum of the incident 
electron is designated by the quantum numbei 1 with 
projectiori ml and the total angular momenturn J is 

[ H ~ ~ ~  - ~ , 2  -+ v ( ~ , E ) I  d / ( h , E ) = E d ~ Q r , 3 ,  

---._I. .- 

11. J .  E. 'Yurner andK. Fox,Phys. L e t t  23,547 (1966). 
12. W. R. Garrett, Chem Phys. Lett .  5, 393 (1370). 
13. W. W. Garrett, Phys. REV. A 3, 961 (1971): 
14. L. G .  Christophorou, G.  S. Hurst, and W. C .  Elendrick, J. 

15. J .  A. D. Stockdale, 1,. G.  Christophorou, J. E. 'Tuner, 

16. I, ( i ~  Chaistophomu and A. A. Christodoulides, J. Phys. 

17. L. G. Christophorou and D. Piitman, J. Phys. fl (At .  Mol. 

Chem Phys. 45,1081 (1956). 

and V. E. Anderson, Phys. Let t  25A, 510 (1967). 

B (At. IW@!. Phys.) 2, 71 (1969). 

Phys.) 3,1252 (1970). 
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formed from J ‘= j + I ,  then the usual coupled spherical 
harmonics lJllJM( P, 2) are eigertfunctions ofJ2 and Jz.  
The total wave function ‘kilJM for the systeq having 
total angular momentutn J can be written in terms of 
these functions thwugh an expansion of the form 

Through use of expression (3, Eq. 6 )  is converted 
into a set of coupled radial equations for the functions 
q I ‘  J q P )  : 

i” E“ 

where kiir is the wave vector for the scattered electrons. 
Solutions of Eq. (8) yield the scattering matrix S 

through the asymptotic relation 

Numerical solutions to Eq. (8) have been determined 
for a large number o f  dipolar systems, some of which 
we describe below. The S matrix was obtained from 
these solutions, and both momentum transfer and total 
scattering cross sections were obtained by carrying out 
the proper sums over eIements of the scattering matrix. 

One of the primary objectives of this investigation 
w i l s  to determine whether the critical binding pruper- 
ties of the pure dipole field are reflected in the 
theoretical behavior of momentum transfer crass sec- 
tions for polar molecules. For this purpose a model 
elecrron-molecule interaction potential was adopted 
which would allow an investigation of the individual 
and collective effects of separate terms in this inter- 
action potential on the resultant cross sections. For thls 
purpose we have adopted a model electronmolecule 
interaction potential of the form 

where e(r) = 1 e r b  is a cutoff function which 
removes the strong singularity at r = 0. In this molecular 

mode1,Z is an effective nuclear charge for the monopole 
term, and p is an effective weening  parameter for the 
Coulomb field The terms m ~ I B L ~ ~ E S  represent an 
induced dipole interaction where at, and ul are the 
parallel and perpendiculai polarrzabdities of a linear 
target system. The tern1 coritaming PP is the &pole 
potential due to  the permanent dipole moment D of the 
target molecule. With this function one can very 
conveniently study the effects of individual coni- 
ponenfs of the interaction potentia! on the resultrng 
scattering csoss sections. 

Some of the results of this systematic study are 
shown in the five curves of Fig. 1.4, The figure shows a 
bewildering amount of data arid is somewhat hard to 
read, but an important coiiclusion can best be reached 
from this composite display of the results. 

First, note that in Fig. 1.4 the purre dipolar c a s  is 
labeled a,, = 0 , Z  = 0.0. (al i s  always chosen to be a,,/2, 
thus at is not necessary to list both.) When a small 
polarizabihly term, a,, = 2 . 0 ~ ~  ~ 1s added, the result 
labeled all = 2.0, 2 = 0.0 is obtained. Mere the rna?rima 
and minima in the elastic cross section Cr(0,O) occur 
at lower values of LP.  This 1s to be expected, since the 
strength of the interaction 1s increased by the presence 
of‘ an Induced dipole term. However, not so readily 
anticipated is the magnitude of the shift. This result 
indicates that even a small induced dipole term has a 
significant effect on the elastic cross section. 

The effect of a monopole term 16 & o m  m the c u m  
labeled Z = 6.0, (vi, = 0 The first maxinium in ~ ( 0 ,  0) is 

8000 

6000 

- 
“0- - 
5 4000 
0- 
b 

2000 

n 

Fig. 11.4. J = 0 compunenk of the elastic etos swtictns as a 
function of dipole moment far 0.5.S-eV electscorn ~n a Iinear 
polar molecule. Dati are for f ~ e  ddferent choices ot effective 
charge Z arid pnlarizabrlitnes all and a I  a1 - u,,/2 in  every ca% 
thw only fill i b  listed 
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shifted all the way down to D = 0, and the second 
maximum now appears at D = 1.5eaO. If, in addition, 
an induced dipole term of magnitude ai, ' 7 . 5 ~ ~ ~  is 
added in with the monopole term, the C U N ~  labeled all 
= 7.5, 2 ::- 6.0 is obtained. Here the first maximum has 
shifted below D = 0.0, and the second maximum now 
occurs at D 5 1.2ea0. Finally, if the strength of the 
polarizability term is increased to 2Oao3, the result is 
that shown by the fifth curve, labeled all = 20.0, Z = 
6.0. Here the second maximum has shifted down to D = 
0.4eu0, and a third maximum has appeared at  13 = 
1 .%ea0. 

From these and other resultsL8 we can make at least 
three general comments concerning momentum transfer 
cross sections for thermal energy electrons on polar 
molecules. (1) In the context of electronmolecule 
interactions there is little significance to the critical 
binding property of  the pure dipolar field.' (2) The 
Born approximation forms a very inadequate descrip- 
tion of the total momentum transfer cross section for 
polar molecules over the entire range of dipole magni- 
tude, and it adequately describes the O +  1 rotational 
excitatiori channel only in the case of very small D. 
(3) If the Born result for a pure dipole rotator is used as 
a basis for comparing thermal energy values of om for 
real molecules,' 4-' the present results would indicate 
that observed values should be greater than 0,s for 
molecules whose dipole moments range from 0 to 
-0.6ea0 and tend toward values smaller than the Born 
result for molecules of large D(D 2 1.2ea0), with a 
possible fluctuation as large as r /k2  in the observed 
values for different molecules possessing any particular 
value of D. These points are well illustrated by the 
results shown in Fig. 1.5. Here the total momentum 
transfer cross sections for 0.03-eV electrons on a model 
system having a screened Coulomb field represented by 
Z = 6.0, ~3 = 1.7u0-' and with three different values for 
the polarizabilities cy = 0.0, IO.Oao3, and 'XI.Oao3 are 
shown. The cross section for a pure dipole target (2 = 0, 
ail = 0)  and the Born cross section for a pure dipole are 
also shown for reference. 

Finally, we consider the question of whether the 
conclusions reached in the present study are consistent 
with experimental data or, to  the contrary, whether the 
data support earlier claims' 5-1 7 , 2 0 , 2  ' as to a demon- 

18. W. R. Garrett, accepted for publication in rMa~eculur 
Physics. 

19. The importance o f  critical binding is reduced to the very 
weak assertion that the possibility of a stable negative ion i s  
assured if D > Dcritical for a particular molecular system. See 
W. K. Garrett,Pkys Rev. A3, 961 (1961). 
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Fig. 1.5. Total momentum tmnsfeer cross sections as a 
function of dipole moment D for 0.03-eV electrons on a model 
polar molecular aysterrm. Values obtained for a pure dipole 
rotator in the present calculation and in the Born approxi 
mation are also shown. Moment of inertia I = 5.8 X lo4 m o l .  

strable effect of the critical binding property of dipolar 
fields on electron scattering by polar molecules. When 
all the recent data are accumulated and displayed in 
toto, the result i s  as shown in Fig. 1.6. There is a greater 
density of data for molecules whose dipole moments lie 
between 1.5 and 2.1 esu-cm and a peculiar scarcity of 
data for those whose dipole moments lie between -2.1 
and 2 7 ew-cm. This nonuniformity in the distribution 
in D of molecules studied experimentally was probably 
brought about by great interest in molecules with D - 
1.625 esu-cm, which is the critical moment for electron 
binding t o  a stationary dipole. However, there appears 
to be no particular region in the range o f D  covered by 
these experiments where the cross section displays 
anomalous behavior which could be associated with 
binding properties of the dipolar field. 

The thermally averaged momentum transfer cross 
section obtained from the Born approximation for a 
point dipole is plotted as the solid line in Fig. 1.6. We 
note that the general trend in the data is similar to that 
obtairied in the present analysis; that is, the values of 
(urn) tend to be significantly greater than (u rns )  for low 
D and to fall below the Born result for very high D. 
This behavior i s  very clearly indicated in the most 
recent data for strongly polar molecules.' 

20. K.  'Takayana and Y. Itikawa, J. Phys. Soc. Jup. 24, 160 

21. J. M. Levy-Lebllond and J. M. Rovost, Plzys. Lett. 268, 
(1968). 

104 (1967). 
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UTILIZATION OF COMPLEX 

The theoretical determination of scattering cross 
sections for all atomic and molecular species is ex- 
tremely complicated in the energy region above the 
ionization potential due to  the presence of a large 
(usually infinite) number of open scattering channels. 
Thus, in order to  obtain an accurate description of 
scattering phenomena for charged particles of modest 
energy (below the region where the simple Born 
approximation may be utilized), one must include 
effects due to various inelastic processes which may 
occur. In the usual practice of expanding the total wave 
firnctions in terms of a set of target eigenfunctions, one 
i s  led to an infinite set of coupled differential equations 
which describe the scattering probabilities for clastic 
and inelastic processes. The difficulties associated with 
such large. coupled sets of equations preclude accurate 
solutions for all but a very limited range of projectile 
energies. 

Feshbach” has developed a very elegant and very 
powerful technique for determining elastic and total 
Scattering cross sections under multichannel scattering 
conditions. In his projection operator approach the 
elastic channel is projected out of the total Schroe- 
dinger equation, and all other channels are included in a 
complex nonlocal “optical potential” operator. The 
difficulties associated with a large set of coupled 
equations are transformed into a new set of Coin- 
plexities associated with the optical potential. However, 
the formalism is amenable to  a number of different 
approximations which offer some distinct advantages 
over other methods of calculating cross sections in a 
difficult energy region. 

We have utilized Feshbach’s technique in an applica- 
tion to atomic scattering of electrons above the 
ionization potential of the target. In our analysis we 
define a projection operator P which selects the elastic 
channel from the total wave function. The remaining 
part of the wave function, which contains the descrip- 
tion of all inelastic processes, is given by operation with 
a projection operator Q which is the complement of P. 
That is, Q 2 1 - ~ P. 

The Schroedinger equation for the interacting system 
is expressed as 

22. M. Feshbach, Ann. Phyr 5 ,  357 (1958). 

where H and E are the total Hamiltonian and energy, 
respectively, for the system. By using the idempotent 
properties of the P and Q projection operators we can 
transform Eq. (1 1) into the following two coupled 
equations: 

and 

Formally, we may solve for Qd/ in Eq. (13) 

and substitute this expression for Q d /  in Eq. (12). This 
gives the Feshbach equation 

This is an integic-differential equation for the elastic 
scattering component PJ, of the total wave function J, 
for the systems. The term PHQ(E+ - QHQ)-’QHP is 
referred to as the “optical potential” though it  is in 
general a nonlocal operator with both real and complex 
parts. In the Green’s function (E* - QHQ)-’ the term 
Et = E + iq, where 17 is a positive infinitesimal to  ensure 
outgoing wave boundary conditions in the continuum. 

Partial wave decomposition of Eq. (15) leads to a set 
of phase shifts which contain real and imaginary 
components, from which the elastic and total reaction 
cross sections may be obtained. However, before this 
can be accomplished one must be able to  evaluate the 
Green’s function. 

The Green’s function G(R, R’) i s  defined through the 
inverse operator in Eq. (16) 

(QHQ - ‘q G(R, a’) = 6(W - W’) . (16) 

We have investigated an approximation in which the 
interaction terns between target and projectile are 
neglected in evaluating G(R, R‘)  but are included 
elsewhere in Eq. (15). In order to  gain some insip,t into 
the practicality of the optical potential for atomic 
scattering problems, we have applied the fwmalism to 
electron scattering by atomic hydrogen. In this case the 
Green’s fiinction may be evaluated analytically, in the 
approximation just mentioned, and numerical solutions 
for both the discrete and continuum state contributions 
to  the optical potential may be included in the 
calculation. 
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Fig .  1.7. Elastic scattering cross section foi electTom on hy&ogen, Experimental results a e  those of Neynaber et al. (ref 234 a r d  
Mrackrnann et al. (rei. 24) 

Very satisfactory resuits for daslic and totd scat- 
tering cross sections haw been obtained for elwtrons 
on hydrogen. These results are shown in Figs. 1.7. 2.8, 
and 1.9. The experimental data are from Neynaber et 
d.,L Urackmann, Fite, and Neynal~er?~ 'and GiabocIy 
et aLZ5 In the region where experimental data are 
available, the agreement with experinleait IS very good. 

Investigations are continuing in the use o f  this very 
powerful technique foi obtaining electron scattering 
cross sections. Other approximations in the form uf the 
opficd potential and application to other iltornic arpd 
molecular systems are under investigation. 

INFLUEWCE OF ~ ~ ~ § ~ O ~  DAMPING 
ON THE MEAN FREE PATH FOR 

PLASMON EXCITATION 

The tnem free path of an electron in a nearly free 
electron gas. including the effect of damping of the 
plasmon states of the system, has been investigated. The 
results of this calculation indicate an. appreciable 
probability for plasmon excitation by an incident 

23 .  R. Neynaber, L. M;urina, E. Rothe, and S. Tmjillu, Phys 

2d. R. Brackmann, W. Pite, and R. Neynaber, Phyr Rev. 

25. H. Gilbody, K. Stehhings, and W. Fite, Phyr Rev. 121, 

Rev. 124, 135 (1961) 

112, 1457 (1958). 

794 (1961). 

elect~on with energy M o w  the thresktdd predicted by 
the zem-dmping theoryl. 

any-body theory shows that the plasmon contri- 
bution to the sdf-enaergj, of an electron in at1 electron 
gas is given by 

where q is the four vector (qs a> and GP-,  is the 
electron Green function. PS,  i s  [lie plasmon propagator 
given by 

where 7, is the plasnion damping rate. The quantity 
gq2 is  given by 

where is the dielectric function Cor the electron 
gas. The wq's are the d u e s  of w for which = 0. 
The inwrw mean free path of' d n  eiecfron for plasmon 
excitation i s  @yen by 



10 

2 0  

1.0 

0.5  

2.0 

1.5 
c 

c 0 

n 

w 

._ 
? 4.0 
+ 3 
? 0.5 

9 

w o  

z 

t -  u 

* 2.0  * * 
0 
0 
0 
_J 1.5 
P 

01 1.0 

c 
z W 

W L L  
1,. 
0 
.~ 

0.5 

0 
2 .o 

1.5 

0.5 

ORNL-DWG 7 2 - 6 5 0 3  

0 OBSERVED BY GILBODY, STEBBINGS, 
AND FlTE I I 

-PRESENT STUDY -1 
I 

I ...... 1 u 

0 

0 30 60 30 I20 150 180 
8 ,  SCATTERING ANGLE [de?]) 

Fig. 4.8. Differential cross section for electrons on hydrogen. 
Experimental results are from Gilbody and Stebbings (ref. 25) .  

where vo is the speed of the incident electron. For a 
noninteracting electron gas we find 

where p = mvo, E = ‘4 mvo2, E p  is the Fermi eiiergy of 
the electron gas, and O(x) = (0, x < 0; 1, x > 0). Nq is a 
“normalization factor” included to ensure that sum-rule 
requirements are not violated. 

This inverse mean free path has been evaluated for an 
electron gas density corresponding to  the conduction 
band in aluminum. The vdurs for the damping -yq were 
taken froin the experimental work of Festenberg.’ 
These new results are shown in Fig. 1.10. For compari- 
son we show the results calculated using Quinn’s 
formula:’ in which damping of the plasmon states i s  
not included. The effect of damping is to  make plasmon 
excitation possible for incident particle energies lower 
than the threshold value predicted by Quinn. This 
calculation may be important in assessing the energy- 
loss mechanisms for low-energy charged particles in 
matter. 

PLASNONS IN SOLIDS 

Collective electron effects in solids are incieasingly 
important in the characterization of matter in i t s  
condensed state. A review has been made of  some of 
the salient properties of plasnions and their manifesta- 
tions, for example, in measurements of electron energy 
loss, optical I eflectance, photoemission, lowenergy 
electron diffraction, electron tunneling, etc. Significant 
progress has been made in the systematic use of the 
plasmon as a diagnostic tool to  study matter in the bulk 
and at surfaces. This review has been published in the 
&ocecdings of the NATO Advanced Study Institute, 
Istanbul, Turkey, August 16 -27, 1971. 

THE DAhWING OF P U S M A  WAVES 
IN CONDENSED MATTER 

We have obtained analytical expressions which may 
be used to relate the damping of long-wavelength 
plasma waves to experimentally determined values of 
the complex dielectric permittivity e(w) = E ~ ( L ~ )  + 
k 2 ( w )  of the medium which supports the waves This 
permittivity i s  obtainable from measurements of, for 
example, the reflectance or absorptance of the medium. 
Our results are obtained by two methods: (1) from 
energetic considerations involving the use of an exprcs- 
sion first derived by von Laue for the energy stored in a 
dispersive medium which i s  weakly absorbing axid (2) 
from nranipulation of the basic dispersion relations. 

26. C. von Festenbexg, Phys. Lett. 23, 293 (1966). 
27. J. J .  Quinn, Phys. Rev. 126, 1453 (1962). 
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We find that the daniping rate of  a volume plasma 
wave is given by 

and for a surface plasma wave 

These expressions are valid when the darnping rates 
given are small ccrmpared with the eigenfrequencies of 
the respective waves. This work has been published in 
Surface Scimce 30, I78 ( 1972). 

I t  has been shown recently by Van Earnpen arid 
co-workers that v i m  der Wads forces between two 
semi-infinite solids separated by a planar gap may be 
regarded as arising from interactions between polariza- 
tion waves on the two surfaces. They applied this idea 
in a specific calculation OF the Force ~n such a system, 
neglecting retardation effects. 

I t  is an interesting logical extension of this concept to 
regard the we~l"~~)w~ image potentiall, which exists 
when a point classical charge is placed a t  a futed 
distance from a solid surface, as having i t s  origin in the 
interaction between this charge and the surface plasmon 
field existing in the neighborhood of the interface 
Since the image potential is important in a number of 
physical processes such as the Schottky effect, electrori 
tunneling in ma:td-insulatcrr-~~~la~ (M-I-MI junctions, 
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and other phenomena in metals, it is importznt to predicted by classical thcory at distances from the 
investigate the consequences of this extension. interface of the order of c/wp. where ap is the plasma 

We have shown that the classical image potential may frequency of the electron gds and c i s  the speed of light. 
be considered to originate in the shifted zerepoint An account of this work has been published in 
energy of the surface plasmon field. The retardation Physics Letter.s.' 
correction to the image potential may be studied 
conveniently using the electron gas model. We find that .. _---_l-l_------..- 

the potential becomes appreciably smaller than that 28. R .  H. Ritcbk,Phys Lett. 28A, 189 (1972). 
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OPTlCAL PROPERTIES OF K BETWEEN 4 
AND 110.7 eV AND ~ ~ ~ A ~ ~ ~ ~ N  

WITH Na, Rh, AND Gs 

As a continuation of our studies on the alkali  metal^,^ 
the optical arid dielectnc constants of K have been 
determined from reflectance and transmission measure- 
nierits for- photons of energy between 4.0 and L0.7 eV. 
Reflectance measurements were made as a function o f  
incident angle at a K-MgF2 interface in an ultrahigh 
vaciium system. The refractive index ( n )  was deter- 
n ined  from the critical an& for total internal reflec- 
tion, arid the absorption coefficient (k)  was determined 
from the slope of the reflectance curve at the critical 
angle4 and from transmission measurements. The values 
of 91 and k obtained are shown in Fig. 2.1. Figure 2.2 
shows a plot of , ffie red  part of the dielectric 
constatit, vs the wavelength squared. The solid triangles 
are points calculated from the smooth curves for n and 
k of Fig. 2.1, using the relation E ,  = tzz  k 2 .  Except 
for the open circles the other points plotted are taken 
from the data of other workers s43 as indicated in the 

~ l..l--l.l.l 

1. Consultant. 
2. Graduate student. 
3. E. T. Arakawa et al., Health P’hys. Uiv. Atfnu. b o g .  Rep. 

4. See article entitled “‘A Slope Method for Determining 
Extirrction Coefficients,” this section. 

5 .  J. 0. Sutherlandl and E. T. Arakawa, J. Opt. Sue. Arner. 57, 
545 (1967); 58, 1080 (1968); J. C. Sutherland, R.  N. H a m ,  
and E. T. Arakawa,J. Opt. Soc. Atner. 59,  1581 (1969). 

6 .  S. Yamaguchi and T. Hanyu,J. Phys. Ssc. Jup. 31, 1431 
(1971). 

7. R. E. Palmer and S. E. Schnatterly, Bhys. Rev. 4, 2329 
(1971). 

13. N. V. Smith, Phys. Rev. 183, 634 (1969); B2, 2840 
(1970). 

July 31, 1971. ORNL4720, pp. 42-43. 

figure caption. Figure 2.3 shows the optical con- 
ductivity (I = we2/4n,  where E? = 2nk 1s the imaginary 
part of the dielectric constant. Also shown are optical 
conductivities obtained previously for other alkali 
metals. For all four metals the solid lines at high 
energies have been obtained at ORNL3 The dashed 
curves at low energes are from the work of Srn~th.~ 
The dash-dot curve for Na is a sniooth extrapolation 
between the high- and low-energy datii. 

The analysis of the data in  Figs. 2.2 and 2.3 follows 
that presented previously for the other alkali 
The open circles in Fig. 2.2 show the values of cE1 
obtained when & e l ,  the contribution to el due to 
processes not included in tho nearly free-electron 

0.8 

-k 
0 

c 
z 0.6 a 

0.4 

0.2 

Fig. 2.1. Experimental values of I I  and k for I( vs wavelength. 
Open circles are n values obtained from the critical angle 
method, triangles are k values obtained from the slope of R(O) 
near cntical angle, and solid circles are k values obtained from 
trwmission measurements. Solid lines give the smoothed 
average values of the data. 
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Fig. 2.2. Real part of the complex dielect~ic constant of K vs 
the sqiaare of photon wavelength, Solid triangIes are the points 
obtained from the smooth curves of n and k values. Data points 
are taken from Sutherland et al. (A), Yamaguuchi and Hanyu (o), 
Palmer and Schnatterly (01, and Smith (a)* Open circles are a 
plot of €1 - d e l ,  the free carrier contribution to €1.  

model, is subtracted from the experimental vdue of e l .  
The value of 6e,(h) was calculated by a Kramers- 
Kronig analysis of the experimentally observed devia- 
tion of u from the free carrier part characterized by a 
damping constant 27ryh = 0.01 8 eV and a plasma energy 
of 3.9 eV. The straight line in Fig. 2.2 gives the best fit 
of(El - fie1) vs A* to the nearly free-electron theory. 
This yields an optical effective mass of 1.01 k 0.01 and 
an ion core polarization of 0.15 2 0.01. The plasma 
energy obtained by setting E ,  = 0 is found to be 3.85 
eV. In Fig. 2.3, Smith’s u data for K,  obtained from 
ellipsometxy measurements, most clearly show the 
absorption peak centered at 2 eV that may be attrib- 
uted to  direct interband transitions and the rise in u 
below 1 eV due t o  free carrier absorption. The 
dominant feature of the u curve in the reaon of our 
measureinents is a broad strung peak centered at 8 eV 
and extending from about 5 to I 1  eV. Its interpretation 
will now be discussed along with similar structure 
obseived for the other alkali nietals above their plasma 
energies. 

Our measurements clearly show the existence of an 
absorption process in all. of the alkali metals at energies 

above the plasma frequency. In each case the absorp- 
tion is strong, being comparable in magnitude to the 
interband transition absorption at lower energies. The 
broad absorption peaks are found to become stronger 
and more to lower energies for alkali metals of larger 
atomic number. Finally, in each material the high- 
energy peak i s  found about 1 . 5 b ,  above the interband 
peak, where hap i s  the plasma energy. In Fig. 2.3, the 
separations are approximately 8, 6 ,  5, and 4 eV for Na 
through Cs. Values of 1.5hwp for these materials are 
8.4, 6.0, 5.1, and 4.3 eV, respectively. The question of 
interest i s  whether this absorption can be understood in 
terrns of one-electron theory or whether it must be 
explained in terms of the excitation of collective modes 
of the solid. 

Except for Cs, present calculations indicate that, 
insofar as energy separation i s  concerned, transitions to 
d- or f-like states could account for the observed 
high-energy peaks, We do not believe, however, thal 
such transitions can be rcsponsible for the observed 
absorption. In Cs, where the absorption is strongest, the 
observed peak falls at the wrong energy. In all of the 
materials, if this absorption i s  due to an interband 
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Figb3. 2.3. Optical condactkity ‘IS photon emeqy of Na, K, Rb, 
and Cs, The solid lines have heen obtained at ORNL, the two 
solid lines for Na being from Sutherland’s data with different 
films. The dash-dotted linc is calculated f ~ o m  n and k values 
obtained by a smooth interpolation between Smith’s (- - -  - -  --) 
and Sutl~exland’s data. 
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G h s y  carbonIQ 1s a relatively new foian of hard, 
nongraphitizing carbon. which resembles a black glass 
WI th ai extremely nonporous, smooth surface, X-ray- 
difhaction studies1 (> suggest that the struchire is 
esseritially that of a turbostratic carbod 1 of very small 
crystallite size. The optical properties of a sample of 
glassy carbon, the surface of which had been mechani- 
cally polished, have been obtained from reflectance 
measurements up to 82 2V. The values of c 1  and c2, 
the real. arid irnagitiary parts of the complex dielectric 
constant, are shown m Fig. 2.4. 

I f  glassy carbon has a turbostratic structure i t s  
properties siiolald skiow some similarities with those of 

......................... . 

9 8. 1. Lundqvist and C. LydBn, in Proceedings of the 
Hrctronic Density of States Symposium, National Bureau of 
Standards, U.S. G Q V ~ .  Printing Office, Washington, B.C., 1966, 
p. SO; B. I. kundyvist, Ph.1). thesis, Chalmrrs Tekkniska 
Iisgskkola, Goteberg, Sweden (1969). 

10. J. C.  Lewis, B. RrAStxn, and F. C. Cowlaxd, Solid-State 
P k r m i .  6, 25 I (1963). 

81 .  D. D. Fischbach, p. 1 in Chemisrry arid Physics of 
Lhrbon, vol. 7 ,  4. by P. L. Walker, Mxcel Dekkcr, New York, 
1'27 I. 
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photon energy. 

Strong structuie is seen at 5.6 and at  20,4 eV. The 
structure at 5.6 eV corresponds to a minimum i n  
and is associated with a collective oscillation, in this 
case a hybrid resonance involving both collective and 
single-electron effects. The structure at 20.4 eV is 
associated with a pure collective oscillation presiinnably 
involving both 7~ and u electrons. 

FOR DETERMINING 

Many factors, such as iinperfections in the optical 
system or ow the sandace of the sample, result in 
inaccuracies in the measured reflectance R at a surface 
as a function of the angle of incidence B so that the 
optical constants rm and k ,  obtained from the best fit of 
the data to Fresnel’s equations, may not be the tnie 
constants for the bulk material under investigation. I t  is 
well known that for nonabsorbing mcdia with n < 1, 
the critical angle for total internal reflection, B c ,  g’ ives a 
precise value of n through the relation n = sin  Oc. 
Hunter1* has extended the critical angle method to 
yield accurate n values for slightly absorbing media (k < 
0.2). An approximate value of I? is obtahed from the 
angle On: at which the slope of R vs 8 is a maximum, 
and then a correction i s  applied depending on the values 
of k and P,  the polarization of the incident light. We 
have fouiid that k rnay be obtained fioni the magnitude 
of the slope of R vs 0 at 8,, . This quantity i s  sensitive 
to the value of k but relatively insensitive to surface 
imperfections and to  the values ofa  andP. 

12. -W. R. Hunter, J. Opt. Snc. A n w .  54, 15 (1954);J. Phys. 
25, 154 (1964). 

IA general we may write R,,,,(Q) = c(0) R(&).  Mere 
R(0) is the reflectance for an ideal interface, Rmeas(0) 
is the experimentallly measured reflectance, and .(e) is a 
factor which may involvc both instrumental uncertain- 
ties and those due to  surface imperfections. For the 
slope we have 

In th is  method we are concerned with the case where 
the slope dR(O)/dO i s  very large. Then, to  a good 
approxinnation, it is possible to neglect the second term 
on the right side of the equation in comparison with the 
first. Thus, where the critical angle method can be uscd 
and e(@,) can be evaluated, values of n and k 
determined from 0 ,  and the slope at O m  are more 
reliable than those obtained by fitting the entire R vs t9 
curve. The slope dR(e,)/& has been calculated by 
differentiating Fresnel’s equations for the reflectance. 
Figure 2.7 shows calculated values of dR(B,)/dQ 
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Pig. 2.7. Calculated value of dR/d8 at O m  vs k €or iz = 0.5 and 
p = Q(---- ), 0.5 (. --.), 1 (-), 2 (- --  -. .), and - (. . . . .). 



plotted as a function of k for a given value of n and 
sweral values of PJ. It  i s  seen that the measured slope at 
B,n is more sensitive to the value o f k  for the smaller 
~a1rne.s OT k A whole family of such curves can be 
plotted and used in coqjuacticm with Hunter's method 
for  p,e;el~iing n fiotn O,,, in order to obtain values of k 
limited LYI acciinacy only by the uncertainty in .(e,) In 
wtud practice, we have fmrad the optical constants 
f r ~ m  the thioretical expression for dR(B,)/dO by an 
Iterataw process carried out by means of a computer 
p r o g e m  written to fit n tu the observed 0, and k to 
the nbserved slope at 0, far ;1 h o w n  value o f P .  

W e  have found thic, method to be very iiseful in 

measuring the optical properties of the alkali metals at 
photon energies above their plasnla energies, where they 
beccme relatively transparent. I 

' 

EMSORPTION ON FRESH , 

M A 6 ~ ~ $ ~ ~ ~  SURFACES 

Measiirements have been made previouslyI4 of exo- 
election emission during oxygen and water vapor 
chemisorption on fresh magnesium surfaces. At that 
tanie, preliminary measurements of the photoelectric 
work function indicated that some connection exists 
berween the work functmn and exoelectron emission 
for  a gven surface. For a given partial pressure of 
oxygen, the work funchori changes with time after 
abrasion of the surface, exhibiting nlirirtna in associa- 
tion with maxima in the exoelectron emjssion. We have 
riow obtained photoelectric data showing t h s  phenome- 
non, and also show that the exoelectron emission i s  a 
maxmium for an approximately monolayer coverage of 
oxygen on magnesium. 

Figure 2.8 shows data for an oxygen pressure of 
approxmately 7 x torr. The top curve stiows the 
work f~inction, as determirned by the onset of  photo- 
emission, as a function of time, while the lower curves 
show the photoemission for a photon energy of 4 1.93 k 
0.05) eV and the exoelectroo emission, both as func- 
tions of time. The work function goes through two 
minima corresponding directly t o  the two maxima in 
the photoenrission and c!osely connected with the two 
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Fig. 2.8. Time development of the work function, the 
exoelectron emission, and the: photoemission ( / I V  = 1.93 t 0.05 
e v  from P fresh magnesium wrfaee 

maxuna in the exoelectcm emission. 'The work function 
i s  seen to vary between 3.3 arid 1.8 eV, as conaparcd 
with previously publisheda vdiies for evaporated 
magnesium fdms, wh~ch  rmg from 3.6 to 2.2 eV. 

The first nlaximum which Iwurs  in the exoelectron 
emission with time after abrasion is very close tu the 
monolayer formation time calculated assiinung B atilt 

sticking coefficient. This 1s shown in Fig. 2.9, which IS a 
plot of the calculatzd rnortcsl,iy.yzr forrimtion rime for  
~ x y g e n  as a function of p r e s ~ a e  together with r9511a 

which show the position m time of the f i r s t  peak in  the 
oxygen exoelechton emission curve a:, a functiuri of 
pressure. The solid paints are tile actual data, atld the 
open points were obtained by assinmitig a background 
partial pressure of oxygen amounting to 2 x 10 -9 tori  
For the actual data points the oxygen pressure was 
recorded as the increase in tokd p r e w m  on admitting 
the oxygen into the system, bor the open points the 
estimated background oxygen pressu~re was added to 
the measured partial pressure of oxygen In either case 
the higher-pressure points C O ~ ~ O W  the shape of t he  

monolayer line very well. 

13. See article entitled "0ptic;al Properties UT K between 4 
and 10.7 CY and Comparison with Na, ab, and Cs," th is  
S W f i O I l .  

14. T. F. Gesell, E. T. Arakawa, and T A, Callcott, Surface 
sei 218, 174 (1970). 
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A TECHNIQUE FOR REVITALIZATION 
OF VACUUM ULTRAVIOLET DIFFRACTION 

GRATIN6S 

A technique has been developed for revitalizing 
replica grating$ used in the vaciiurn ultraviolet region. 
Epoxy replica gratings overcoated svi th a suitable metal 
are usually more efficient than the originals when they 
are new. However, after exposure to the atmosphere 
and to radiation and contaminants in the vacuiirn 
system, all gratings become less efficient arid tend to  
have more scattered light. 

Revitalization has been achieved by replacing the 
metal overcoating on the grating. So far two gratings 
have been treated, both of which were orifinally 
overcoated with Al. First the A1 was dissolved using a 
dilute solution of NaOH, and then the grating was 
cleaned in a Freon bath. They were then recoated by 
vacuum evaporation, one with Au and the otlier with 
A. In this whole procedure care had to  be taken not to 
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Fig" 2.10. Efficiency c w e s  ~ Q I  x revitalized ;~lsnminrrm-ccmted 
difraction gating. 

damage the nilings in the epoxy layer of the grating. 
'The efficiencies of the freshly overcoated gratings were 
then found as a function o f  wavelength using the 
grating calibrator described by I l a m e r '  for both s- 
and p-polarized radiation. 

Figure 2.10 shows the measured efficiencies for both 
s- and p-polarized radiation for the epoxy replica 
grating overcoated with approximately 760 A of Al. 
Measurements were obtained for both air and hydrogen 
discharge light sources. The results shown are represen- 
tative for this grating. Earlier measurements showed 
slightly higher efficiencies, but some decrease in effi- 
ciency was observed due to repeated exposure to  the 
atmosphere. 

In general it was found that the gratings were around 
10 to 20% as efficient as a new gating but with much 
decreased scattered light intensity. Improvements in 
technique should produce revitalized gratings more 
nearly approaching the efficiency of a new grating. 

16. D. C. H m ~ n a r ,  E. T. Arakawa, and 
Ope. 3, 79 (1961). 
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The extensive series of studies previously carried out 
here cin electron-slowing-down spectra" in a wide 
variety of metals was recently extended to include the 
semiconducting materials germanium and silico11.~ The 
preliminary data fox silicon had indicated some evi- 
dence of structure in the experimentally measured flux 
a t  90 eV and at 2 keV. This structure took the form of 
discontinuities in the data very near the L- and K-shell. 
energies in silicon and was thought to arise from 
electron-induced ionizations of these shells. Since ttiis 
process, if true, represents a possible breakdown in the 
continuous slowing-down model, we made a more 
careful exploration of the slowing-down spectrum in 
srlicon using ;i finer energy mesh and a stronger electron 
source. 

Two single crystals of extremely highpurity (impuri- 
t ies <I ppb) silicon were irradiated in the High-Flux 
Isotope Reactor to  near saturation in a thermal flux of 
3 X 10' neutrons cm-' sec-' . The resulting activity 
was sufficiently high to enable us to obtain several very 
reproducible measurements of the electron spectrum up 
to 32 keV. Particular attention was paid to the region in 
the vicinit.y of the K -  and L- shell binding energies. The 

1. Graduate student. 
2. Consultant. 
3 'The research reported in this  section was sponsored in part 

by the Air Force Cambridge Research Laboratories, Office of 
Aerospace Research, under Contract No. Y72-923, but the 
report does not necessarily reflect endorsement by the sponsor. 
4. W. J .  Mdonnell, H.  H. Hubbell, R .  N. H a m ,  K. W. 

Ritchie, and K .  13. Birkhoff,Phys. Rev. 138A, 1371 (1965). 
5 .  E. T. Arakawa et al., Health Phys. Div. Annu. hogr. Rep. 

July 31, 1470, ORNL-4584, pp. 87---88; J u ! ~  31, 1971, 
ORNL-4720, pp. 5 1--52. 

results of one measured spectrum are shown in Fig. 3.  I 
along with the spectrum calculated from the Spencer- 
Fano theory. Agreement between thepry and ex per& 
men1 at  the higher energies i s  excellent, but, as in 
previous comparisons, the magnitude of the measured 
flux exceeds that predicted by theory at Power energies. 
Not shown on the graph are the hgh densities of data 
points taken near the shell binding energies. The 
discontinuity in the data at these energies is  not as 
pronounced as that seen earlier, but there is a distinct 

6 
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Fig. 3.1. Sbwing-down spectnirn of deetmnri iia single-crystal 
silicon. 
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change in slope just under 100 eV and near 2 keV. On 
the basis of the reproducibility of these features and, in 
particular, because of the excellent statistics afforded 
by the high source strength, we believe that some 
inner-shell ionizing events occur. These processes, while 
not affecting the gross features of the slowing-down 
spectrum, do represent a perturbation to the con- 
tinuous slowing-down model. 

In addition to the work on metals and semicon- 
ductors we have extended our studies to insulators to  
provide a comparison of existing data with that from 
wide-band-gap materials. Preliminary data have been 
obtained for a polycrystalline sample of aluminum 
oxide. Because of the impossibility of producing a 
measurable activity in pure A1203,  it was necessary to  
introduce an impurity which could be activated by 
neutron irradiation. Normal isotopic dysprosium was 
chosen because of its convenient half-life, its clean 
decay spectrum, and its high activation cross section. 
Because of this latter feature we were able to secure 
sufficient electron currents with a doping level of only 
0.5 wt % dysprosium. The measured slowingdown 
spectrum shown in Fig. 3.2 is characteristic of that of 
both metals and semicoriductors in that the flux 
exhibits a minimum at the high-energyyend, where the 
primary flux is falling faster than the secondary flux is 
building up? and a rise at lower energies, reaching the 
familiar 1/E region in the vicinity of 400 eV. On an 
absolute basis the electron flux is generally higher than 
that seen for a typical metal. For example, when 
corrected for the differences in stopping power and 
densities in the two materials, the ratio of the flux in 

4 0-7 

IO0 IO’ 102 t o3 lo4 
FNERGY ( e V )  

AlzQ3 to that in the metal aluminum varies between 
about 3 and 7 ,  witti the higher ratio occurring at the 
lower energies. These are preliminary data, particularly 
in the case of the electron flux inside the aluminum 
oxide, for which the details of the band gap and the 
work function are poorly known. 

We have continued our investigations concerning the 
long-standing disagreement between theory and experi- 
ment at the lower energies in a material for which 
comparison is possible. The possibility of the existence 
of a low-energy photon cascade, suggested by an earlier 
work,6 was experimentally checked last year by com- 
paring the slowing-down spectrum from a ‘‘thin’’ source 
with that from a “thick” source. Both sources were 
thick compared with the beta range, but the thicker 
source was also thick with respect to the 1/E attenu- 
ation length of the bremsstrahlung corresponding to  the 
highest-energy beta ray. The comparison did show a 
higher flux at low energies, but the increase was well 
within the experimental error associated with the 
measurements, and thus tbe experiment was incon- 
clusive. Additionally, the thin source was thin for only 
the high-energy photons, when, in actuality, there may 
be a much larger number of photons with energies of 
tens or hundreds of electron volts. 

We have decided to repeat this experinlent using a 
morc extensive application of the same technique. Our 
plan i s  to measure the slowing-down spectrum from a 
series of sources ranging in thickness from that equal to 
the beta range down to the thinnest source for which 
we can obtain data. Gold has been choseri for the 
soiirce material because of its relatively large activation 
cross section and because i t  can he obtained in the form 
of very thin films. 

So far data have been obtained from the first four 
sources in this series. The sources ranged in thickness 
from 780 A to 5 mils. The two thicker sources were 
obtained from commercial suppliers, while the two 
thinner sources were prepared by vacuum evaporation. 
The slowing-down spectra, shown in Fig. 3.3, are similar 
insofar as the overall shape i s  concerned but differ in 
detail. The most outstanding characteristic is the 
pronounced rise in the flux near 7 keV in the thinnest 
source. This stmcture can also be seen in the thicker 
sources, although in the thickest source it i s  barely 
discernible. This energy is almost exactly the I,MM 
Auger energy, a i d  it seems certain that the peak is due 
to Auger electrons augmented to some extent by 
photoelectrons from absorption and characteristic L x 
rays. In gold the L-shell fluorescent yield is only about 

6 .  G. E. Edwards and M. L. Po&, Phys. Xev. 69,549 (1946). 
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Fig. 3.3. Variation of electron flux with source thicknes& 

0.4, so strong Auger emission would be expected 
Collowing L-shell ionizations. The broad rise near 1 to 5 
keV in the thintiest source is probably due to MNN 
Auger electrons. The flux depression near 100 eV in the 
11,700-A source is unexplained and may be due to 
surface contamination. We plan to obtain more data in 
this region along with additional spectra from both 
thicker and thinner sources. 

OPTICAL PROPERTIES OF 
ORGANIC LIQUIDS 

'The study' of the optical properties of liquids in the 
vacuum ultraviolet has been continued. Since there is a 
high percentage of liquid in living matter, optical data 
which enable determination of the energy-loss mecha- 
n i sm experienced by both electromagnetic radiation 
and high-energy charged particles incident on the liquid 

can be of fundamental importance in the study of 
radiation damage in living matter. 

A transmission cell7 had bceai built which en:ibIec! 

was experienced in determining the smnple thickaaess, so 
absorption specti-a had t u  be riormalized to values 
obtained from reflectance ml"awrementii. 'I'echniques 
have now been developed for obtaining the cell thick- 
ness from interference patterns in the near-normal 
incidence reflectance a s  a ftmction of wavetetagth from 
1706) to ,5004) A. As the liquid tills the space between 
the cell walls the interference fringes i n  tht: unfilled 
portions ate observed to remain the sane, so apparently 
the forces associated with the surface tension and rapox 
pressure of the liquid do not change the cell thickness. 
However, thickness changes arc noted if extreme care is 
not exercised in handling the cell. Since the tmnsmis- 
sion T, the sample thickness x, arid tRi: wavelength h are 
known, the imaginary part of the complex index of 
refraction k is readily calcubated from the Beer-Lambert 
ldW 

san1ples as thin as 500 A t o  be obtaifled, but  diFfictrl:y 

I 1- Io exp (--4nkx/ X> . 

The k values obtained from t h i s  method were accurate 
to within the experimeotal error 0 approximately 5%. 
To cnnipalre the absorption of tkx liquid and vapor 
phases of these molecules, the cross sectiion f<ir photo11 
attenuation per molecule, (1, 'iclits cakulated tasiirg [fir, 

expression 

I I- 10 exp (---on,x> , 

where tio is the numlser of anc:iecules per ctahic 
centimeter and x is the s;3lnple ~ ~ I ! C ~ ; E F S S .  

Measurements aw reported here o n  three frcquenlly 
used solvents; carbon tetrachloride (CCj4), liquid P E -  

hexane (C61-Ii4), and cyclohexane (CbHl  2).  The mulc- 
cules are siniple in structure, esl:eeial?y carbon tetra- 
chloride, which has tetrahedral symmetry. Thus, it i s  
hoped that knowledge of' their optical properlies it1 the 
liquid state will help in (he itammiation of a theory fur 
the liquid state. 

The absorption cross section per niolecule, o, i s  
shown for the three liquids in Figs. 3.4-3.6 Logether 
with the va.por data oyer the regions where such data 
were available. 

L n  Fig. 3.4 for C C 4  th.e weak structure at 6.9 eV 
corresponds to the vapor peak at 7.i eV, which has 
been attributed to an M -+ $I* trrnnsition of the 
nornbondirig chlorine electrons.' This excitation in the 

7 E. T. Arakawi et ai., Hmlth Phys. Div. Annu. &or. Rep. 
J ~ l - ~ 3 1 .  1971, ORML-4720, pp. 52-55. 

8 .  M. T:iubornura, X. Kimun. K .  Kaya, I. Tanaka, and S. 
Wagakura, R d i .  Chem. Soc. Jap. 37,417 (1964). 
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Fig. 3.4. Absorption cross section u of carbon tetrachloride 
liquid and vapor as a function of photon energy. 

liquid is shifted to lower energies and is larger in 
magnitude than that for the vapor. Strong absorption 
begins at 7.3 eV in the liquid. The two peaks centered 
at 9.0 and 9.7 eV are probably a result of u --$ O* 

transitions, as will be seen in the following discussion of 

Figure 3.5 shows the cross section curves of liquid 
and vapor n-hexane from the absorption edge at 7.4 eV 
up to 10.65 and 11.0 eV, respectively. Since the 
molecule is saturated, containing oiily u bonds, this 
absorption has been identified as the onset of u 3 o* 
transitions of the C-H or C C bonding e l e c t r ~ n s . ~ ” ~  
For this higher-energy structure the cross section of the 
liquid is lower than that for the vapor, but the 
difference is within the experimental error of the two 

The cross sections of C 6 H L 2  liquid and vapor are 
shown in Fig. 3.6 from the onset of absorption at 7.1 

C6I114 andC6H12 .  

curves. 

9. B.  A .  Lornbos, P. Sanvageau, and C .  Sandorfy, J. Mol. 

10. J .  W. Raymonda and W. T. Simpson, J.  Chem. Fhys. 47, 
S P C ~ C ~ F Y .  24,253 (1967). 

430 (1967). 

10 1 1  4 5 6 7 8 9 
PHOTON E N E R G Y  ( r V )  

Pig. 3.5. Absorption cioss section a of n-hexane liquid and 
vapor as a function of photon energy. 

eV up to 10.65 and 11.0 eY, respectively The C6H, 
cross section is very similar to that of C6H, except for 
the double resonance at 8.5 and 10.4 eV in the vapor 
data. This structure has beera attributed to a resonance 
effect caused by the ring structure of the C h H I Z  
molecule.’ Again the molecular excitations have bcen 
identified as o + u* txansitions. As for C 6 H I 4 ,  the 
liquid and vapor cross sections for C6H1 in this energy 
region are nearly equal; however, the two peaks are less 
pronounced in t.he liquid than in the vapor due to the 
increased damping experienced by the molecules in the 
liquid state. 

The data presented here show that the electronic 
properties of these liquids are very similar to those of 
the vapor in the energy region from 2 to 11 eV. More 
data are needed for the CCI4 vapor in the higher-energy 
region to compare with the liquid data. 

Absorption spectra measured by transmission are 
more reliable than those obtained from reflectance 
measurements when k is small. We, in fact, get 
differences in k by the two methods which are not 
within the cnlculated experimental errors. The reason 
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for t h i s  i:; not understood and indicates the need for 
further investigation, 

RADIATION INTERACTIONS WITH 
NUCLEIC ACID BASES 

An experimental investigation of the optical and 
dielectric properties of the nucleic acid bases has been 
initiated. ‘The studies are carried out by measuring the 
iipfical reflectivity of the bases in  the form of a smooth 
film as a function of the angle of incidence and then 
using ao iterative procedure involving Fresnel’s equa- 
tions t o  extract the optical constants. For the reflec- 
tivity measurements i t  is necessary to have a specularily 
reflecting surface. The fdms axe prepared by a gentle 
sublimation within a vacuum environment onto a 
suitably flat substrate of either g a s  or quartz. 

Preliminary data have been obtained for guanine a t  
photon energies up to 82 eV. The dielectric constants 
e l  and are shown in Fig. 3.7 ab energies above 14 eV. 
The broad nlinirnurn in e, near 2 2  eV coupled with 
decreasing values for gives rise t o  a broad maximuni 

in the energy-loss function shown in Fig. 3 2 .  TIiese 
data are in general agreement with the work of 
Jolinson,‘ who obtained direct ~ e a s ~ r ~ l ~ ~ ~ ~ ~  of the 
electron energy loss using a scanning eiectsnn niicrcr 
scope. Preliminary data which show structure i n  the 
energy-loss function have been obtained ai  energres 
below 14 eV. Modifications to the experimental appa- 
ratus 3r(: expected to result in a s i g a i f i i m t  nrnpmve- 
rnent in the resolution at these lower energies, ,3llowing 
comparison with the electron-loss data. 

11. D. E. Johnson, Rndies. Ret 49,63 (1972). 

OKML-UWti IT.9?2> 

Fig. 3.7. Dielectric constads of guanine from 14 to 82 rV. 

..... ...... ~ .................. .......................................................... 
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Data of these types are important in that they provide 
a supplement to the electron bearin work and perhaps 
afford an independent measurement of the dielectric 
properties of nucleoproteins with less danger of radia- 
tion damage to the molecules. The ultimate application, 

of course, is reading the nucleic acid-base sequence in 
DNA; that is, complete knowledge of the dielectric 
“fingerprint” of each base may well be the key to its 
identification. 





Table 4.1, Mean Zifctimee of CO;" pmdwed by dismciatiw electacsra abhcbament 
and colkionnl ionizaEioa 

The lifetimes are independent of both the incident electron energy and incident cesmm atom energy. 

Parent rianleciAe . .. 0 - C - 0  angle (!A=) 
-__l____l 

Electacn impact Cs collision in paxent 

Succinic anhydride (E) 26 * 5 71 t 10 119" 2 lo= 
Deuterated succinic anhydride 
Maleic anhydride ( # I )  60 * 5 62 i 10 121" * l o b  
&Propidactone 26 f 5 123" f 6°C 

30 * 5 

aM. Ehrenberg, Acta Crystallogr. 19, 698 (1965). 
bR. E. Marsh, E. Uhell, and H. E. Wilcox, Acta Crystallogr. 115, 35 (1962). 
'J. Rergman and S. H.  Bauer, J. Arne;. Chem. Soc. 77, 1995 (1955). 

Our observation of metastable C 0 2 -  ions prompted 
Krauss and Neumand of NBS to make an ab initio 
calculation of the potential curve for the 2 A 1  state of 
C 0 2 - .  Using a CO bond distance of 1.16 4. [same as in 
C 0 2  ( ' A l ) ] ,  they find that the minimum for the ' A ,  
state of C 0 2 -  fdls below the C 0 2  ( ' A , )  curve at the 
134" bond angle, but this minimum i s  still about 1.7 eV 
above the ground state of linear COz. In addition, one 
point on the potential curve was computed for a bond 
angle of 130" and a bond distance of 1.27 A and found 
to be only 0 .3  eV above the ground state of linear C 0 2 .  
A potential cume through this point, similar to the one 
computed for the 1.16-'4 bond distance, would satisfy 
the experimental evidence which places the C U I V ~  below 
0.5 eV and permit a plausible explanation of the 
lifetime data. According to such a c u m ,  C 0 2 - *  could 
vibrate between 152 and 122" with up to 0.45 eV of 
energy and still be metastable, with the lifetimes 
depending on the Franck-Condon overlap integrals 
between the ionic and neutral states. It may be 
fortuitous, but the 122" angle is approximately the 
same as the O-CCO bond angle in 1 and I1 (Table 4.1). 
I f  a bombarding electron or Cs atom does increase the 
bond-bending energy of CQ2- and thereby decrease the 
bond angle below about 119", the autodetachment 
would be much faster because of the greatly increased 
Franck-Condon overlap above the crossing in the 
potential curves, and the lifetimes would probably be 
too short to  permit mass spectrometric observation. 
Thus the lifetime observed in the mass spectrometer 
should not be dependent upon the energy of the 
incident particle. 

The observation of two distinct lifetimes of c02-" 
can be explained if C 0 2 - *  observed from 1 (shorter 
lifetime) possesses a higler vibrational excitation than 

6. M. Krauss and D. Neumann, Chem Phys. Leu. 14, 25 

.- .. _. . . . . . . . . . . . . 

(1972). 

C02-*  observed from 111. In this case, since the radiation 
lifetime between vibrational states is longer than the 
obsewed autodetachment lifetimes, autodetachment 
will occur primarily from the initial state, and the 
probability of electron ejection will depend on the 
different Franck-eondon-oveplap integrals for the two 
vibrational states. 'The complexities of tile dissociative 
process involved prevent a determination of the source 
of the higher vibrational excitation; however, it may 
arise from the fact that the 0 - G O  bond angle in I 
(119") is farther from th.e equilibrium angle in 
C 0 2 -  ('A 

In summary, a long-lived metastable state of C 0 2 - *  
exists which lies about 0.5 eV above the ground state of 
C 0 2  I These experimental results support the ab initio 
calculations by Krauss and Neumann: which show that 
the minimum in the ' A  state of C02'  lies below the 
ground state of C O z  for a bond angle of 134". It is 
proposed that the two observed lifetimes of C 0 2 - *  are 
related to different Franck-Condon-overlap integrals 
between tw0 vibrational states of C02-*  and the 
vibrational states of C O z  . Furthermore, for practical 
purposes, maleic anhydride is a readily available source 
of metastable C 0 2 -  or neutral beams of C 0 2  of known 
translational energy which may be irsed in bearn- 
collision experiments. In addition, the fact that COz- is 
bent and will probably be in an excited vibrational. state 
following autodetachment may be of importance in 
C 0 2  laser technology. Stable GOz- ions are produced in 
solutions or solids by radiation interactions, and it is 
hoped that future studies will elucidate the stabilizing 
effects of the environment on the metastable C 0 2 -  ion. 

than is the angle in II (121") .  

IONIZATION ~~~~~~~~~ IN 
SEVERAL METALLQCENES 

The formation of positive and negative ions in the 
organome tdlic "sand wicli" compounds fer rmene, cobal- 
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tocene, nickelocene, and rnagtiesocene has been studied 
by electron impact-mass spectrometer techniques. 
Positive-ion appearance potentials have been deter- 
mined for the products ( C ,  (C, H 5 M ) + ,  and 
M', where M refers i o  Fe, Ni, or Mg, Figure 4.2 diows 
typical ion yields for magnesocene where krypton was 
added to establish the electron energy scale. The 
ionization potentials are derived from the onsets, and 
the vdues compare favorably with recent photoelectron 
ddu .  In all cases cyclopentadienyl anions (C, H,-) were 
produced at low electron merges;  however, their cross 
sections of formation differ by orders of magnitude. 

The SF6 scavenger technique was used to detect an 
intense temporary negative-ion resonance in  ferrocene 
at  about 0 5 eV The cyclopentadiermyl anion current 
also peaked at this energy. however, its cross section 
was small (3 5 X 1 Oa2 crn'). The mosf striking f c ~ t u i e  
of the negative-ion studies wits the observation of a 
long-lived (lifetme >1QO /.~sec] parent negative ion of 
nickelocene at t'nermal election energies and :I second 
broader resonance centered ilt about 1 eV bigure 4.3 
shows these two resonances dong w i ~ h  the SF6- ion 
current for  reference and the weaker Cs lis- mn current 
peak. The lifetime of the second C, N4- resonance 

6 8 tO 12 14 16 20 
ELECTRON ENEfKX (eV) 

Pig. 4.2. Positive-ion yields as a function Qf electron energy for electron impact ionization of mapesocenr. The krypton ion 
t.Kr') is recorded to calibrate the electron energy scale and  to indicate electron energy resolution. 
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Fig. 4.4. Autodetachment lifetime of ClolPloNi-* as ?i 

function of electron energy. ClQHloNi-* IS produced by 
unimolecular electron attachment to nickelocene. 

decreased with increasing electron energy as shown in 
Fig. 4.4. Assuming that the incident electron is trapped 
by vibrational excitation of the ions and that uafavor- 
able Franck-Condon factors account for the long 
lifetime, this marked variation in autodetachment life- 
times is being scrutinized by our previous theoretical 
model7 of long-lived ncgative ions. This work was done 
in collaboration with H. M. Begun of the ORNL 
Chemistry Division. 

ELECTRON ATTACHMENT TO 
ORGANIC MOLECULES 

An investigation of electron attachment to several 
cyclic anhydrides has led to  three very interesting 
discoveries. First, metastablz negative ions have been 
observed which “explode” following the loss of an 
electron through autodetachment. Second, both parent 
and fra_ment negative ions have been observed whose 
lifetimes depend upon the energy of the bombarding 
electron. Third, cross sections for dissociative electron 
attachment have been observed which are as large as the 
attachment cross section of SF, (-10 

The cyclic anhydrides which have been studied are 
succinic, perfluorosuccinic, maleic, glutaric, perfluoro- 
glutaric, phthalic, pyromellitic, and cis- 1,2-cyclobutane- 

cm2). 

7. R .  N. Cornpton et al., J. C l r t ~ .  Phyx 45,4634 (1966). 

dicarboxylic anhydride. All of these molecules contain 
the 

groing as part of a five- or six-member ring which m y  
be attached to other rings. Parent negative ions were 
observed through the attachment of thermal electrons 
to maleic (284 psec), phthalic (313 psec), and pyro- 
mellitic anhydride (>8 X lo3 psec). The figure in 
parentheses is the lifetime of the preceding parent 
negative ions as measured at the peak of the cross 
sectioii. The lifetimes of C4N203-  (maleic) and 
C8H403-  (phthalic) were found to decrease with an 
increase in the energy of the attaching electron. 

The most abundant negative-ion fragments produced 
through dissociative electron attachment of several of 
the cyclic aihydrides are those in which CO is ejected 
from the parent molecule. Thus, C2 H, C02- (succinic), 
Cz F4 C 0 2 -  (perfluorosuccinic), C2 H2 COz- (maleic), 
C3 W,C02- (glutarnc), C3 F6 C02- (perflimoglutark), 
arid 41, f i b  Co2- (cyciobutanedicarboxylic) ions were the 
most ahrindant negative ions observed from the anhy- 
drides indicated in the parentheses. Cross sections for 
their production range from cm2 for the 
perfluoro compounds to  8 X cm2 for maleic 
anhydride. These ions are composed of CQ2 and either 
a hydrocarbon or a fluorocarbon. Lifetimes of the ions 
have been found to range from 58 ysec for Cz H Z  COz- 
to  more than 5000 ysec for C2 F403-. Stiidies of these 
ions are not comp!ete, but additiond data are included 
here on C2 H, CQ2-. 

The lifetime of metastable C21-14C02- varies with the 
energy of the bombarding electron as shown in Fig. 4.5. 
In making these lifetime measurements, a time-of-flight 
mass spectrometer was used to separate the time-of- 
arrival pulses for neutral and charged components. 
Using this technique i t  was  noticed that the neutral 
peak was much broader than the ion peak (see Fig. 4.6). 
The relative intensities o f  the two peaks are not 
pressure-dependent, thereby indicating that collisional 
detachment i s  not involved. ‘[he only plausible ex.plana- 
tion i s  that autodetachment occurs in the flight tube 
and that the C2H4CO: fragment dissociates into two 
neutral molecules, C2M4 and COz , which have suffi- 
cient kinetic energy to broaden the time-of-arrival 
pulse. Theoretical analyses of the shapes of the neutral 
peaks are used to determine the kinetic energies of the 
dissociation fragments. These dissociation energies are 
around ’0.3 eV. Thus, the above electron attacheart-  
cletachriicnt process is one in which a slow electron can 
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Pig. 4.5. Autodetachment lifetime for C2H4C02- from suc- 
cinic anhydride (C4H403). 
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TIME OF FLIGHT ( p s e c )  

Fig. 4.6. Time-of-flight distributions of metastable negative 
ions (C302H4-*) and neutral (CzH4O + C0zo) beams produced 
by dissociative electron attachment to succinic anhydride. 

cause a molecule to explode into the fragments CO, 
COT,  and a hydrocarbon. Table 4.2 summarizes some of 
the results of electron attachment to  this series of 
anhydrides. 

CHEMI-IONIZING COLLISIONS 

Long-lived highly excited states (Rydberg states) of 
the rare-gas atoms have been shown to react with 
molecules with extremely high cross sections of the 

order of lo-' ' cm2 .8 The general form o f  the reaction 
is 

with possible variants invdvirsg 
aridlor free electrons, In both F 

plasma physics, electron-ion recombination h t o  high 
Rydberg states is gnobabk, and the d i s i o n s  of tlncse 
ionizing species may be of great importance. 

Figure 4.7 shows the progress 111 t ime of the reaction 

observed using a puisea electron beam Is fomi Ar* 
coupled ts a tune-of-fight mass spectr~meter.~ For die 
CH3NQ2 pressure used, ltie process 1s saturated (a e , 
addition of further CH3N02  dues nus result in a higher 
CH3 NOz ~ level), indicating that all, or almost all, of the 
excited Ar atoms are coUiding and have reacted with 
CH3N02 by the time the cuwe reaches its plateau 
value On the assumption that this plateau vdue repre- 
sents the original Ar* level, we obtain an extremely 
high race constant for tbe process of the order of I O d 6  

cm3 sec-'. Even if  tile rate constant were 
an order of magnitude smaller the :rnportarnce of this 
type of process can hardly be overemphaazed. F ly re  
4.8 shows thz dependence of the observed CH3N02- 
current on Ar pressure (JYH a ritnge of electron e n e r p s  
and indicates that for sufficiently &&I argon pessures 
the GW3N02- current again approaches a constan, t level 
This appears to Re related to loss of Ar* throi& a 
self-quenchrig process. indrcatlng ~hah the rate constant 
above should be regarded 3s an upper him1 

Similar studies have been iiiade of Ar* col1isions w i t h  
CJ.331, C2112, C6M,CI, N,O, md CH,Mr. In the caw of 
CHsI, 1- 1s produced thrQUgh the reacllisfl 

Ar*+CH31-+I-+(CH3 + i l r ' ) ,  

again wnth a rate constant in the IO" to 
molecule-' cm3 sec-' reginn. A study of reaction (2) 
with krypton replacing x g o n  WBS also made. 

It would clearly be extremely important in radiation 
physics and chemistry if rehctions of Fhis sort occurred 
quite generally between molecules. Some study of this 
__ 

8. If. Hottop d~2d A ,  NSt:hdUS, J C ~ W P ~  Phily5 47, 2406 
(1967); T. Sugrura, and K. Ardkdwa, Prmxedmgs of the 
International Conference on hfass Spectrcmerry, KJVJIO, d 1269, 
University Park, 1969, p. 848. 
9. I. A. D. Stockdale, R. N. Q'ompton, and P. W. Reinhardt, 

Phys Rev I84,81 (1969) 
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Compouiid 
Negative Maxima Lifztime dt peak Approximate 

cross s@ction cross SeCltlOn Structure 
(X 10'8) 

ion positions 
("mx) 

Succinic anhydride 

Also deuterated sample 

Maleic anhydride 

e o  0 

\ 
'0 

Glutaric anhydride 

0 

cis-l ,2€yclobiitan~i~rhoxylie anhydride /P 
---T---\ 

Fhliralic anhydride 

Pyromellitic anhydride 

1.1 eY 150Q d 29 

1.1 eV 150" d 

0 eV 24ga p 33 

2.3 eV 58 d 0.8 

2.8 eV 40 d 0.3 

0.9 eV 840" 65 

1.5 eV 2'75" d 

0 eV 313" p 

2.9 eV Veiy weak 

0 eV 8 X lo3 p 

Very weak 
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"Lifetime depends on energy of bombarding electron; p - parent ion; d - ion dissociates following autodctachrneni 
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Fvg. 4.7. Recorder trace showing the popes$ in lima of the 
r2rectjlon W r f  f CHjNOz A CM3N02- f AI+ An NO2- tiare 
[from the ion-painng process e + CH3N02- A (Cpi3+) + NO2-j 
IS included for compariron with the nsmg CI13NO2- product. 
1 he data shown are for a 0 4 pu~ec electron gate pulse width and 
v,~lrie taken at an electron e n q q  of 19 eV The CR3N02 
pressure wds 0 8 X 10 torr torr the h r  pressure, 3 0 X 

possibility has been m d e .  Collisions of H2 O", cyclo- 
hexane*, and CM4* with both CH3N02  and GH3GN 
have been investigated. Herr complicating factors arise 
from the presence of negative ions (prcduced through 
ion p a i h g )  which may charge-exchange with CE13 NO2 
and CH3CN, and from the presence of certain dissoci- 
ative electron attachment rescnance~ which ma.y scav- 
enge electrons which have lost some of their eneigjl 
through molec~.;lar excitation. Nevertheless, evidence 
has been obtained which indicates that this process is 
piobably of g e n e ~ l  occurrmce. In the case of 
II2 O-GH3N02 mixtures, for instance, both CM, NO2- 
and CH3PdOz- ions are obscwed in  the vicinity of and 
above dac ionization potential of H20. Water h.as two 
dissociative electron attachnient resonances producing 
M -  (at 6.5 and 8.6 eV) ,  and both CM2NOz- and 
CH3N02- are obsemed to be produced through I f -  
collisions at these energies. Further, they appear to be 
produced in the same ratio at the two H- resonmces, 
but at higher energies (above the ionization potential) 
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2- i s  produced at 3 relatively faster rate than 
CH2 NOL-, indicating that an additional production 
mechanism is operating here. Other evidence indicates 
that this i s  not duc io a difference in 0- reaction rates. 
The observation of Sugiura and Arakawa' that 
CH, @N - rnay bb: produced chrnugh the reaction 

CW,CN* +CH,GN+CW,CN-+ ... 

has been cnafirmed. 

XON ~ ~ ~ 5 ~ ~ ~ ~ ~ ~ O ~  ~ A ~ ~ ~ ~ ~ S  
1N BENZENE VAPOR 

Studies of  the rates of formation and decay of the 
condensation products AIS" in reactions of the type 

r 

- ........... 

ORNL- DWG 77 .  '3*& ....... 

1 .............I........_._ 
I 0 15 20 25 30 35 0 1 2 3 (x?o-a) 

BRGON PPiSSURE ( T o r r )  ELECTRON ENERGY (eV) 

Fig. 4.8. The variation of CHJNQC ion current with electron impact energy and Ax pressure. AB1 CUWS are f o ~  1.35 x I O 4  torr 
CH,NO2 and LI 5-psec electron gate pulse. 'The circled figures refer to the following Ar pressures: (1) 3 . 5 3  x JO--'? ~ C I ' P ,  ( 2 )  2.7 x 
1 r 4 ,  (3) 1.95 x io4, (4) 1.5 x i o4 ,  (5) 1.05 x 10-~,(6) 0.65 x 1 0 4 ,  (7) 0.4 x 10-4, (8) 

Table 4.3. Thermal-enexgy ion condensation reactions in benzene vaptrr 

Reaction 

:C. Lifshite and B. G.  Reuben, J Chem Phys. 50,951 (1969). 
"F. 11. Field, P. Hamlet, and W. F. Libby, f. Amer Chrm Sot. 89, 6035 (1367). 
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dissociahoia of C1 ? H I  Eate constants for formation 
of C I 2 H 9 +  and C I 0 H g  (dissociatioti products of 
C1 2 H 1  '+) were dso obtained The rate constants shown 
in Table 4.3 and the r c z c i i m  seqirencef, obseived are 
substantially iil agicement with those obtained by 
Lifshit7 and Reliben,' who, h o w w r ,  did riot observe 
the formation of C l 2 H 1  2+ from themal  enezgy C6H6+. 

CO12LISIQNAL IONIZATION OF CESIUM 
BY MOLECULES: DETERMINATION 

OF EIXCTRQN AFFINITIES 

Studies of cherri-ionizing collisions between fast 
cesium b e a m  and molecules are yielding important new 
information on rno!-cular electron affinities and sipirc- 
tiires of negati-ve ions. 'The expcrirneiit consists of 
accurately determining the threshold energy (center-of- 
mass system) for production of a positive- and nega- 
tive-ion pair, that is, Cs f M 4 Cs '  t M-. Electron 
affinities for Q 2 ,  NO, NO2, and N 2 0  have been 
det-ermiried to be 0.46 .t_ 0.05, 0.1 -k 0.1, 2.3 +_ 0. I ,  and 
h 0 . 2  eY, respectively. Because of the activatioa?. 
energy required to bend N 2 0  to form N 2 0 -  the 
electron affinity determined for N,O is expected to  be 
only a lower limit. The techniqrit: has mort recently 
been used to siudy a serics of conplex molecules: 
succinic anhydride, maleic anh-ydride, sulfur hexa- 
fluoride, and telluiiinm hexafluoride. Preliminary elec- 
tron affinities for S F 6 ,  TeF,, and maleic anhydride 
have been determined to be 0.4 f 0.2, 3.4 2 0.2, and 
1.5 k 0.3 eV, respectively. 

Figwe 4.9 shows the relative cross section for 
production of SF6-, SF,-, and F - .  Collisions of neutral 
cesium with maiejc anhydride produced C4 H2Qi- ,  
C 3 M 2 Q 2 - ,  C 3 M 2 0 - ,  and CO;*. Correspondingly, 
C3114Q2- and COz-* were obserqed from succinic 
anhydride, The cross sections at thresholds for nega- 
tive-ion production appear to  be a step f~inction for 
some but. not all ions. Figure 4.10 illustirates tbis for 
succinic anhydride. In  general, the thresholds are within 
0.2 eV of those observed for the same negative ions 
obtained by dissociative electron attachment. Parent 
negative ions of makic anhydride were observed to be 
stable, and a pielhinary measurernent of the threshold 
gives the electron affinity of maleic anhydride to be 
-1.5 eV. The mean lifetime of C 0 2 - *  was measured to 
be the same (60 -1 10 psec) when produced by cesium 
collision with either maleic or succinic anhydride or by 
electron collisioii with maleic anhydride. 

ORNL-DWG 72-9130 

LONGITUDINAL E L E c r R m  DEFFUSBON 
COEFFKIENT ?%ND ELECTRON DRIFT 

VELOCITY ~ ~ A ~ ~ ~ ~ ~ E ~ ~ ~  IN 

There have been no reliable measurements of electron 
diffusion and electron drift velocities in water vapor 
below an E/P = 20 V cm-' torr- ' .  The longitudinal 
diffusion coefficient U,  in most gases is usually less 
than the transverse diffusion coefficient D, For 
example, in 1-12, He, N2,  and CO, the ratio of the 
transverse to the longitudinal diffusion coefficient i s  
approximately a factor of 2, and in Ar the ratio is 7.' 
For water vapor, however, recent theoretical predic- 

10. C. LifchilT and B G .  Reilbrn, J C h m  Phys. 50, 951 
(1 968). 

11. E. B. Wagner, F. J. Davis, and G.  S .  Hurst, J. Chehene Phys. 
47,3138 (1967). 
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50 (00 

Fig- 4.81. Measurements of the longitudinal diffusion coeffi- 
cients of electrQnS in water vapor compared with the theoretied 
calculations of Lowke and Parker. 

trons' iridicdte that the longitudinal diffusrori coefti- 
cleat is larger than the transverse 'The rneasurements uf 
11, arid drift velocity w were made using the tme-of- 
flight method described earlier.' Our experimental 
values of I),, are compared with the theorerical values 
of Lowhe and Parker' in Fig. 4.1 I .  The expel imental 
values of w compared with theoretical values ~l Lowke 
and P,irher" are shown 111 Fig. 4 12 to  b e  in very good 
ag? eernent 

THERMAL ANI) NEAR-THERMAL ELECTRON 
TRANSPORT COEFFICIENTS iN 0 2  

DETERMINED WiTH A TIME-OF-FLIGHT 
SWARM EXF'ERKMENT USING A 

DRIFT-DWELL-DRI FT TECHNIQUE 

The drift-dwell-drift (IDDD) or pulsing technique has 
been successfully applied to the study of low-energy 
electron trailsport coefficients in oxygen in spite of 
sigriificant attachment at these energies. A thermal 
vaiue of the electron diffusion coefficient times pres- 

12. J. J. Lowke and J .  M. Parker,Phys. Rev. 181, 302 (1969). 

CJRNI-UWG 72 -9 f32  
........ ~. .i ...,...,., , 

PHESENT EXPERIMENT 

Fig. 4.12. Measurements of dectr5n drift velocity is) wadex 
vapor compared with the thwretlied predictiaris of b w k e  aind 
Parker. 

CML %OW &RO 
SALT 

One question concerning the storage of radioactive 
wastes in salt mine repositcries has to do with the 
generaticw of  cldonne gas hy gamma irrailia,linn OF 
NaC1. An experiment is in prtrp~ess to senrci) for gas 
evolution from irradiated rock salt  A quadrupole inass 
spectrometer capablz uf detecting B O  - *  nim Fig 
residual gas pressures 11s pumped hy a 200-inter/sec 
~ a c - 1 0 ~ 1  pump to pressures below 1 x torr .  ~:i iI t  
samples are sealed into Pyrex ampules at prewres  of  
I x BO-' tors arid irradiated by ZMeV ekctrons from 
an electron acceferatoi to totd doses of  2 Y 10' ' rads. 
The glass ampules are smashed under haqh vacuum, and 
the mass peaks at 35Clc ,  37Cl ' ,  "CZ"SCX', 35Cc137C1*, 
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and 37C137CIc-  are monitored. No increases in these 
mass peaks were observed over those noted for unirra- 
diated samples. These preliminary results are taken to  
indicate that no appreciable C1, gas is evolved from the 
irradiated salt. Similar experiments using salt which has 
been irradiated by gamma rays from spent fuel cells 
from the I-Iigh-Flux Isotope Reactor are in progress. 
Experiments are also under way to determine quanti- 
tatively the amount of chlorine atom sputtering from 
salt samples irradiated by electron impact under high 
vacuum. 

13.  J .  G .  Skofionick, J. P. Aldridge., D. B. Grmne, and R. N. 
Compton,Bull A M P T .  P h p .  SOC. 17(2), 202 (1972). 

F'LOMDA STATE ZINIVEWITY- 
OAK RIDGE NATIONAL LABOK4TBWY 

CHEMICAL ACCELERATOR 

An accelerator for producing fast (500 eV to  10 keV) 
neutral. beams of a class of large molecules has been 
constructed at Florida State University in a cooperative 
effort with O W L .  The machine has successfully 
produced neutral beams of SF6, C 7 F I 4 ,  COz> and 
others with energy resolution (AE/E) of better than 
1/100. Energy-loss processes are being studied by a 
time-of-flight method using a 4-m flight path, and a 
mass spectrometer i s  now being installed in the inter- 
action region to examine reaction products. A prelim- 
inary report on the machine has been presented.' 
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INTERMEDIATE PHASE S?UDIES 
FOR UNDERSTANDING IRADlAInON INTERACTION 

WITH CONDENSED MEDIA: 
THE ELECTRON ATTACHMENT PROCESS 

lriterniediate phase studies, rmnely, studies of radia- 
tion processes and effects as well as physicochemical 
reactiuiis at densities between those corresponding to 
low-pressure gases and liquids, are fundmientally neces- 
sary for the development of a coherent understanrllng 
of radiation interaction with matter. There is it need for 
uniting our knowledge on radiation processes occurring 
in low-pressure gases with those in the condensed phase 

Our effort to bridge the existing gap between our 
knowledge on eleci ron-molecule interaction processes 
in gases and liquids continued. A comprehensive study 
has been completed6 where existing gaseous data on 
electron attachment have been successfully related to 
hydrated-electron molecule reaction rates. On the basis 
of the current knowledge of electron attachment 
processes in gases, reaction fates for ii number of 
rrtolecules with the hydrated electron have been pre- 
dicted6 

In an effort to further link together knuwledge on 
election attachrnent processes occurring in luw-pressure 
gases with those in the condensed phase, a special 

1. On loan from Mathematics Division, ORNE. 
2. Consultant. 
3. IJSAE,C Fellow in Radiation Science. 
4. Graduate Student, University of Tennessee. 
5. Postdoctoral Fellow from the University of Tennessee. 
6. L. 6. Cluistaphorou and R. P. Blaunstein, Chem. Phys. 

Left.  12(1), 173  (1971). 

A. fJadjiantonioii4 
I. A. Harter 
P. D. Kidcl" 
C. E. Klots 
I>. L. McCorMe5 
M. N. Rsanias" 
D. Pittman 

apparatus has been designed and built. 'This apparatus i s  
presently in operation and allows electron attaclimerrt 
studies to be performed in the ~ K C S S W ~  rarige 0.5 to 
-80 atm, thus bridging the density gap between 
low-pressure gases and liquids. The firsf. experimental 
data of this nature have been otttnined. Eiectron 
attactirneiit to O2 molecules in O2 -N2 mixtures ha.s 
been studied as a function of N2 pressure in &IF: iarige 
300 to I0,hJOCB Lorrs, 111 Fig. 5.1 the r; i~e of elrctrvn 
attachmerit to 02 in 0?-N2  rnixturi>s IS plotted S a 
function of the mean electron energy I f )  for O2 
pressures Poz -+ O and f u r  N2 Preiistnres PN2 35 

indicated in the figure. The artachrnena rates ~ J W  seen t o  
inciease constantly with increasing 
actual experimerit;eI data points (sob 
5.1) or the smoothed-out. data (broke[, c ~ r v e ~  in Fig. 
5. I), the attachmerit cross sections slriovvai ~ I P  Figs. 5.2 
and 5.3 as closed and open ciicies, respectively, were 
obtained7 by making use of the tiritilyticd mi: [hods we 
have described t e ~ e n t l y . ~  The C : C ) ~ P ~ I I U O ~ S  and gradual 
shift of the cross section functions Lovdard thermal 
energies and the pronounced irncrease in their sharpness 
at near zero energies seen in Figs. 5.2 ;in9 5.3 suggest 
that as the N z  density increases, electron att:ichnient to 
o2 cannot be described sokly b y  a three-body process 
where N2 acts simply as a skibilixirtg third body in 
"distant" collisions. The o1,served clianges in cJa(i'j seem 
to suggest that N2 seriously perhrrbs the 02-' potent:i;il 

I -.........______I ____ 
I. D. 8.. McCorkle, L. G.  Ghristophorou, and  V. E. Anderson, 

8. L. G. Clrristophorou, D. L. Mact'orkl~:, and V. E. Mndcrson, 
J. Phys. E) (At .  Mol. Fhys.j (in press). 

J. Phys. B (At. Mol. Phys.) 4,  1163 (1971). 
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Fig. 5.1. Attachment rates (aaw)~, extrapolated to zero 0 2  
pressure, as a function of mean electron energy for various N2 
presslrres. 

energy curves during capture with a net downward shift 
in what tnay be called “hard” or “sticky” collisions, the 
effect becoming more dominant the higher the N2 
density. This brings to mind the familiar effect of 
solvation, which apparently seems to be important from 
these densities and above. 

The data have been analyzed9 on the assumption that 
electron attachment to O2 in Ol-N2 mixtures proceeds 
via the following two mechanisms: 

kl 

k2 

k3 

k4 

(i) e + O2 --+ 02-* 

02.-*--4 O2 + e 

0 2 -* -t N2 -----+ 02- + N2 + energy 

-02 + N 2  + e  

and 
k5 

k6 

k7 

(iij e + O2 + N2---+ [02-*-N2 ] 

[02-* W 2 ]  -----+ O2 + N2 -+ e 

[O2-* -N2 ] t N2 0 2 ’ .  + 2N2 

+ energy ([(NO - + NO or N2 0 2 - 1  + N2 ] ’? } 

k8 --- Q2 -t- 2N2 + e .  

The main difference between mechanisms i and ii is 
this: in mechanism i N2 i s  assumed to act simply as a 
stabilizing third body in “distant” collisions, not 
affecting the 02- potential energy curves, while in 
mechanism ii N2 is assumed to  be involved in “hard,” 
“sticky” collisions which result in a serious penturba- 
tion of the 02- potential energy euives during capture, 
with a possible formation of a transient complex [02-* 
-N2 ] which can be destroyed by autoionization (or 
collision) or lead to 02- upon collision with a second 
N2 molecule. At low pressures, mechanism i could, of 
course, be viewed as a one-step three-body attachment 
process involving “distant” collisions. 

If mechanisms i and ii are taken to  be plausible, the 
rate of change of the electron density due to electron 
capture by O2 can be expressed as 

IA Eq. (1) va is the overall attachment frequency, ne,  
n 0 2 ,  and ? I N 2  are the number densities for electrons, 
oxygen, and nitrogen molecules, respectively, and k l  ... 
k6 are the rate constants for the processes considered 
in mechanisms i and ii. From Eq. (1) we have 

9. 1.. G .  Christophorou,J. Phys. Chem (in press) 
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Fig. 5.3. Attachment cross sections for 0' in 02-N2 risixtores as a fuiiction of electron energy for N2 pressures of 3000,5006). 
and. 7000 torrs. The solid circles were obtained using the data points in Fig. 5.1 and the open circles using the smoothed-out data 
shown as broken curves in Fig. 5 . 1 .  

I f  we now turn our attention to Fig. 5.4, where 
( C U W ) ~ / P ~ ~  is plotted as a function o fPN2 ,  we see that 
the experimental data can be represented by 

(3) 

where A and R are constants. Considering that nN2 a 
PNz, Eq. ( 3 )  is consistent with Eq. (2) when 

and 

If we now assume that the CKSS section for 02-*-N2 
collisions is given by the Langevin expression for 
spiraling collisions, we obtain for the average time 
between 02-*-N2 collisions at 7000 torrs (T = 298°K) 
the value of -4 X lo-'* sec. Hence, we have for the 

autoionization lifetime T ~ ( O , - * )  of 02-* 

This value lies within the limits established by McCorkle, 
Christophorou, and Anderson.7 

Similarly, from the second inequality (4) an upper 
limit to the autoionization lifetime of [02-*-N2] can 
be estimated which is of the same order of magnitude as 
that for T~(O'-*).  

From a least-squares fitting to the data in Fig. 5.4 we 
have 

0O = 88.3 + 0 . 0 2 5 P ~ ~  . 
pN 2 

Hence. 

88.3 sec-' torr-' kkk3 

k2 
- 
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I;%. 5.4. ( o l w ) o / P ~ ,  vs PN,. The values of (aw)o plotted are 
thohe for (t) 2 0.05 eV, which basically correspond to the 
maximum value of (aw)o at each PN, . 

and 

x-5 k l  - 0.025 sec-’ torrv3 . 
k6 

If i t  is assumed that Eqs. ( 2 )  and (3) hold over all N2 
densities up to  that (0.8 1 s/cm3) of liquid Nz ,  from Eq. 
(6) we find that 

0.04 e V j  rr 0.74 X 10 sec-’ torr’-’ 

for O2 in liquid Nz . This value compares well with the 
value ( I  11 X 10’’ sec-’ torr-’) one obtains from 
n f r 2 ,  where h = h/2n is the de Broglie wavelength for a 
0.04-eV electron. This is an interesting observation and 
may indicate that mechanisms i and ii describe reason- 
ably well the process of electron capture by O2 in the 
presence of N2 throughout the whole range of N2 
cietisities up to that of the liquid. Efforts are in progress 
to investigate this by finding out the range o f P ~ ,  over 
which a plot such as in Fig. 5.4 holds. 

Studies of high-pressure electron attachnienl (elec- 
tron-rnolecule interaction processes in general) are 
experimentally very difficult, the detailed analyses are 
obscured by the complexitm of high densities and 
the lack of direct infomiation as t o  the products 
fomizd, arid any generalizations have to take careful 
account o f  the effects of many specific environments 
on a given process, still, such studies are important in 
efforts to  relate and unite OUC knowledge on radiation 
interactions with low-pressure gases and with condensed 
media. 

STRUCTURE iN THE CROSS SEXTION 
FOR C A I P T W  OF SLOW (cO.5 eV) ELECTRONS 

of electron energy from ’4 kT to about 0 5 eV exhibits 
distinct structure. The two distinct yeah3 in the cross 
section function observed for the two lowest vsiues of 
PNz (300 and 500 torrs) at 0.05 and 8.24 eV arc 
interpreted,7,9 respectxvely, as being due co the pro- 
cesses 

and 

that is, capture of the electron into the fourth and fifth 
vibrational levels of 0,- from ltie V I  0 wbratronal level 
of 02, wth a subsequent stabilization ofQ)z-* by :in 1v1 
molecule, namely, 

where the N2 molecule acts simply as m agent for 
removing excess energy. 

FOLYATOMIC ~ ~ ~ A ~ ~ V ~  I 

Systematic time-of-flight I;XI;ISS spectrometric studies 
have been made of key groups of  organic molecules 
directly involved in biologicd reactions (e.g., N 
0-containing aromatic molecules, a n l i ~ o  acids, dde-  
hydes, and quinones). For ;dl xnolecules isires tigated the 
cross section for parent negative-ion foxniation peaked 
at about 0.0 eV. For quite :a number of them, such 3 s  
o-nitrophenol (see Fig. 5.5) and o-rdtrcxtnilitle, the 
parent negative-ion lifetime has been found to decrease 
drastically with lrrcreasiiig electron energy above ’4 k7’. 
The measured lifetimes are being related to the molecu- 
lar structures involved, and the techniques are being 
used to locate the site (“eelectrophore”) of electron 
capture in a polyatomic mok:cule. 
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0 0.2 0.4 06 0.8 4.0 
ELECTRON ENERGY ( e V )  

Fig. 5.5. Lifetimes of Long-lived polyatoniic negative ions. 
(0): Variation of the o-nitrophenol parent negative-ion Lifetime 
with incident electron energy E .  The data plotted are the 
average of seven runs; ( 0 ) :  variation of the o-nitrophenol parent 
negative-ion current (without the retarding potential difference) 
with incident electron energy; the data plotted are the average 
of six runs. 

The consequences of a recent reformulation of 
unimolecular decomposition theory have been pursued 
further. Especially simple formulas for calculating the 
rates of decomposition reactions and excess-energy 
disposal in the products have been obtained.1° One of 
the most remarkable features to emerge is the effect of 
long-range forces on the number of bound states 
available to  a molecular ion. The number of these states 
increases enormously near a dissociation thieshold, as 
illustrated in Fig. 5.6, and serves to retard greatly the 
rate of an incipient reaction. Mass spectrometric data in 
the literature corroborate this effect. 

MQBIEITIES OF T H E W L  ELECTRONS 
IN GASES AND LIQUIDS 

A s  part of our effort to  relate studies on slow-elec- 
tron--molecule interaction processes in low-pressure 

10. C. E. Klots, 2. Naturforsch. (in press). 

0 01 0 7  0 3  0 4  0 5  06 0 7  0 8  0 9  10 
E/% 

Fig- 5.5. N ~ m b e r  of bound states of an anharmonic osca- 
IatoI, normalized to that of a harmonic oscillhtor, as a function 
of enwgy measimxl from the potential minimum. 

gases with studies on the same processes in condensed 
media, we have measured themal  (-298OK) electron 
mobilities in a number of organic vapors for which 
similar measurements have been made by others in the 
liquid phase. 

The variation of the electron drift velocity w with the 
pressure-reduced electric field E/P,  9 8  is presented in 
Fig. 5.7 for three groups of organic molecules: linear, 
cyclic, and branched hydrocarbons. These measure- 
ments were confined to the indicated low Elf' regions 
for which w varies linearly with E/P2 and thus the 
electron energy distribution function is Maxwellian. 
From a least-squares fit to  the data in Fig. 5.7, the 
slopes 

were determined and are given in Table 5.1. In Table 
5.1 similar data are presented for the rare gases. Mso, in 
Table 5.1 besides the dipole moment D and the static 
polarizability (Y the following quantities are listed: 

(i) 'The electron mobility p L  in the corresponding 
liquid, measured at the indicated temperature T. 

(ii) The quantity 

- Ntorr 
pG =S-, 

N L  

where S = p = w/E, P is the gas pressure in torrs at 
Ntorr is the number of molecules per cubic centi- 

meter per torr at the specified gas temperature, and NL 
i s  the number density of the corresponding liquid at the 
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Table 5.1. Data on electron mobilities in gases and liquids 

Molecule 

kfcthdne 
n-Hutane 
n-fentme 
n-Hexnne 

Qslopentane 
Cyclallenane 
Benzenc 
Toluenc 

2MetllylpNpane 
(isobutane) 

2-Methylhutene-2 
Z,L-Ditnriliylpropane 

(neupentane) 
2,,2-Dimethylhutane 

(ncohcxdnc) 
2,2,4-Tnmethylpentane 

Helium 
Argon 
Kryptort 
Xenon 

~isooctanc) 

0 
<0.05 
<o.os 

0 

O(?) 
0 ;  0.61 
0 
0.37 

0 ;  0.13 

<0.05 

0( ?) 

i insr  hydroadwm 

2.60 300(120"X)e 93 x 105f 
8.12 0.4a 33.1 x bos 
9.95 0.169; 0.07" 25.3  x 105 

11.8 0.098; 0.07h 20.6 X 10' 

Cydic hydroarbonm 

1.P 14.9 x lo5 

10.3 0.6h 5.2 x i o5  
12.3 O.SQk 3.6 x lo5 

10.9 0.358 14.7 X 10' 

Bmnched hydrocarbons 

5= 18.8 X lo5 

3.6h 1 . 1  x io5 
70R; 5 y ; 4 0 e  8 . 3 ~  io5 

109 11.6 x 10' 

78 5.6 X IO5 

1J.21 - 3 X  10-2(3"K)m 161 X 105(77"K)n.0 
I .63 450(80"K)P 177 X 105(770K)".0 
2.48 1310(200"K)P 36 x 105(195"K)~0 
4.01 2200(163"K)* 9.7 X IOs(lYS"K)"*" 

-1Y.3 
I 7  9 
15.7 
14.5 

7 .s 
8.5 
2.5 
2.1 

9.8 

0.6 
5.3 

8 3  

4.9 

90.3 
-104 
-11 
-3 

15.5 
0.022 
0.OlOi 
0.006i 

0.146 
0 041 
0.24 
0.26 

0 5 1 3  

h.1 
10.4' 

1.2 

1.42 

3.3 x 
-4.3 
-119 
-733 

uA.  L. McClelbn, 'Ibbles of ExperimentuiUipole Momenra, W. H. f raemn and Company, San Francisco, (963. 
bH. H. Lnndolr and R. Wbrns$frln, Tables of Chemrcnl Dab. Znfilpnwrle und Funktionen (Springer-Verlag, Berlin), vnl. I ,  p r t  3, 195 I ,  pp 5 1 I -12 !for molccuicsi; vol 

ChIl measurcmcnts were taken at -29tY'K unless ethenvis indicated. 
1.part 1, 1950, p. 401 (fotatoms). 

%e text. 

'P. C:. Fuochi and C .  R. Freeman,J. Chem Pbys. 56,2333 (1972). 
fF. J Vans and D. R. Nelson (private communication). 
gW. F. Schmidt and A. 0. Allen, J Chem. Phys. 52.4788 (1970). 
hR. M .  Minday, L.  D. Schmidt, and H. T. Dnvis,J. Chrm Pfiys. 54, 3112(1971). 
%ahng uL = 0.16 cin' V-' 5ec-I. 

flaking pL = 0.09 cm2 V ses-' . 
"R. M. hliri&y, L D. Schmidt, and H. T. Davis,J Phys. Chem 76,442(1972).  
'TakinE p L  = 55 cml V-I WC-'. 

mI.. hieyer, H .  T. Davis, S. A. Rice, and R. I. Donnelly, Pfiys. Reu. 125, 1927 (1962). 
"J. L. Pack. R. E. Voshall, and A. V. Phelps, Phys. Rev. 127,2084(1962); Westinghoure brrsrch Labs, Scientific Paper: 62,928-113.Pl. 
*Obtained ming the measured valuer of w for the lowest t h m  values of E/? rcportcd in ref. n. 

PH. Schnyders, S. A. Kim, and I. hieyer,Pbys. Rev. 150,127 (1966). 
*L. S. Miller, S. Hawe, and W. E. Spear, Phys Reu. 166,871 (1968). 
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Fig. 5 .7 .  Electron drift velocity w as a function of the 
pressure-reduced electric field E/P298 for a number of linear, 
cyclic, and aromatic hydrocarbons. 

temperature of the liquid. pG may be regarded as the 
gaseous electron mobility adjusted for the change in 
density between the gas and the liquid. 

(iii) The ratiopL/pG. 
The data i n  Table 5.1 offer a direct comparison 

between the measured values of pG and p,> for thermal 
electrons which allows deduction of the following 
conclusions: 

(1) Contrary to previous reports in the literature that 
the mobilities of tlieirnal electrons in hydrocarbon 
vapors of the kind listed in 'Table 5.1 are of similar 
magnitude, the data in Table 5.1 show that pG varies 
considerably (0.6 <, pG 5 19 cm2 V sec- ' j  from one 
hydrocarbon molecule (linear, cyclic, or branched) to 
another. 

(2) For the linear hydrocarbon molecules listed in 
Table 5.1 except methane, pL 4 pG and p L / p G  is small 
(0.006 to 0.022). 

(3) For the cyclic aromatic and nonaromatic hydro- 
carbons listed in ?able 5.1, .uL < pG, but pL /pG is now 
much larger (0.041 t o  0.26) than for the linear 
hydrocarbons in 'Table 5.1. 
(4) In sharp contradistinction to conclusions ( 2 )  and 

(3) above, the branched hydrocarbons listed in Table 
5. I., with the exception of isobutane, have pIA > p G ,  the 
ratio p L / p G  attaining as high a value as 10.4 for 
neopentane. For these molecules, then, on the basis of 
the ratio p L / p G  thermal electrons are more mobile in 
the liquid than in the corresponding gas. 

(5) In spite of the limitations which arise from the 
fact that p L  and pG for the rare gases listed in Table 5.1 
have not been measured at the same temperature, it is 
seen that for all rare-gas atoms but He (and Ne?) ,uL > 
p G ,  the ratio pL / p G  increasing greatly with increasing 
atomic number Z .  On the basis of the ratio p L / p G ,  
thermal electrons are seen to be -4.3, -1 19, and -733 
times more mobile in liquid Ar, Kr, and Xe, respec- 
tively, than in the respective gases. I t  is observed that 
while pG for Ar, Kr, and Xe decreases, pL increases 
with increasing Z. 'She decrease in pG with Z for Ar, Kr, 
and Xe is due to the increase in uPn(v)l1 below the 
Ramsauer-Townsend minimum with increasing 2, while 
the increase in pl, with Z may be associated with a 
decrease in u,(v) with increasing 2 due to a shifting of 
the Ramsauer-Townsend minimum to lower energies in 
the liquid phase. 

(6)  Concomitant with observation (2) above is the 
finding that CM4 is the only molecule known to show 
the Ramsauer-Townsend effect .in the gas phase due to 
its high syrrmetry and, hence, compact structure.' 
Methane i s  also the only molecule for which p ha5 been 
found to  increase with gas density.12 For all other 
molecules (or atoms) for which p has been measured as 
a function of gas pressure, p has been found to decrease 
with increasing gas density (He;13 H2 ; l 4 , l S  N2;14 
C 0 2 ; l $  C 2 H 6 ; 1 7 , 1 g  C3Hs1s).  

Similarly, concomitant with observation (5) above is 
the finding that He (and Ne) is the only rare-gas atom 
for which the ICamsauer-Townsend effect is not ob- 
served. For He, p decreases13 with increasing gas 

1 1 .  L. G.  Chriatoyhorou, Atomic and Molecular Radiation 

12. H .  kehning,Phyr. Lett. 29A., 719 (1969). 
13. R .  Grunberg, L. NaPurfomh. 24a, 1838 (1969). 
14. R. Grunberg, 2. Narurfoorsch. 23a, 1994 (1965);Z. Phys. 

15. A. Bartels,Phya Rev. Leu. 28, 213 (1972). 
16. W. Lehning, Phys. L e f t  284,  103 (1968). 
17. B .  Buber, Z .  Narurforsch. 23a, 1228 (1968). 
18. B. Huber, Z. Nafurforsch. 24a, 578 (1969). 

Physics, Chap. 4, Wiley-Interscience, London, 1971. 

2W, 12 (1967). 
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pressure (>SO00 torrs). The above findings were 
discussed‘ in relation to theories on electron transport 
through low- and high-pressure gases and liquids. I t  was 
concluded that no direct relation between pL and p G  
i s  suggested by the data. Two sets of mechanisms with 
apposite effects seem 10 ; I f k t  pL: (1) those which 
decrease p L ,  such as electron capture, electron t r a p  
ping, and additional inelastic scattering processes char- 
xteristic of  the liquid phase, and (2) those which 
increase p L ,  such as the reduction in the effective 
electrun mass in the liquid, coherent and forward 
scal teriog, and possibly, for spherically symmetric 
rnolccuiei, scattering by potentials characteristic of 
Kanisauer-Townseaid effect conditions. For any pven 
liquid most probably more than one of the above 
mechanisms is involved in determining p L / p G .  Which 
mechanisni is most influential in determining the 
magnitude of p L / p c  ‘ippears to be intimately con- 
nected to both the molecular and the liquid structure. 

SCATTERING QF SLOW ELECTRONS 

ORGANIC MOLECULES 
BY n-ELECTRQN-CONTAINING 

A quantitative investigation of the role of 71 electrons 
in slow-electron scattering has been made for three 
classes of n-electron-containing organic molecules: aro- 
matic, linear nonaromatic, and cyclic nonaromatic. The 
results indicated that at thermal energies the scattering 
cross section increases greatly (a sixfold increase was 
observed when the number of n electrons was increased 
from 0 to 10) with increasing number of  n orbitals. 
These studies indicated also that molecular scattenng of 
slow clectrons is not only affected strongly by a large 
rnacroscopic permanent electric dipole moment,20 but 
also by certain microscopic molecular characteristic 
features such as the highly polarizable IT orbitals which 
give rise to large induced moments. They also indicate 
that double-bonded systems may efficiently thermalize 
slow electrons. 

COMPOUND NEGATIVE-ION ESONANCES 
AND THRESHOLD-ELECTRON EXCITATION 

SPECTRA OF QUINOLINE AND I!33QUINOLINE2 

Compound negative-ion resonances (CNIR) are of 
unique physical and chemical interest. Such resonances 
also constitute very efficient ways for thermalizing 
subexcitation electrons via the processes of indirect 
vibrational and rotational excitation of molecules. ‘They 
are of general occurrence in molecules, both small and 
large and organic and inorganic.’ 
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Fig. 5.8. Threshold-electron excitation apectrurn of quino- 
line. The electron trap is 0.05 V. fP denotes the photoionization 
value of the ionization potential. 

Two such CNI resonances have been found in the 
N-heterocyclic molecules of quinoline (Q) and isoquino- 
line (IQ) and the n-isoelectronic rnolecule of naphtha- 
lene (N). The two resonances showed maxima at 0.6 
and 1.30 eV for Q and at 0.75 and 1.3 eV for N. For 
IQ, maxima were observed at 8.42, 0.55, 0.76 eV 3nd 
1.25, 8.67 eV, indicating the presence o f  vibrational 
structure in the two CNI resonances for this molecule. 

Figure 5.8 shows a representative thresholrl-electrotl 
excitation (TEE) spectrum for quinoline. ‘The arrows 
above the spectrum indicate the positions o f  the 
maxima in the TEE spectrum. ?’he arrows shown below 
the spectrum in Fig. 5.8 indicate the 0-0 transitions in 
the optical spectra, which, both fnr transitions below 
and above the ionization potential, agree well with the 
onsets in the present TEE spectra. 

A summary of the electronic transitions in Q and IQ, 
the possible types of transition, the assignment, and the  
multiplicity of the states involved has been given in ref. 
21. 

The TEE spectra of Q and 1Q indicated the presence 
of an energy-loss process below the position of the first 

19. L. G. Christophorou, K. P. Blaunstrin, and D. Pittrnan, 
Chrrn. Yhys. Lett .  (in press). 

20. L. G.  Christophorou, A. A. Christodoulides, and D. 
Pittman, J.  Phys. B (At.  Mol. Phyr.) 2, 71 (1969); 3, 1252 
(1970). 

21. M. N. Pisanias, L. 6. Chaistophorou, and J .  4;. Carter, 
C h e m  Phys L e t t  13,433 (1972). 
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rr-triplet state Tl(n + rP), which was identified as the 
lowest excited electronic state of Q and 16, namely, the 
first triplet n + x* transition at -2.45 eV. 

The most striking feature in the TEE spectrum of Q, 
IQ, and N is the presence of the two strong resonances 
below x 2  eV which were attributed to the formation of 
two compound negative-ion states in each of these 
molecules. 

ENERGY-LOSS SPECTRA OF N-HETEROCVCLIC 

The energy-loss spectra of pyridazine, pyrimidine, and 
pyrazine have been investigated using the trapped 
electron method and have been compared with photo- 
absorption data. Figure 5.9 shows the TEE spectrum of 
pyrimidine. Besides the location of low-lying n --I n* 
and n + tr* triplet states, the most striking feature of 
the threshold-electron-excitation spectra for all these 
molecules was the presence of two intense energy-loss 
processes below 2 eV attributed to two compound 
negative-ion resonance states. The positions of these 
resonances (0.70 and 1.44; 0.80 and 1.98; 1.10 and 

1.53 eV for pyridazine, pyrimidine, and pyrazine, 
respectively) have been related to  a simpler molecular 
orbital theory and to the electronic structure of the 
parent benzene molecule, for which only one com- 
pound negative-ion resonance is observed at -1.6 eV. 

QLD-ELECTRON EXCITATION 
taN UND NEGATIVE-ION F ~ ~ ~ A ~ ~ ~ ~  

IN METHANE, E T H A N E ,  AND PROPANE 

The threshold-electron excitation spectra (TEES) of 
methane, ethane, and propane have been studied and 
compared with photoabsorption (PA) and energy-loss 
spectra (ELS). Distinct differences between TEES and 
PA4 or E L S  exist, and these are attributed to  optically 
forbidden transitions and/or to  compound negative-ion 
states which are distinctly favored in TEES but are 
absent in PA or ELS. A compound negative-ion 
resonance has been clearly observed in methane (in the 
range 1.8 to  3.15 eV with a maximum at 2.5 eV) and in 
ethane (in the range 1.5 to 3.0 eV with a maximum at 
2.25 eV>. At higher eiierges the TEES of methane 
begins at 7.45 and shows a shoulder at 8.8 eV, a broad 
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Fig. 5.9. Energy-loss spectra of N-heterocyclic benzene derivatives. ( d )  Threshold-electron excitation spectrum of pyrimidine. 
The electron trap is 0.14 V. 1P denotes the ionization potential as obtaineq by electron impact. ( b )  The 0- to 3-eV energy region 
recorded with improved energy resolution showing the two cornpound negative-ion resonances in pyridine. The electron trap is 0.034 
V. 
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negative-ion rewndnrx? at 2 3 eV 

peak in the range 9.9 to 10.2 eV, a shoulder at  11.05 
eV and peaks at 11.72, 12.00, 12.28, 12.52, 13.8, and 
14.3 eV. 'The TEES of ethane begins at 7.15 eV arid 
shows peaks at 8.65, 9.0, 9.25, 9.65, 10.28, 10.98, 
16.4, and 19.1 eV. The TEES of propane resembles that 
of ethane. Figure 5.10 gives the TEES of ethane, 

REACTIONS OF MOLECULAR RY DRERG STATES 

The charge-transfer reactions of rare-gas atoms in 
Ryclberg states with acceptor molecules, for example, 

Ar* + SF6 -+ Ari + SF6- , 

have been known for some time. We have fourid that 
molscules such as HzO and cyclohexane, excited to 
their Kydberg states by electrons or photons, can react 
sirnilally. This shows that these states are rather 
long-lived and upsets considerably conventional models 
of  radiation-induced ionization in liquids and gases. 

PHOTOPHYSICAL STUDIES OF ORGANIC LIQUIDS 
AND SOLUTIONS; EMISSlON SPECTRA 

FROM HIGHER EXCITED n-SINGLET STATES 
F AROMATIC HYDROCARBONS IN SOLUTION 

Our studies in  this area hare continued and showed 
that fluorescence emission froni the second excited 
n-singlet states of aromatic molecules in solution IS not 
uncommon. Detailed studies have been made of the 
emission spectra from the first, S ,  , and second, S , ,  

Fig. 5.1 1. Inkegrated fluaremncc quantum intensities of 
SI and sZ in relative units for 5 x IO+' M soiutinns uf 
1,12-bmzperylene in nheptanr. The differences seen are dint: 
to temperature diifferenwr only. 

excited n-singlet states and also of (lie dppenderxe of 
these light emissions on tertq)erature T. Figure 5.1 1 
shows the integrated fluoiescence quantum intensity as 
a function of T for the S,.* -+ So,,l and S,,o + so,r, 
radiative transitions. Sirmlar data were obtained foi 
3,4-benzpyrene and 1,2-bemathracene. A reasonable 
theoretical understanding of the radiative and nonrdrlia- 
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tive processes involved has been For 1,12- 
benzperylene it was concluded: 

( 1 )  The fluorescence quantum yield from S, is 
primarily due to an indirect fluorescence originating 
from thermal repopulation of S, from S ,  

(2) The activation energy determined for the thermal. 
repopulation of S, from S ,  is 690 crn-' . This value is 
significantly less than the actual energy separation of 
1400 cm-' between S2,Q andSl, , , that  is, between the 
0-0 absorption bands for S, and S I .  This may indicate 
that S, ,o in addition to being repopulated from S ,  ,, is 
also repopulated from vibrationally excited S ,  (i.e., 
S2,0  + + S,,,, n > 0), or possibly from an 
optically forbidden state located between SI,, and 
' 2 . Q .  

22. C. E. Easterly, L. G. Christophorou, and J. G. Cartex, J. 
Phys Chew. (submitted). 

(3) The internal conversion process cannot be con- 
sidered as being completely irreversible. 

I t  has teen  generally concluded from these studies 
that fluorescence from the second excited .rr-singlet 
state of aromatic molecules in solution does not appear 
to  be as uncommon as has been thought in the past. 
Such emissions, depending on the temperature, affect 
strongly the overall spectral characteristic$ of organic 
molecules. Additionally, the persistence of the excita- 
tion energy between and S,,, should be of 
importance in energy transfer from such excited rnole- 
d e s  and warrants investigation. 

LOW-ENERGY ELECTRON INTE 
wrm LIQUIDS 

Recognizing the need for physical studies on low- 
energy electron interactions with liquids we have 
developed a method for direct physical. studies of 
low-energy electron interactions with liquids. The nec- 
essary equipment is in the final stages o f  construction. 



6. Graduate Education and Vocation 
K. Z. Morgan 

M. F. Fair 
R. D. Bixkhoff 
L. 6. Christophorou 
K. N. Compton 
L. C. Emerson 

The demands for education in health physics Rave 
coiitinued to  rise on all levels. Education to the Ph.D. 
level is required to provide personnel for positions of 
leadership in industrial, academic, and medical insti- 
tutions. Training at the master's level is needed t o  
provide the leaders in the applied health physics field 
eniphasizing instrumentation and procedures. The needs 
of the reactor and other nuclear-related professions 
must be met by large numbers of technicians at the B.S. 
level. 

The field training program at ORNE during the 
summer months is open to all AEC Fellowship students 
who have completed their first academic school year 
under the fellowship program. The field training con- 
sists of two major phases, applied health physics and 
research health physics. The university program ciinnot, 
in itself', produce the desired product. The summer 
training program is absolutely essential in the education 
of a he;ilth physicist. 

Six Fellows participated in the summer training 
program at OKNL during July and August 1971 - two 
from the [Jniversity of Kentucky, one from the 
LJniversity of Michigan, one from the University of 
Kansas, one from Georgia Institute of Technology, and 
one from Purdue IJniversity. Seven Fellows were in 
training during May arid June 1972. 

The sutniner training began with a three-day orienta- 
tion program, which was followed by five weeks with 
the applied health physics group and five weeks with 
the research health physics groups. One week was spent 
ai the Special Training Division (ORAU) doing health 
physics experiments. Numerous seminars were held 
throughout the summer, highlighting recent advances in 
health physics and closely allied fields. Many of  the 
seminar speakers were from Laboratories and universities 
from around the world. 

W. R. Garrett 
R. 13, Ritchie 
H. C .  Schweinler 
J. E. Turner 

In the applied health physics training, the student 
gains practical experience in m;iny phases of radiation 
protection under the supervision of  a senior health 
physicist, 

In health physics research the students are first giver) 
a brief sumtnary of all the research projects in progress 
in the Division. They then choose the group in which 
they remain for a five-week period. They beconic part 
of tbe team and are truly engaged in doing health 
physics research under senior scientist supervision. 

The summer program gives the student nifUicient 
experience in applied health physics to enable him t o  
take a position in this field, where with only a little 
additional experience he will soon qualify for a position 
of responsibility in radiation protection. Also, he learns 
of the tremendous breadth in research health physics 
and is made aware of the diverse problems available foi 
thesis work should he decide to  continue his educ;lti<jn 
for the M.S. or the Ph.D. degree. 

Twelve studerits were enrolled in the Cerieral Health 
Physics undergraduate course (Physics 47 10-2r9-30) 
taught hy 3 member o f  the Division at the IJniversity of 
Tennessee. This was a three-quarter course whic:h met  3 
hr/week. 

The Division provided assistance to the staff o f  the 
University of 7'ennessee in updating and teaching its 
graduate curriculum in health physics. This inciuded 
courses in General Health Physics, Radiation Chemical 
Physics, Physics of Polyatomic Molecules, Interaction 
of Electrons with Gases, 'Interaction of Electrons with 
Solids, and 1 nteraction of Radiation with Matter.  This 
curriculum has attracted Fellows who desire education 
to the master's level and also those who wish to pursue 
the Ph.D. degree. Help was provided to the University 
of Tennessee in  conductirig the co-op program with 
ORNL leading to the B.S. degree in health physics. This 
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type of assistance and consultation is available to  any 
school desiring to  set up a health physics program or 
institute courses in this field. For example, queries have 
been received from Georgia Institute of Technology, 
Southern ‘Technical Institute, Auburn University, Okla- 
homa State University, Duquesne University, and Wake 
Forest University with regard t o  setting up courses in 
health physics. Assistance was given the University of 
‘Tennessee in the preparation of qualifying examinations 
in health physics. A visit to ORNL with lectures and 
tours was provided for students in health physics from 
the University of Arkansas. A series of lectures were 
given at the University of North Carolina. Eight 
universities were visited at which ORNL health physics 
research and educational activities were discussed. 

There were a number of Oak Ridge Graduate Fellows, 
AEC Fellows, USPHS students, and others working on 
theses for advanced degrees under the supervision of 
Radiation Physics staff. Their thesis titles and univer- 
sities are listed below: 

1. G.  I>. Alton, “Optical Model Studies of Low- 
Energy Electron Interactions with Simple Atoms 
and Molecules”(UT) 

2. J. L. Blankenship, “Ganima-Ray Damage and 
Annealing in Ultra-High Purity Germanium”(lJT) 

3.  M. D. Brown, “Interaction of Uranium in 
Solids”( UT) 

4. C. E. Easterly, “Study of Aromatic Hydrocarbons 
in Relation to  Carcinogenesis”(UT) 

5. J. M. Elson, “The Interaction of Photons at Rough 
Dielectric Surfaces” (Univ. Ky.) 

6 .  R. E. Goans, “Dissociative Electron Attachment t o  
Polyatomic Molecules”(UT) 

7. A. I-ladjiantoniou, “Electron Attachment to arid 
Autoionization of Long-Lived Negative Ions of 
Polyatomic Molecules”(UT) 

8. W. F.  Hanson, “Soft X-Ray Studies of the Satellites 
of Na, Mg, Al, and Si and the Optical Properties of 

9. P. D. Kidd, “Electron Capture and Drift in Organic 
Liquids”( UT) 

10. D. L. McCorkle, “Low-Energy Electron Attach- 
ment to Molecules at High Densities”(UT) 

1 1. M. N. I’isanias, “Threshold-Electron Excitation and 
Compound Negative lion Formation in Polyatomic 
Molecules”(UT) 

MgO and MgF2 ”(UT) 

12. 5. L. Sowers, “Optical Properties of Liquid CC14, 
C6H14,C6f1L2,C6H1o, c6 1 1 8 ,  and CbM.5 in the 
Vacuim Ultraviolet”(UT) 

13. I-Lan ‘rang, “Optical Properties Qf Nucleic Acid 
Bases”(U’lJ 

14. R. B. Vora, “Studies of Electron ‘Transfer in 
Atomic Collisions with Molecules”(UT) 

IS. 9. F. Wilson, “Mass Analysis of Ions Formed in 
Electron Swarm Experiments”(UT) 

16. IJ. S. Whang, “Optical Properties of Potassium, 
Rubidium, and Cesium in the Vacuum Ultra- 
violet”(UT) 

17. C. E. Wheeler, Jr., “Experimental and Theoretical 
Investigations of the Smith-Purcell Effect”(UT) 

Assistance was given to ORAU in the presentation of 
a ten-week course in health physics. 

Three student trainees and two faculty members 
spent the summer (1971) in the Division as research 
participants sponsored by  OXAU. ’Fwo student trainees 
spent the summer of 1972 in the Division. 

Several staff members of the Radiation Physics 
Section of the Health Physics Division worked with the 
University of  Tennessee faculty in preparing pre- 
liminary examinations for the Ph.D. degree and in 
grading the examinations. Four of our staff hold Ford 
Foundation appointments at the University and in this 
capacity participated in student advising on matters of 
curricula and research. They were also active on the 
University Committee on  Graduate Education. Our 
staff took pari in the faculty meetings of the U‘T 
Fhysics Staff. 
la proposal for a cooperative training program for 

health physics technologists was, accepted by the 
USAEC. ‘This program will be open to  students who 
have completed the sophomore year at one of a number 
of participating colleges and who are majoring in one of 
the sciences, mathematics, or engineering. They will 
receive 20 weeks of on-the-job training at OIINI. in 
coordination with their on-campus academic program. 
Ten weeks of specialized training will be given at a 
reactor site or hospital depending upon the student’s 
main field of interest. 

The Division is currently investigating the possibility 
of setting up a postdoctoral program in health physics. 
This would infuse new ideas into the research programs 
and hopeftilly serve as a source of new senior health 
physicists. 
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JAPANESE DOSIMETRY PROGRAM 

Liaison with the Atomic Bomb 
Casualty Commission 

One ORNL representative visited the Atomic Bomb 
Citsualty Commission (ABCC) in Hiroshima, Japan, for 
six weeks during August and September 1971. At this 
t ime,  two ABCC shielding technicians were assigned to 
ORNL to help develop and verify a dose estimation 
technique to be used to predict accurately radiation 
doses to those survivors who were inside “heavy 
shielding” structures, such as reinforced concrete build- 
ings. These classes of survivors are of special interest 
because they were subjected to a minimum amount of 
blast, shock, and thermal trauma; thus, for these 
survivors i t  is more nearly possible to isolate effects 
whose increases above normal incidence were induced 
entirely by radiation. There were 1030 survivors (379 in 
Hiroshima, 651 in Nagasaki) in structures which p r u  
vided heavy shielding. Of these, 340 were in concrete or 
reinforced concrete buildings, and no estimales of dose 
have been made, but as pointed out earlier, these 
represent a very important sample of the survivors. 

1. Consultant, Atomic Bomb Casualty Commission. 
2. Alien guest. 
3. an loan from Mathematics Division. 

Except for 6 additional cases, the 340 survivors in 
concrete buildings represent the total number of sur- 
vivors at distances less than 1400 m for which ASCC 
has not already calculated or assigned radiation doses. 

Extensive information stored on magnetic tape was 
sent to ORNL and will be extremely valuable when the 
ABCC commences a study of the effects of radiation 
quality. 

Calculations which permit the assigrinient of radiation 
depth doses to many organs, such as the thyroid of a 
survivor or to children who were in utero at the tirrie o f  
exposure, have been completed. ‘T’tiese calculations 
should be extrqmely usefd i n  studies o f  various 
radiation-inducible effects sucti as ihyroid carcinoma, 
cancer of the cervix, or any of‘ the various biological 
defects of children who were in utero at the time of 
exposure. A complete description of these calculations, 
the intended uses, and method of application is being 
written arid will SOW be transxnilted 4.0 ARCC. 

A pilot study of the histories of the survivors whu 
were exposed to the radioactive ”black cain,” which FeIP 
soon after the bombings, i s  presentiy u a ~ h  way. The 
studies are still incomplete, but as expected appear to 
indicate that very few persons who were in the black. 
rain and were exposed to  extremely low levels of 
“prompt radiation” from the bombs showed significant 
radiation-induced symptoms. 
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Heavy Shielding Research 

The large collimator (1 5” opening and rotatable 
around two axes) was mounted on top of the Health 
Physics Research Reactor (HPRR) Control Building and 
used to  measure the angular distribution of scattered 
neutron and gamma doses received at that point from 
the W K R  on the other side of a Ml. ‘The results are 
shown in Figs. 7.1 and 7.2. A Hurst recoil proton 
proportional counter measured the doses due to neu- 
trons, and a “Phil” G-M counter (insensitive to neu- 
trons) measured gamma-ray doses received in the 
collimators. Comparison counters of the same types 
measured the free air doses simultaneously for normali- 
zation. 

Also plotted in the figures are the angular distri- 
butions previously derived from weapons tests and from 
Operation BREN using the HPRR. The neutron dose 
distribution is similar to  the earlier result, except that 
the peak around 30” seems high, probably because the 
curves are normalized to unit area and the forward 
directions are blocked by a hill. ‘The gamma-ray 
distribution is quite different, indicating that most of 
the dose arises from neutron interactions and gamma 
scattering in the sky overhead, probably fairly close to 
the detector (-1 relaxation length). For these plots the 
measured curves of dose per steradian have been 
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Fig. 7.2. h g u h  diseibertbn of gamma d w  received. Dose 
from hour angles (longitude) below 85” (Le., reflection) not 
mcluded, 

multiplied by the solid angle per colatitude zone, 
assuming that the pole of coordinates was pointing at 
the reactor. As in weapons tests, the doses received are 
nearly independent of longitude angle above the hori- 
zon. 

MEASUREMENTS OF DOSE DISTRIBUTIONS 

Dose as a Functioip of Depth in a 
TiStle-Eqtlident Phantonl 

The study reported last year4 was completed by 
calculating the absolute doses per neutron per square 
centimeter incident on a 30-cm-diam by 60-cm cylin- 
drical tissue-equivalent phantom for neutrons from the 
HPWR and from 14-MeV (d, T) neutrons. ‘The results are 
shown iai Figs. 7.3, 7.4, and 7.5 and compared with T. 
D. Jones’ Monte Carlo calculations5 for the same 
incident neutron spectra and with a 160-keV low- 
energy cutoff of recoil proton dose, corresponding to 
the cutoff of the proportional counter used. The 
agreement is within the probable errors of measurement 
and calculation. 
. . . . . . . . . . . . . . . . . . . . . . . . 

I .  Health Phys. Diu. Annu. Prop. Rep. July 31, 1971, 

5 .  Health Phys. Div. Antru. Piogr. Rep. July 31, 1971, 
ORNL-4720, p. 90. 

0 ~ ~ ~ 4 1 2 0 ,  p. arb. 
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Pig. 7.3. 14-MeV neutran depth dose. 

DOSE AND LET CALCULATIONS 

k o d  Dose from Neutron-Prcrduced Recoil Ions 
in the Region of a Therapeutic ' ' C f  Needle 

Many radiotherapists now clam6 that it IS possible to 
detect a local biologcal change due to a 1% vanation 
of therapeutic radiation dose. The response uf a 
rnalignant neoplasm to such slight variations in the local 
dose 1s extremely cntical in therapeutic uses of im- 
planted sources of '' 'Cf because dose decreases rapidly 
as distance from the source is increased. For example, 
the dose from * 'Cf neutron-produced recoil ions is 
less by about two orders of  magnitude at a distance of 4 
crn From the source as compared with dose near the 
source. Californiunl-252 appears to have great potential 
therapeutic value, yet the spread of  estimates of local 
dose t o  a small tumorous region is about 25%, 
therefore, techniques from previous calculations7 were 

6 Personal communication, meeting at New York University 

7 T. D. Jones and J. A.  Auxier, Pfzys; M e d  Bid.  17(2), 
MedicnlCenter, July 16, 1971. 

206 - - I7  (1972). 

applied to determine dose distributions sufficiently 
accurate to satisfy the needs of r r m t  radiotherapists. 

' Cf implants determined 
experimentally or calculationally by  most iiivestigams 
are probably sufficiently accurate for distances grsatcr 
than 4 cm; however, precision and accuracy of the ltxal 
dose are extremely difficult t o  obtain within +S%. 
Experimentalists are confronted with ii variety o f  errors 
which influence the estimation of dose. These errors 
include positioning errors of both the source and 
detector, variations in background radiation, arid sensi- 
tivity of instruments. ( I n  fact, a dosimeter has not yet 
been developed that can accurately nieasure local dose 
iii a small volume without significantly perturbing ihe 
radiation field.) The basic calcdaiional niodels ;m 
based on discrete ordinate atid Monfe Carlo transport 
techniques. Some lirnita tions of using ii discrete OF&- 
nate method to solve n ~ m ~ r i c a l l y  the Boltzmann 
transport equation are: ( 1 )  the substitution of group 
tlieory for a continuous energy spectrum by groups of 
particles having discrete monnenergjes, (2) inexactness 
due to oscillations in Legendre polynomials used to 
describe particle scat teritig (often obscwed as negative 

Dose distributions for 



52 

ORMI.-DWG 72-6' 

0 5 10 45 20 25 30 
DEPTH IN PHANTOM (crn)  

Fig. 7.5. HPRR neutron depth dose (n,~). 

values of flueiice or dose at a well-shielded position), 
( 3 )  lack of an estimate of the statistical variance 
(usually replaced by apparent convergence or significant 
previous experience with discrete ordinate calculations), 
and (4) inaccurate approximations of angular quad- 
rature (usually most notable at larger distances and for 
rays emanating from a point source). 

Monte Carlo methods have the distinct advantages of 
permitting duplication of exact histories of particles 
and providing an estimate of the variance by standard 
statistical procedures. 'The Statistical variation in a 
specific volume element can be decreased by the 
incorporation of variance-reduction techniques such as 
particle splitting, Russian roulette, and importance 
sampling; however, Monte Carlo calculations still re- 
quiic an extremely large number of particle histories 
and resulting interactions to accurately describe the 
effect of the particles on a small volume. 

In these calculations, the areas shown in Table 7.1, 
which are drawn to scale, were revolved about the 
horizontal center line to create volumes of revolution 
about the needle source. Horizontal grid divisions and 
radial increments of the cylindrical shells were both 

Slight variations in atomic composition may account 
for significant deviations when the objective is an 
estimate accurate to within 10% (?5%), so the three 
compositions of tissue media shown in Table 7.2 were 
used to investigate this effect. Composition 1 corre- 
sponds to standard soft tissue, composition 2 corre- 
sponds to  whole-body average, and composition 3 
corresponds t o  skeletal muscle tissue. Dose from 
neutron-produced recoil ions for each of these compo- 
sitions is shown in Table 7.1. Ratios of dose from 
neutron-produced recoil ions to  kerma from a small 
volurne of tissue in free space were averaged to obtain 
an estimate for an average tissue composition, and this 
value was assunied to represent the value at the centroid 
of revolution. Exponential interpolations were done in 
two dimensions to produce ?he isodose curves shown in 
Fig. 7.6. The objective of combining kernia curves for 
the production of isodose curves is to  reduce the 
coefficients of variation due to statistical fluctuations 
by 6. Because the distribution of dose about the 
source is changng so rapidly, and on the basis of 
experience in analyzing these and previous data, it is 
felt that isodose curves are of little significance if values 
of local dose are known with less than 55% precision. 

Coefficients of variation ranged from 1 to 3.5% for 
this mean tissue, so the isodose curves were extremely 
well determined. This family of ciirves has a shape 
which differs slightly from those in previous publica- 
tions,'-' ' but the difference is thought to bc due to the 

8. R .  C. Fairchild, Sources of Fission Neutrons and Their 
Dosimetry, BNE-I2152 and CQNF-680420-2 (1968). 

9. F. T. Cross, personal communication with Lowell Ander- 
son. 

10. G. D. Oliver, Ir., and C. N. Wright, Radiology 92. 
143-47 (1969). 
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Table 7.1. Dose from recoil ions produced by neutrons from a 2O-mm 52Cf needle source 

!\ = Composition 81 

3 = Composition 82 

C = Composition 83 

D = C o e f f i c i e n t  of  V a r i a t i o n  
in t 

A, B, & C - Dose (Rads/vg-sec) 

2.5 

2 

t .s 

25 
0 

1 

.5 

252Cf NEEDLE 

. 2 1 2 - 3  3 .1  

.209-3 3 . 0  

.192-3 3 . 1  

.243-3 3 .1  

,262-3  3 .1  

.243-3 3 .1  

‘398-3 3 . 0  

,435-3  2 . 8  

.372-3 3.0 

-878-3 2,7 

.866-3 2 . 7  

.814-3 2 . 7  

‘351-2 2 . 3  

.332-: 2.2 

,121-2 3.9 

.159-3  3 . 3  

. m - 3  3 , 4  

.163-3  3 .5  

.177-3  3 . 8  

. I 7 4 4  3.7 

.171-3  3 . 8  

.227-3 3.9 

.226-3 3.8 

.218-3 3 . 8  

,318-3 4 . 6  

,318-3  4 . 3  

.323-3 4 . 3  

,618-3 5.0 

.5?8-J 5 . 2  

6641-3 5.0 

.144-3 3-5 

.143-3  3.5 

.149-3  3 . 7  

.156-3 4.9 

.149-3 3.9 

,146-3 3 . 8  

.181-3 4 . 2  

.196-3 4 . 5  

,169-3  4 . 5  

-250-3 4.9 

.227-3 4.8 

,221-3 5.0 

.529-3 6 .0  

,518-3 5 . 7  

. 4 a 7 - ~  5 , 7  

.125-3 3,9 

-124-3  3 . 8  

-116-3 3 . 8  

.114-3  4 . 2  

.119-3  4 . 5  

.127-3  4.5 

,145-3 5.0 

,145-3 4 . 7  

. i 4 a - 3  4 . 7  

.177-3 5 . 3  

.193-3  5 . 4  

.195-3 5 . 4  

.395-3 6 . 4  

-393-3  6-0 

.374-3 6.5 
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unusual degree of accuracy believed to be associated 
with the calculations reported here. 

Slant Beam 
A broad beam of neutrons was programmed to 

impinge at an angle to  the axis of a cylindrical 
phantom. Previous results' included broad beams of 
neutrons at energies of 10 keV, 1 MeV, and 7 MeV 
which were incident at angles of 30" with the axis of 
the cylinder. The results were normalized to a beam 
intensity of 1 neutron/cm2. Of course, this would not 

1 1 .  Health Phys. Diu. Annu. frog. Rep.  July 31, 1967, 
ORNL-4168, p. 220. 

be equivalent to neutrons crossing this lateral. surface at 
a rate of 1 nsutron/cm2. IA fact, the "surface fluence" 
is not constant because of the different angles of entry 
at different points of the curved surface. If the 
monodirectional beam of neutrons, with paths parallel 
to the base of the cylinder, has a fluence of 1 
neutron/cm2, there will be a total of 30 X 60 = 1800 
neutrons impinging on the surface of the cylinder. Now 
the beam remains unchanged, but the cylinder is tilted 
so the paths of the neutrons make an angle 0 with the 
axis of the cylinder. 'The neutrons crossing the lateral 
surface are now decreased to (1 800) (sin 0) neutrons, 
but we also have (n) ( I S 2 )  (cos 0) neutrons crossing one 
base of the cylinder. In Figs. 7.7-7.10 the dose and 

Table 7.2. Compositions of ticsue media used in these calculations 

- Composition 2 Composition 3 
.____ ___ ......... Composition 1 

x loz2  atoms/g Percent" x l o z 2  atoms/g Percent" x loz2  atorns/g Percent" 

5Iydrog.n 6.266 10.5 6.169 10.3 5.975 10.0 
Carbon 0.944 18.8 1.258 25.1 0.602 12.1 
Nitrogen 0.133 3.1 0.107 2.5 0.172 4 .0  
Oxygen 2.549 67.6 2.333 62.1 2.748 73.8 

aPercent of weight. 
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Fig 7.7. Dose and dose equivalent in a tissue cylinder irradiated by slant beams of neutrons of encrgy 0.025 eV. 
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Fig. 7.8. Dose and dose equivalent in a tissue cylinder irradiated by &ant beams of neutrons of energy 80 keV. 

Fig. 7.9. Dose and dose equivalent in a tissue cytinder irradiated by slant beams of neutrons of energy 1 MeV. 



ORNL-DWG ?2-4278 

*. 
N 6 4 0 - ~  > 
P 
c 
3 
a 5 
U e 
v 

w cn f o p  x 

to-" 
.. 40-7 
E 
\ 

e 

N 

0 

c 

c 
3 
a $ 
.K io-8 

2 
e 

I- z 
W 
J 

.3 

w 
0 

"-"O 3 6 9 42 15 i8 21 24 37 30 

Fg. 7.10. Dose and dose equivalent in a tissue cylinder irradiated by slant beams of neutrons of energy 7 MeV. 

dose equivalent are shown for neutron energies of 0.025 
eV (thermal), 10 keV, 1 MeV, and 7 MeV, but now the 
beam makes an angle of 45" with the axis of the 
cylinder. The close study of the behavior of dose in the 
various tiers emphasizes the differences of dose in the 
several tiers due to neutrons entering the top of the 
cylinder. 

In a recent paper, Keyrim-Markus et al." reported 
some calculations of dose due to  neutron beams 

incident at various angles on a tissue phantom. They 
offer a number of rules for assessing maximum dose in 

types. They correctly point out that few neutrons 
traverse the body, and, consequently, for neutrons of 
the fission spectivxri the contribution to  maximuin dose 

12. I. B. Keyrim-Markus et al., Health Phys 22(2), 187 

the human body for slant beams or for 0th- br source 

- .. . . . . . . . . 

(1972). 
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is largely due to neutrons which have entered the 
phantum near the site of  the maximum on the dose 
oi dose equivalent - curve. However, their analysis does 
riut indicate fully the complexity of the geometry of 
the  body^ Consider, for example, dose distributions as 

c;dculated for a beam of neutrons unpingmg on the 
phantom at an angle with the axis of the cylinder. The 
phantom geometry is indicated on the iigures, and you 
will note that in tier I the dose is almost constant. This 
1s due tu neutrons which enter through the top of the 
phantuin. ’Fhe dose in the other tiers IS rnucli smaller 
than in tier I Actually this is stdl a siniplified ph;intom. 
I n  actuality, the presence of the head would have an 
effect on dose 111 fact, the peak dose in the body 
should be almost independent of the direction of the 
‘oe,im Cur neutron energies at which the peak dose is 
largely due to the neuirons undergoing their lirst 
collisions. On the human body, there will always be 
areah where the beam is almost perpendicular to the 
surface, and here the peak dose will be almost  the same 
as that of the normal beam on the slab. Of course, this 
i s  not  { rue  for neutrons of all energies but only for 
those for which the ‘‘firs1 collision” dose IS B major 
contributor to the peak value, say, for neutrons o f  0.5 
tu  10 MeV, which comprise much of the Gssiori 
spectrum For energies such that photons make a 
significant contribution to the peak dose, this will not 

apply, and in any case i t  seems to apply oiily to the 
peak dose, that is, the dose fiorn the slant beam, except 
at the peak, w111 generally be less at comparable 
positions than for the normal beam, as Keyrim-Markus 
points out, but  “cornp~rabble” must be interpreted to 
apply to  distance from the nearest 11 radrated surface. 

Photon Exposures 

The heterogeneous phantoms shown in Fig. 7. I I weLe 
assiimed to be unilaterally 11 iadiatcd by a parallel beam 
of monoenergetic photons llrnited t o  incidence on the 
torso for calculational efficiency. Figures and tables of 
dose distributions within the phantoms were presented 

The increase in dose along some depth-dose curves 
WJS the result of averaging dose to part of the spine into 
some of the volume elements, foi anterior exposure to 
photoas l’iaving source energies equal to or less thdn 250 
keV The stattstwil deviations of the points Tor photon 
source eneigies below 1.25 MeV wete computed to be 2 
to S%, and the “increase” appeared to be due tu 
absoi ption coefficients wliich were larger for bone than 
for soft tissue. The increase was o d y  piomirierit For low 
energies, where the photoelectric process predominated, 
as sbown In Fig. 7.12. Figure 7.12 a h  ihst ta tes  that 
relative changes in the abswption coefficients are nearly 

111 ORNL-4720. 

ORNL-DWG. 71-6624 

THE ADULT r&N PHANTOM THE ADULT WUMAN PWANlOM 

Fig. 7.11. Phantom for anterior and posterior exposures; phantom for left-side expomres. 
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Fig. 7.12. Attenuation coefficients for skeletal. lung, and soft 
tissue. 

iridepcndent of energy. Thus, for higher energies the 
effect is lost due to: 

1. the convergence of the photon absorption coeffi- 
cients of the three media; 

2. the longer mean collision path length, which is 
inversely proportional to  the linear absorption coef- 
ficient; 

3. an increase in the variance of the dose contribution 
to a given volume element. 

A.  R. Jones’ has made measurements of dose on and 
within a human-sized phantom from point sources of 
photons. Comparison of Jones’ results for a hetero- 
geneous phantom to results for homogeneous phantom 

or to our heterogeneous results (presented in ORNL- 
4720) was difficult becairse his results were expressed as 
ratios of: 

1. absorbed dose at a detector location normalized to  
the exposure in free air; 

2. absorbed dose at a detector location normalized t o  
the exposure at the site of a personnel dosimeter. 

The agreement of our work with Jones’ did not appear 
to  be good; however, limits of uncertainty were large, 
and the exposure situations were not identical. The 
results of our calculations of dose to  the skin for 
unilateral anteiior exposure are shown in Table 7.3. 
Snyder’4 computed ratios of the maximum to  the 
minimum dose to skin for a homogeneous phantom and 
illustrated that Jones’ results tended to produce sepa- 
rate curves for anterior and posterior exposure. These 
ratios for anterior and posterior exposure were recom- 
puted for our heterogeneous phantom, and the vari- 
ances of the ratios Yi/Xi were computed according to: 

Y 2  1 
X X2 

Var (V) A Yar (x) + Var (j) 

The results shown in columns 1 and 2 of Table 7.4 
appear to  illustrate that there is no detectable differ- 
ence in the ratios of the maximum to the minimum 
dose to skin for anterior and posterior irradiation 
except for minor statistical fluctuations. Instead, t h i s  
“virtual” difference tends to  illustrate the magnitude of 
the experimental and calculational errors and how 
errors of negative or opposing magnitudes can influence 
the results of a ratio. 1 his point should be worth 
keeping in mind because experimental results are 
usually normalized to  some other value of varying but 
usually known reliability. 

A depth-dose value equal to  that for a penetration 
depth of 5 cm as read from a depth-dose curve is 
commonly used by therapists for the dose to red 
marrow. Table 7.5 compares this assumption with the 
exposure situations from these calculations. ‘The first 
column shows the source energy, and the second, third; 
and fourth columns give doses at penetration depths of 
5 crn noimalized t o  the average red marrow dose for 
anterior, posterior, and left-side irradiation. For the 
“rule” to be very accurate, the ratios should be near 
unity, and, as seen in this table, one shoiuld not expect 

__. . ._ 14. \PI. S.  Snyder, “Variation of Dose in Man from Exposure 
to a Point Source of Gamma Rays,” in Congre? Intermrional 
sui In Radioprotection dam [‘Utilisation Industuiclle des Radio- 
elemenrs, Paris, December 13-15>  1965, Le Vesinet (1967). 

13. A.  R .  Jones, Measurement of the Dose Absorbed in 
Various Organs as a Function of the External Gainmn Ray 
Exposure. AECL-2240 (October 1954). 
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Table 7.3. Dose to the skin from a broad parallel beam of photons, unilaterally incident 
on the anterior of the t m  of a standard 70-kg human 

Photon 
energy Tier - 
(keW 

Dose (10- rads photon-’ cm2) 

Anterior Posterior Side 

-.._.___I _I__ 

“Coefficient of variation in percent. 
b’I’his single number had a CV = 36%. 

so 5 
4 
3 
2 
1 

100 5 
4 
3 
2 
1 

250 5 
4 
3 
2 
1 

660 5 
4 
3 
2 
1 

0.047 I 
0.0483 
0 0474 
0.0472 
0.0479 
CVa=6c/u 

0 OS14 
0.0615 
0.0587 
0.0595 
0.0538 
CV=7-8% 

0 146 
0.170 
0. I35 
0.140 
0.146 
CV=9 - 10% 
0.302 
0.380 
0.375 
0.395 
0.355 
cv= t2% 

0.00442 
0.00595 
0.00295 
0.00365 
0.00468 
CV=15 -20% 

0.0088 1 
0.0143 
0.0105 
0.00796 
0.00678 
CV=15 -20% 

0.0437 
0.0613 
0.0367 
0.05 14 
0.0393 
CV=15 -20% 
0.111 
0.208 
0.156 
0.124 
0.158 
CV= 16 - 2 0 1  

0.0182 
0.0304 
0.0293 
0.03 15 
0.0314 
CV-68 

0.0360 
0.0400 
0.0394 
0.0401 
0.0395 
CV-7 -8% 
0.112 
0.122 
0.106 
0.114 
0.115 
CV=9% 

0.292 
0.345 
0.348 
0.328 
0.333 
cv= 10- 1 1% 

____ __ 
Photon Dose ( lo9  xads photon-’ cmi) 
energy Tier - l_llllll..l-.... 

(MeV) Anterior Posterior Side 

1.25 5 
4 
3 
2 
1 

3 5 
4 
3 

1 
7 
&. 

6 5 
4 
3 
2 
1 

10 5 
4 
3 
2 
1 

0.616 
0.664 
0.147 
0.464 
0.578 
CV=13 -168  

1.30 
1.19 
0.943 
0.945 
1.08 
c v = 1 7  - 19% 

2.62 
1.71 
1.68 
1.68 
1.97 
CV=18--228 
2.70 
2.47 
2.86 
2.36 
2.48 
CV=22-24% 

0 249 
0 393 
0 271 
0 185 
0 241 
CY-10 2376 

0 495 
0 676 
0 544 
0 7V2 
0 499 
OV=20 25% 

0 525b  
1 2 5  
101  
1 3 8  
0 838 
CV=23 - 29% 

2 04 
2 26 
2 30 
1 1 7  
1 2 1  
CY=24- 31% 

0.539 
0.655 
0.500 
0.602 
0.536 
cv=12- - -14g  

0.875 
0.9 7s 
1.22 
1.10 
0.840 
CV=I 4 -- 16% 

1.74 
1.32 
1.51 
1.50 
1.80 
CY= 16 --- 19% 

2.85 
2.35 
2.49 
2.78 
2.60 
CV= 1 8 205% 

Table 7.4. Ratios of entrance to exit dose for monoenergetic photons 

Ratio 

Normalized to film Normalized to free air 
badge site Snyder, 

___̂.I_ (kev) Beam on Beam on 
anterior posterior A. R .  Jones, A.  R. Jones, A. R. Jones, A .  K. Jones, homogent’ous 

phanton1 beam on beam on beam on beam on 
posterior anterior posterior anterior 

38 15.6 11.7 15.8 11.1 
SO 16.1 k 3.1 17.1 f 3.4 
60 10.6 10.6 11.0 10.5 
70 9.0 
7s 5.9 8.0 6.0 7.3 

IO0 5.6 f 1.1 5.4 f 0.90 3.6 6.2 3.6 6 .  d 
I25 3.4 5 . 2  3.4 5.3 
165 7.5 i 1.6 4.7 f 0.83 2.9 5.2 3.0 5 . 1 4.8 
240 2.9 5.9 2.9 5.9 
250 3.7 t 0.76 3.9 f 0.75 
400 1.9 2.8 1.8 2.8 
5 00 3.3 
660 2.4 t 0.52 3.7 f; 0.98 1.8 2.2 1.8 2.1. 

1,000 2.4 
1,250 2.8 f 0.67 1.9 2 0.46 1.9 2.2 1.7 2.2 
3,000 1.7 i 0.49 1.1 f 0.30 
6,000 1.7 i 0.55 1.4 2 0.43 

10,000 1.2 f; 0.39 2.5 * 0.88 
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Table 7.5. Ratio of dose at a depth of 5 cm 
to average red marrow dose 

- ........ ......... 

Ratio 
......... ......... 

Energy Anterior Po st er ior Left-side 
irradiation irradiation irradiation 

6 MeV 1.3 1 1.3  
1.25 MeV 1.6 0.7 1.8 
250 keV 2.0 0.5 2.0 

50 keV 2.5 0.1 3.0 
......... ___ - 

this rule to  be more accurate than a factor of 2, and in 
many cases it may be even less accurate. 

MEASUREMENTS AT THE BIOLOGY DIVlSION 
2Cf IIRRADIATION FACILITY 

‘Ihe ORNL Biology Division operates a ”Cf  irradi- 
ation facility as part of a study t o  evaluate in mice some 
effects of high-dose-rate vs low-dose-rate protracted 
exposure to  fission neutrons and gamma rays. The 
high-dose-rate exposures are performed at the HPKR. 
‘T’o allow comparison of exposures at both facilities, the 
Radiation Dosimetry Section was requested to  perform 
the necessary dosimetry experiments at the s2Cf  
facility. 

”Cf source (0.8 mg, 
nominal when installed) which when removed from the 
shield is positioned at the center of a 15.3-cm-diam 
depleted uranium sphere. ‘The sphere is positioned 
directly above the 2 s 2 C f  storage well on a pipe 
stanchion. The source height during exposure is 117 cm 
above the concrete floor. Animals are exposed in cages 
placed on aluminum shelves and positioned on an arc 
around the source. Design of the experiment called for 
the animals to be exposed to 1 rad/day of fast neutrons 
when positioned at a distance of 2 m from the source. 
Tire study at the facility included: 

I .  measurement of neutron and gamma-ray dose as a 
function of distance from the source (see Fig. 7.13), 

3. measurement of scattered to total neutron dose, 
3. ineasurement of neutron and ganma-ray dose with 

and without the depleted * 3 8 U  sphere, 

4. measurement of the effects of the shelves and animal 
cages on the free-field dose. 

5. measurement of the symmetry of the neutron and 
gamma-ray dose on an arc around the source (see 
Fig. 7.14). 

6. measurement of the neutron spectrum with and 
without the depleted * 3 8  U sphere, 

The facility consists of a 

7. measurement of proton recoil spectra to  allow the 
calculation of LET distributions for the exposure 
configuration. 

Neutron dose was measured with the Hurst propor- 
tional counter, while gamma-ray dose was measured 
with the “Phil” dosimeter. All measurements were 
monitored with a modified long counter. Proton recoil 
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spectra were measured with the Hurst counter and 
Ipossi LET spherical detector. The fission-foil track etch 
technique was employed to measure the source yectra.  

Evaluation o f  initial results indicated that the source 
stiength was below optimum (consequently, the source 
was replaced). Figure 7.15 shows a plot of dose vs 
dastance from the source for distances which were to be 
tised. The detector heights correspond to the heights of 
two of the shelves. Table 7.6 gives the results of 
symmetry measurements around the source. Variations 
in the dose around the arc are within the errors typical 
of such experiments.’ Table 7.7 shows the ratio of 

Table 7.6. Positional dependence of dose around ” 2Cf source 

2.0 rn from the source 
_l_l_l 

Detector Neutron Gamma 
Position height dose rate dose rate 

(cm) (m illirad J hr) (milbrad$/ hr) 

1 117 
54 

2 117 
54 

3 117 
54 

4 117 
54 

S 117 
54 

43.4 
39.2 

42.5 
34.9 

43.9 
38.2 

42.9 
37.6 
42.8 
38.2 

18.8 
14.7 

18.5 
14.4 

19.7 
15.2 
19.3 
14.7 

18.0 
13.8 

scattered to total neutron dose measured using the 
shadow-cone technique. No measurements of scattered 
gamma dose were made. 

15. D. R. Johnson and I. W. Poston, Rudialiurr DosiniePry 
Studies at the Health Physics Research Reactor, ORN1AI13 
(June 1947). 

Fig. 7.15. Dose rate vs distance fmrn source. 

Table 7.7. Measurement of scattered to total dcrse 

Neutron dose rate Gainma d o x  rdte 
Source (milluads/hr) Ratio of scattered (mrtlirads/hr) 

~ ._.__...._II Position condition -- to total 
Total Scattered Total SLattexed 

1 U ball 43.4 18.8 0.433 18.8 
Bare 62.9 26.1 0.415 37.4 

3 U ball 43.9 18.5 0.42 1 19.7 
Bare 63.1 25.4 0.403 37.8 



8. Applied Dosimetry Research 
Klaus Becker 

J .  S. Clieka 
K. W. Crase’ 
R. B. Gamrnage 

‘IHE ROLE AND NATURE OF 
ACTIVATORS IN TSEE 

A systematic review of the existing inforinatiotr on 
thermally stimulated exoelectron emission (TSEE) from 
various ma te r i a l~ ,~  detailed discussions with other 
invcstigators on discrepancies in the results, and ex- 
tensive experimental studies led to  a reshaping of ideas 
concerning the role of activators in exoelectron emis- 
sion. I t  has been demonstrated that heat treatment. 
impregnation with silicon dioxide4 or l i t h i ~ m , ~  and 
preirradiation with charged particles’ result in pro- 
nounced qualitative and quantitative changes in the 
TSEE characteristics of ceramic Be0  (Brush ‘rhe~nialox 
995). ‘These changes werc tentatively attributed to the 
creation or destruction of electron traps which are 
directly contributing to the exoelectron emission 
process. 

It appears now that the situation is more complex. 
Activators seem to  fall into one or both of two 
categories. They may perform in a traditional manner, 
providing the electron trap from which the exoelectron 
cmerges. Alternately, they may act in an indirect 
manner. promoting the release of detrapped electrons as 
exoelec trons. 

Exoelectron emission (EE) ;appears to occur only 
from specific surface regions and to  depend strongly on 
a sufficient electrical surface conductivity without 
which local buildup of residual charge prevents further 
emission. Some of the “activators” which have been 

1 .  Publrc Health Service Radiological Health Fellow. 
2. Alien guest. 
3. K .  Becket. Crit. Rev. Solid-Slate Scl. 3, 39 (1972). 
4. R .  B.  Gammage. K .  W .  Craw, and K .  Becker. Health Phys. 

2 2 , 5 7  (1972). 
5. K. B. Gammage. K .  Becket. K. W. Crase, and A. Moreno y 

Moreno. Proceedings of l’hird Ititemnational Conference on 

Lumincwrtice Dosimetry. October I I thru 14, 1971, Riso 
Report No. 219. Part 11, p. 573, 1972. 

M. 11. Idee2 
J .  S. Nagpal* 
M. Sohrabi’ 

studied during the last 20 years in numerous labora- 
tories may influence TSEE indirectly by modifying 
such parame t en  as surface conductivity, work function, 
or irregularities of the crystal surface. Indeed, prelim- 
inary results of conductivity measurements show that 
the poorly emitting Thermalox 998 is less conductive 
by a factor of 10 than the excellent emitter Thermalox 
995 (10’ ‘ R compared with 10’ ’ L2 at 20°C). 

Silicon and lithium activators5 provide two examples 
of the importance of compound formation to  the EE 
process. Substitutionally incorporated silicon in single- 
crystal Be0 i s  usually less than 100 ~ p m , ~  but 
Thermalox 995 and 998 have silicon contents of 2000 
and 81 ppm, respectively. The excess silicon, which is 
concentrated at grain boundaries in the form of 
phenacite (2BeO-SiO2), produced in a heat treatment 
at 1400°C. helps to  optimize ‘T’SEE.4 The ‘TSEE peaks, 
however, are intrinsic t o  the ceramic Be0  and not to  
the phenacite, as shown in experiments with a natural 
phenacite powder (Fig. 8.1). 

With lithium activation, sensitization of the EE is 
linked to the formation of a compound of suspected 
composition Li2Be02 .’ This compound is unstable 
above its melting point of approxiniately 950”C, and 
with its decomposition the EE becomes desensitized 
(see also Rcgulla et aL9). A Be0 powder activated with 
sodium (Matsushita. Osaka), after calcination at 
14OO0C, exhibits a TSEE curve which is similar to that 

- ... 

6. K .  W. Crase, K ,  Becker, and R.  B. Gammage, Parametcrs 
.4 ffecting the Radiation-Induced Thermally Stimulated Exo- 
electron Emission from Ceramic Bery[ [ i im Oxide, ORNL-TM- 
3572 (November 1971). 

7. D. T. Livey, “Beryllium Oxide,” in High Temperature 
Oxides, Part 111; Academic, 1970. 

8. R. Hendiicks, Jr.,  U.S. Patent 3,529,046 (1970). 
9. D. F. Kegulla, G. Drexler, and L. Boros, Proceedirigs of 

Third Internniional Conference on L uminescence Dosimetry, 
October 11 thru 14, 1971,  Ristj Report No. 249, Part 11, p. 601, 
1972. 
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( t i  Be0 905 (Fig. 8.2). Thus, lithium and sodium appear 
to be performing similar roles for TSEE. 

Thz eutectic temperature for B E 0  -t Ti@ is 
1670"C.1 ' After heating the i i tanium-iniFre~ated sur- 
face of the poor emitter Be0 998 at 14M"C, [io 
subsiantial changes in  the 'TSEE characteristics oc- 
curred. At 1600°C, however, which is closer to the 
eutzctic, the TSEE curve begiiz; to look remarkably 
similar to that o C  Be0 995. The same eff-ecr was 
observed after diffusing silicon into silicon-depleted 
ceramic I3e0. Apparently each of these activators is 
promoting EE which i s  already intrinsic to the ceramic 
B e 0  by increasing the efficiency of exoelectron release. 

Other activators, however, resulted irr the appearance 
of riew E,E peaks.' ' This group of activators, therefore, 
seems to provide new trapliing sites. In Fig. 8.3 boron 
can be seen to have introduced some new TSEE peaks 
in Therrnalox 998  after a diffusion treatment at 
14io0°C. Because of its small ionic radius (0.20 A 
compared with 0.3 1 A fur Be"+), B3+ will substitu- 
tionally displace BeZr in amounts up to  0.2S% with no 
evidence of segregation7 and has the potentid to act as 
an electron trap. For Be0  + CaO the eutectic tempera- 
ture is 1384°C.' Heating Ttiemalox 998 impregnated 
with Ca(OH)2 at close io this temperature (14W"c) 
resulted in the TSEE spectrum of Fig. 8.4. Activation 

10. S. M. Lang, C .  L. Fillmore, and L. 1%. Maxwell, J. Res. 

1 1 .  A. Moreno y Moreno, J. S. Cheka, J. S .  Nagpal, R. 8. 
Gammage, and K. Becker, Further Studies on T5'EE.4ctivalors 
i t1  BeU, OKNL-TM-3668 (March 19772). 

12. R. A.  Potter and L. A. Harris, J. Anrer. Ceram Soc. 
45(12), 615 (1962). 

fvQf. Bur. SfQnd. 48(4), 300 41952). 
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with manganese at 1200°C also showed evidence for 
new ‘1’SEE peaks. 

Cold-pressed pellets of intimately mixed high-purity 
beiyllia powder (<20 ppm impurities) and Cabosil silica 
powder were prepared with silica contents up  to 1% by 
weight (as can be seen in Fig. 8.5, an S O z  addition of 
about 6% would result in a minimum inherent energy 
dependence for photons). The pellets were fired in air 
at 1600°C. Preliminary results indicate that there is an 
increase in .TSEE sensitivity with increasing SiOz 

OANL-DWC 71 -- 13351 

I 300 I 
R e 0  998 + COO 
1.7 “C/sec 
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Fig. 8.4. TSEE of ceramic BeQ (Thermalox 995) after 
ating $he airface w i t h  a Ca(Ok& solution and heating 

for 2 tu at 1400”~. 

ORNL-DWG 71-?3350 
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Fig. 8.5. Calculated energy dependence of the photon re- 
sponse of bulk We0 with varying amounts of S i 0 2  homagene- 

content. The TSEE spectra were similar to those seen 
with ReO 995. 

A number of ceramic MeO’s containing varying 
amounts of MgO, Si&, CaO, and A1,03 added before 
firing at 1600°C were also studied. None of these 
samples exhibited a glow curve (after heating at 
1400°C) different from that of B e 0  995. Samples with 
1% by weight 5A12 O3 .5Si02 -5MgO.CaO and Ther- 
malox 995 at 1% additive level exhibit a sensitivity 
comparable to that of B e 0  995. Heating for 4 hr a t  
1600°C did not change the peak locations but enhanced 
the sensitivity considerably. Heat-treatment experi- 
ments will be extended in the near future up to 
2 5 00” C ~ 

TSEE READER DEVELOPMENT 

I t  was previously established that BeQ ceramic has 
many desirable characteristics as a TSEE radiation 
detector. Wefme practical application of such detectors 
can be considered, a counting system is required 
wherein reproducible conditions are maintained over 
hundreds of rcadouts. 

In the previously used TSEE reader, samples were not 
readily and rapidly interchangeable. A new routine 
counter, whose essential features are shown in Fig. 8.6, 
permits such rapid loading i.n a reproducible manner. A 
plate of Vycor glass has a central 3/8-in. hole lined with 
a grounded platinum strip against which the ‘4-in. Be0 
disk is pressed during readout. ‘The Be0  disk sits in a 
gold cap above the heater unit which can be raised or 
lowered on a weighted lever arm. Some movement in 
three dimensions is pemmitted to  allow for correction of 

ORNL-DWG 72-6385 
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any geometric irregularity in a Bee) disk which might 
otherwise prevent proper seating against the platinum 
strip. The ‘4-in.-thick glass appears to be close to the 
uptimum for mechanical strength, minimum well depth 
through which the exoelectrons must pass, and thermal 
insulation to  minimize temperature gradients in the 
Be0 and keep the counter cool. 

The performance that the instrument is capable of i s  
shown in Fig. 8.7. Over a period of two days and aAee 
exposure of the disk to  a constant radaation dose, 15 
consecutive readouts of the same Be0 disk gave 
responses with a standard deviatioo of 2.b% The first 
readout on each day, however, gave a sipti Eicantly 
higher response than the mean, a pheriomenuii that is 
discussed later in this report. 

I t  1s important that variations in counter character- 
istics remain sniall while variations intrinsic to the Be0 
;ire being studied. Two types o f  counter characteristics 
are of particular interest. the long-term stability in  the 
couut rate obtained from a standard extexnd source, 
and the daily vanations that might arise firom a c d d  or 
rnoisture-contanlinated Geiger tube. Over a pcnod of 
two months the response tu 3 small “Co source 
showed a spread of 5%. The short-term stability was 

tesird with a beta emitter (UO,) placed at  the position 
nomially reserved for the Be0 and heated to 450°C. 
Readings taken with the counter, eirher cold or warm, 
were coiistmt tu approximately 1%. The stability of the 
counter is judged to be quite adequate, provided tlial 
the counter components and the operating condition 
are held constant. 

Certain h i t a t i o n s  must be recognized, however, in 
the use of external or internal emitters of g a m a  or 
beta radiation for the calibration o f  TSEE counters 
because of the large energy differences compared wth 
exr>electruns For example, the excellent plateau whlch 
I& observed with an external “Co source (Fig. 8.8) IS 
replaced by a completely different slope of 2@% pen 
100 V when actual exoelectron emitters are used in the 
m e  C-M counter. 

An “ionization chamber” type of TSEE reader for 
high dose tnedsurernentsl has been further modified 
and improved to d u d e  a voltage-to-freyueacy con- 
verter ibr integral current measurements. Introduction 

13. K. W. Crase, R. B. Gammage, and K. Beckex, Health Phys. 
22,402 (1972). 
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of air into the helium-isobutane counting gas was 
observed to increase the sensitivity substantially, and 
the effect of various gases is presently being studied. 

REPRO DUCI 141. LI’TY AND STA B1 LITY 
OF 1SEE DETECTORS 

The new routine counter has been used to investigate 
sensitization and stabilization processes in ceramic Be0 
995 disks purchased on separate dates. Ln a batch of 15 
detectors the response was almost doubled by in- 
creasing the time of sensititation from 4 to 64 hr, and 
the spread in detector response (standard deviation) was 
reduced from 45 to 11%. The additional sensitization, 
however, is unstable during extended storage in an 
unmodified laboratory atmosphere. After about PWO 
months, the detectors had reached a stable “plateau” 
(Fig. 8.9). Other series of detectors were sensitized for 
different times and stabilized in liquid water or water 
vapor a t  807% relative humidity. ‘Table 8.1 shows the 
effects of these treatments on the mean response to 100 
mR and the standard deviation. Evidently the mean 
rcsponse of each group settles to a level of ahout 
20,000 counts per 100 mK for each stabilization 
treatment. Such results, however, have not always been 
confirmed by successive experiments. In one test, for 
example, a batch of 15 disks was heated at 1480°C for 
264 hr. As Table 8.2 shows, the sensitivity of approxi- 
mately 30,000 counts per 100 rnR was maintained 

throughout a variety of attempted “stabilization” treat- 
ments. 

Another complication is an apparent “memory” 
effect. With increasing time after a previous readout, an 
increase is usually observed in the sensitivity of the 
dosimeter. Figure 8.7 illustrates this effect for a wditing 
period of one month before the first readout. Another 
sample (stabilized by water treatment) exhibits a nearly 
linear increase with time, the increase being about 25% 
after approximately one week (Fig. 8.10). 

The effect of storage conditions (air of 0 to  l0W0 
relative humidity, temperatures of 20 and 120°C) on 
this memory effect has been studied. The first readouts 
were higher than the second and subsequent readouts 
under all conditions, and no clearly resolved influence 

Fig., 8.9. Camma mdiatbn sendvity ( i ~  net TSEE counts 
p a  B Q O  millipads) of a Re0 995 di& a5 a function of storage 

ified lab~mtory atmosphmc. 

TIME BETWEEN READOUTS (mm) 

Pi. 8.10. Gamma radiation response of B e 0  995 as B 

function of stomp time behvwn ~ M ~ Q M ~ S .  
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Table 8.1. TSEE response of Thermalox Be0 with varying heat sensitization and stabilization treatments 

Mean response Standard 
Stabilization treatment (net counts between deviation No. of Heat 

disks treatment 200 and %00"C) (%) 

15 64 hr at 1400°C 3 months in air 21,551 
15 126) hr at 14QOQC 400 hr in liquid HzO before drying at 60Q°C 20,469 
5 10 hx at 1400'C 18 months in air at 8% relative humidity 18,806 

10.3 
8.9 
4.8 

Table 8.2. Illvariant TSEE response of Thermalox Be4) 
after an initial heat sensitization of 1400°C for 264 hr 

Treatment Standard 
deviation (%) Mean response 

_I __  
Stored at 1 2 0 " ~  and 31,839 1.5 

read out immediately 

80% relative humidity 
for 40 days 

Storage in air at 29,992 7.9 

Heated in air at 600°C 31,818 10.4 
_i_ 

of the stoiage conditions was observed. Apparently it 
depends principally on time. A pretreatment such as 
drying at 120°C just prior to readout for removal of 
absorbed humidity has no influence (on 12 occasions 
involving a whole spectrum of storage conditions, a 
single sarnple gave mean responses of 22,400 for the 
first readouts and 18,200 counts for immediately 
following second readouts, with a standard deviation of 

However, there have been instances where the mem- 
ory effect has worked in reverse (second readout 
higher). l h e  rate of cooling of the samples from high 
temperatures apparently is significant for this effect. 
Afler the liquid water treatment, batches of samples 
were heated to 600°C and cooled either slowly or 
quickly. After rapid cooling the first readout proved to 
be high by a mean value of 2W, and after slow cooling, 
low by a mean value of I@%. Readout in the routine 
counter to 500°C includes fast cooling, which wpes out 
the effects of any prior slow cooling treatments. 

Evidently, the dosimetric characteristics of ceramic 
'TSEE detectors based on Be0 are more complex than 
originally assumed, and several problems remain unre- 
solved. By putting an accelerating potential on the gold 
cap in the reader, it i s  hoped to overcome some of the 
problems related to exoelectron "extraction." Also, 
st:aled G-M tubes with bodies made of ceramic BeO, 
which are expected to simphfy the use of TSEE 
dosimeters, are under development. 

10%). 

ATMOSPHERIC, ~ E ~ ~ E ~ ~ ~ ~ ~ ,  ER 
EFFECTS ON TSEE 

Having previously identitied several parameters which 
can change the TSEE response of B e 0  995, some 
experiments have been conducted under more closely 
controlled conditions. To eliminate inconsistencies te- 
lated to the removal of samples from the readout 
instrument, they have been inserted and left undjs- 
turbed during repetitive irradiattoills and readouts. 
Particular care has been exercised to ensure constancy 
of counter characteristics, arid attention has also been 
paid to gas flow effects (Fig. 8.1 1). 

Irradiations in air a t  elevated temperatures, contrary 
to expectations, resulted in a significant reduction in 
the integral counts for the main peak (Fig. 8.12); a 
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reduction of about 20% occurs between room tempera- 
ture and 150°C. 

'To study the effect of the gaseous environment 
during irradiation, exposures were carried out in bottled 
(dry) breathing air, oxygen, nitrogen, and the heliurn- 
isobutane counting gas. Some TSEE curves for the 

ORNL-GWG 12-6379 
~ . . ~  .~.l .................... 

( x t ~ 3 )  , 

I PREHEATED 64 hr AT 4400°C. 
7 .  2 W s e c  I 

0 50 I00 4 50 200 

SAMPLE TEMPERATURE DURING IRRADIATION ("C) 

Fig. 8.12. Sensitivity of EkO 995 as s function of tempma- 
inre during exposwe to gamma radiation, 

irradiations and readouts in helium-isobutaae are shown 
in Fig. 8.13. A smaller but significant increase in 
response is seen when a nitrogen atmosphere is used, 
but a decrease in response occurs in an oxygen 
environment. In dry air the response remains constant. 
A possible explanation for the observed changes is that 
outgassing of the surface of the B e 0  takes place, with 
subsequent changes in the emission characteristics. 

In the case of breathing air with added water vapor, a 
30-niin exposure p i i o r  t o  irradiation and readout 
produced a 6% reduction in the net counts. A similar 
effect was seen for moisture-containing helium- 
isobutane, the magnitude of the reduction being related 
to  the amount of water present. I t  seems, therefore, 
that differences in the apparent sensitivity occur be- 
tween well-outgassed surfaces and those covered with 
adsorbed water. The results for the oxygen atmosphere 
indicate that adsorbed oxygen also has a detrimental 
effect on the counting rate. (Under practical conditions, 
the oxygen effect, of course, can be ignored.) 

If the detector is exposed to artificial room light prior 
to  irradiation, there is also a reduction of the observed 
TSEE. The changes in the net counts are listed in 'Table 
8.3. Obviously, the drop in response is greater for the 
combined exposure t o  light and air than for air alone. It 
can be concluded that several parameters may have t o  

500 

Fig. 8.13, Effect of repeated imadiaticsn mind R N ~ M ~  in 6% comting ps dQ9.05% Mr, 0-955'6 imhutme) 0% the gamma radiation 
response of Be0 995. 
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Table 8.3. E f f e c t  of exposure Lo light and atmosphere 
on the TSEE response of Thermalox 995 

No. of Net counts 
readout (200-45 0°C) Preirradiation treatment 

1 Maintained in breathing air without 8,817 

2 Maintained in breathing air without 10,057 
exposure to light OF atmosphere 

exposure to light or atmosphere 

exposure to light OI armosphere 

exposure t o  light or atmosphere 

exposure to light or atmosphere 

3 Maintained in breathing air without 10,675 

4 Maintained in breathing air without 10,793 

5 Maintained in breathing air without 11,163 

6 Exposed in light and atnrospkere 8,332 
7 Exposed in light and atmosphere 8,655 
S Exposed i o  the atmosphere under dark 9,710 

9 Exposed to the atmosphere under dark 9,696 

conditions 

conditions 

be considered during Irradiation, emission, and readout 
processes if high accnracy i~nd/or reproducibility of the 
detecmrs is desirable. 

FADING STABILITY OF SOLID-STATE 
AND FILM DOSIMETERS 

Although much scattered information 1s available on 
the storage stabilily uf radiation effects in various 
integrating detectors, the conditions under which their 
fading kinetics have been measured vary substantially, 
m d  few reliable data concerning the long-term exposure 
t C J  higher temperatures and humidities are available. 
Therefore, fading experiments with some of the more 
interesting detector systems have been carried out 
under actual and simulated “tropical” climate condi- 
tions Only a few of the results1 can be given here. 

Latent, unetched fission fragment tracks in 1@pm 
polycarbonate (Kirnfol) foil are stable for at least three 
months at 30°C and 95% relatlve humidity (Fig. 8.14). 
At 60°C and the same hunudity, 25% fading was 
observed during three weeks after etching and spark 
counting. Three radiophotolumnescence (old and new 
Toshiba glass, C.E.C. glass) dosimeters also showed less 
than 15% deviation in their readings between one day 
and three months after exposure, if stored at 30°C and 

~ 

14. K Hecker, J. S. Cheka, J. S .  Nagpal, and M. Sohrabi, an 
QRNE-TM report in preparation. 

95% relative humidity (Fig. 8.15). O f  various thermo- 
luminescent detectors, CaSO, :Dy exhibited a barely 
detectable fading; LiF:Mg,Ti (TL 
CaSOr :Tm comparable fading rates (Table 8.4); and 
CaF2:Dy a rather pronounced fading under the same 
conditions. 

The results of the tests involving COIIIIT~Q~ Kodak 
dosimeter films were very discouraging, in particular 
when the films had been ~ q u i ~ ~ ~ ~ a t e ~  with the ambient 
humidity prior to  exposure (humidity requires some 
time to penetrate the film wrapping)). Th.9 sensitive 
emulsion in the Kodak type 2 Personnel blonitoring 
films, as well as many of the NTA films, was completely 
destroyed after three months at 30°C and 95% relative 
humidity. The more resistant, insensitive emulsion of 
the type 2 film exhibited a large increase in brog density 
as well as pronounced fading(Fig. 8.16). 
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Fig. 8.14. Spark count of fkshan-fr 
carbonate foils as a function of storage time at elevated 
temperatures between exposme and etching. 
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Fig. 8.15. Radiophotduminescence in three different glass 
dosimeters as a function of stomp time in a simulated &apical 
dimate. 
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Table 8.4. Sensitivity and stability of some TLD phosphors O R N L - D I G  72-6397 

Relative sensitivity Fading during 
Harshaw Teledyne six weeks 

2000 7710 storage 
reader reade1 at 32OC (%) 

-__.~ 

Material 

LIF (TLD-100) 1 1 10 
C;rSO4 : U y  25 30.5 1 .s 

Cas04 :Tni 23 38 12.5 
(Harshaw) 

(Ma  tsush1ta) 

ORNL-DWG 72- (74  
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-IO"C,O% RELATIVE HUMIDITY 
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X , y  FILM 

lKOD4K PERSONAL MONITORING ~- -4- 
FILM TYPE 2 ) 
30"C, 95% RELAl lVE HUMIDITY 

FOG I . , ,  8 1  
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STOflAtiE TIME (days)  

Fig. 8.16. Fading and fogging in the insensitive ernanlsiura of a 
standad personnel monitoring film during tluee months of 
storage in a simulated tropical climate. 1 he sensitive emulsion 
WJS tot'illy deytroyed. 

A long-term stability study with three types of RPL 
glasses (Rausch and Lornb High-Z, Bausch and Lomb 
I,ow-Z, and Toshiba FD-I),' which was started in 
1962. has been concluded. Considering the background 
buildup, the readings agreed within the accuracy limits 
of the reader with those taken four years ago. The 
Toshiba FD-1 glass read within +6% in the time interval 
between one day and ten years after exposure. Only in 
glasses whicii had been exposed to doses excceding IO4 
K, fading of the radiation-induced absorption band 
simulated a further buildup of RPL. 

LUMINESCENCE DQSliklETKY 

Work in this field was limited to  some studies on the 
practical use of more recent phosphors in environ- 
mental dosimetry' and on the TL properties of some 
materials which had been prepared for 'I'SEE activation 
studies. 

i Be0 CERAMiC DISKS 
(CONSOLIDATED, U K.,  
NUCLEAR GRADE 1 ;-,/ 50 m R 

0 5 IO 15 20 
HEATING TIME ( s e c )  

Fig. 8-17. TL CLWBS of  ceramic Be0 &kks prim to and after 
preheating f a ~ r  64 hr at 14 

As there is only a small contribution of low-energy 
photons to the total external dose, energy inde- 
pendence of the detectors is not important for most 
applications (in vaiious background radiation measure- 
ments, no difference was observed in the reading of 
low-Z and unshielded high-Z detectors' '). It is essen- 
tial, however, to use detectors which are sufficiently 
sensitive, reliable, stable, and easily available. 
CaS04 :Dy powder, which exceeds the sensitivity of 
LiF:Mg,Ti (TLD-100) by a factor of about 30(Table 
8.4). is highly stable, can be easily prepared with 
minimal equipment and costs, and is, therefore, well 
suited for such measurements. 

Naturally, the performance of the system will also 
depend on the quality of the reader and readout 
procedure. With one of the better commercial instru- 
ments such as the Harshaw 2000 or the Teledyne/ 
Isotopes 7710, an optimized heating cycle, and a 
constant flow of clean nitrogen, gamma radiation doses 
as low as 0.3 millirad can he detected. Doses in the 1- to  
10-millirad range are measured with a precision of 0.3 

15. J. S .  Cheka, iiealth f'hys. 10, 303 (1964); 15, 363 
(1968). 

16. K .  Becker, Nucl. Itistrum. Meehods (in press). 
17. K .  Becker, R .  Lu,  and P. S. Weng, Proceedings of the 

lhird International Conference on Luminescetice Dosimetry, 
October I1 thru 14, 1971, Riso Report No. 249, Part 111, p. 
960, 1972. 
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rnillirad fot one stand~ird deviation, which becomes 
about 4% at 10 niillirads and 2% at doses exceeding 20 
rnillirads. 

Preliminary results indicate that a comparable sensi- 
tivity may be obtainable also with low;% detector 
materials. Certain ceramic Be0 samples are very sensi- 
tive if evaluated i n  a uv-sensitive TL reader and 
sensitized by proper pretreatment. I t  is interesting to 
note that heating for extended periods to 1400”C, 
Wliich iiicreases the ‘TSEE sensitivity, also has it marked 
effect 0 1 1  the TL response (Fig. 8.17). 

‘TKACK ETCHING 

Research continued on the possibihties of replacing 
the unsatisfactory method of recoil proton registration 
for photographic fast-neutron persurinel dosimetry by 
etching teclmiques. Two approaches have been studied 
in some detail. 

The huards  involved in the use uf a combination of 
thin polycarbonate foils ( to be spark counted after 
etching) and a ttriri layer of ’ 3 7 N p  which IS plated on 
the suiface of dri inert ca11ier had to be reduced The 
best results so far have been obtained by “burning in’’ 

several layers of ev.ipoia~ed organic rolutions ofneptu- 
niuin rillrate into a metal di5k at high temperatutes, 
rewlting in well-sticking neptunium oxide layer The 
2 3  7Np layer is additionally protected from potential 
iub-off of alpha activity by healing into 3 2-pm 
polycarbonate foil.’ Thir results in a sensitivity drop 
of about 20% However, the sensitivity rmge of a 
combination cotitdining about 8 mg of ’ N p St l l l  
covers well the desirable dose range from about 1 

18. M. Sohrabi and K .  Becker, 3oinc Sriidies on thc Applica- 
tion of Truck Etching in Pmsonnrl f7ast NPutrvn Dosimetry, 
OKNL-’rM-3605 (December 197 1) and Neufrh Phys. (in press). 

D H N L - D W G  74-8786 

Pig. 8.18. Fission fragment spark counts of etched polycprbonate foils as a function of neutron dose from a fast reactor (HPRR) 
with different mdjations and protective plastic mvers. 
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rnjllirad (six sparks, no background sparks in the 
unexposed foil) to about 10 rads (Fig. 8.I8) of MPRR 
fission spectrum neutrons. Higher doses can be evdu- 
ated by xnicroscopic track counting. Reduction of the 
’ ’Np contena or rephicement of the neptunium by 
bholrinn;~ le;& to a decrease in sermsitivity. 

The visibility of small tracks should be improved with 
 le purpose of  simplifying the counting of fast-neutron- 
induced recoil particle tracks in polymers. One tech- 
nique consisted in the etching of transparent holes into 
thin, interrsely red-dyed cellulose nitrate layers which 
are coaled on a thicker and less-sensitive polyester 
carrier (Kodak Path& LR 1 l5). The opticd density 
reduction of sircli foils is a lineaf function of the alpha 
particle or kission fragment track density after opti- 
niizecj etcliing. However, t ~ ~ s  methoi l a c k  reproduci- 

bility and sensitivity. Another technique is based on 
locally lieatirig the etchant by the conductive energy 
loss in tracks caused by appricatxon of a higli-fuquency 
electrical field during etching1 ’ The foils were placed 
between two plastic contamers which are f l e d  with the 
etchanf, and a field of200 V and 1 kf-l[z was applied. In 
thick acetobutyrate foils, such as the NTA Elin backing, 
fission fragments as well as recoil nuclei tracks could 
thus be amplified to visibiiity with the unaided eye 
(Fig. 8.19). Counting can be done by projecting 
“‘electroetched” foils onto the screen of a microfilm 
reader. 
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PROTON INTERACTIONS WITH HELIUM 
The interaction of a swift charged particle with 

helium gas is perhaps the most elementaay example 
which nature provides of the interaction of radiation 
with matter, a subject of intensive study since the 
discovery of x rays and of radioactivity. Yet the w01-k 
reported here during the past year has shown many 
surprising energy pathways following the interaction of 
2-MeV protons with helium gas at modest pressure 

Theory can he used to determine the number of 
excited states and ion pairs which are “optically” 
excited by the primary particle, and even to follow the 
secondary electrons as they ionize and excite states 
until they fall into the subexcitation electron categoiy. 
Such an energy degradation scheme for the primary 
particle and the secondary electrons is shown in Fig. 9.1 
and Table 9.1. 

The time behavior of the dominating excited state 
( 2 ’ P )  was studied by doing lifetime studies at 581 a (a 

to io3 torr). 

resonance line resulting from 2’P-1 IS transitions). The 
strong pressure dependence of the decay rate of this 
radiation (Fig. 9.2) shows that collisional processes 
convert the atonic state to  some other species at a very 
high rate. Combining the above resulh with studies of 
the intensity and the time behavior of the continuous 
emission (around 675 8, and around 825 a), we con- 
cluded that the main energy pathways are those shown 
in Fig. 9.3. From the diagram one sees that the atomic 
state 2’ P is converted to two different excited rnolecu- 
lar states in helium by three-body collisions. One of 
these (the D molecular state) radiates a fast component 
of the vacuum ultraviolet continuum, while the B state 
is metastable and i s  collisionally converted to a radi- 
ating A state. The latter indirect process accounts for a 
slow component in the vacuum ultraviolet continuum. 

1. Oak Ridge Graduate Fellow, University of Kentucky. 
2. Consultant. 
3. Radiation Physics Section. 

ORNL-DWG 7t -43324 
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Table 9.1. 'l%e resulting spocies and reiative y W  af excited 
states and ions resulting from the aCtiQYt Of 

I -  and 4-MeV protons in helium 
~- 

4-Mev proton 1-MeV proton (scaled) 

Product:i Primary Secondary Primary Secondary 
prnton electrons proton electrons 

I.._..__..__ 

P S  0.99 6.24 1.33 6.30 

2'1" 17.9 19.5 17 .I) 18.1 
3 I P  4.4 1 4.47 4.20 4.14 

3is 0.22 1.21 0.30 1.22 

3'D 0.05 0.73 0.07 0.73 

23s 11.3 11 .5  
33&Y 1.10 1.12 

3 3 8  1.25 1.31 
3 3 0  1.31 1.18 

Z3P 6 .13  6.27 

Other atomic 4.30 9.30 4.25 9.05 

Ions 72.5 66 .0 76.1 60.2 
Subexcitation 424 eV 745 eV 435 eV 710 eV 

levels 

electron energy 

ORNL-OWG 71-13328 
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PRFSSURE iTor r i  

Fig, 9,E. Pressure dependence of the $844 decay rate for 
helium. 

ORNL-DWG 7T-13526R2 
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Fig. 9.3. fhxgy pathways &el suggested to explain continuum formation and Jesse effects in heiium. 
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Interestingly, the energy pathways model suggests 
that the Jesse effect originates from a metastable 
molecule, that is, 

He2 (B’ Hg) + XY + He t He I- (Xu)’ t e -  

rather than from an atomic state, as previously believed. 
A complete report on this work is available as a 

~hssertation.~ 

T OF RESONANCE RADIATION 

In energy pathways models which attempt to inter- 
pret the interaction of fast charged particles with 
matter, resonance states play important roles because o f  
their large oscillator strengths which couple them to the 
tirne-dependent electric field of the moving charged 
particle. ‘Thus; in argon the resonance ‘ P ,  (1048 a) 
state is crucial because it is strongly excited, and its fate 
in the gaseous system determines to a large extent the 
ensuing energy pathways. Theoretical studies of the 
transport of resonance radiation involve approximations 
and, particularly, assumptions about the line shape in 
the region of pressure broadening. 

We are involved in a fundamental experimental study 
of this problem in which use is made of a proton beam 
to excite resonance states initially confined to a small. 
region around the axis of a cylindrical emission cell. 
‘These studies involve ( 1 )  measuring the escape rate o f  
resonance radiation following excitation which lasts 
about 1 nsec, (2) measuring the intensity of resonance 
radiation as a function of pressure, and ( 3 )  measuring 
the intensity and time evolution of continuous emission 
characteristic of rriolecules formed when the atom i s  
coilisionally converted. 

We find in argon evidence for the destruction of 
iesonance states by three processes: ( I )  transport to the 
walls of the apparatus, (2) two-body conversion to 
slightly longer wavelengths ( 1  048 A) in a Franck- 
Condon process, and ( 3 )  conversion to argon molecules 
in three-body collisions. Our data should provide the 
first critical test of resonance radiation transport theory 
under the following necessary conditions: (1) good 
experimental geometry, 42) measurements of several 
features over wide pressure ranges, for example, lo-’ 
to io3 torr, and (3) explicit corrections for the 
two-body and tbrce-body sink terms. 

Since we are also interested in the role which 
resonance states play in producing Jesse effects, we 
have arranged a companion ionization cell to have the 

4. D. M. Bartell, Ph.D. thesis, University of Kentucky 

same geometry as the emission cell. Measurements of 
the ionization produced in the cell filled with a mixture 
of gases (such that Jesse effects are occurring) as a 
function of the total gas pressure can then be combined 
with measurements of the decay rate of resonance 
states t o  provide verification of the role of iesonance 
states in producing the Jesse effect. Additionally, the 
rate constants for producing these effects in various 
impunities can be obtained. 

NAL RATIONALE FOB 

The processes in which radiation interacts with man 
are so complex that one must accept an operational 
basis for correlating radiation fields with biological 
effects. We are seeking an operational rationale which is 
not encumbered by such concepts as “permissible 
levels” measured in ternis of absorbed dose or its 
modification by a myriad of factors. The premise on 
which we base a formulation is the following. If the 
changes brought about in a biological system are 
governed by the ordinary laws of physics and proha- 
bility, then specification of the radiation field during 
the life o f  the system determines the probability that 
changes have occurred or will occur in that system due 
to raaiation. 

We will define the radiation field By specifying every 
variable which could conceivably affect the biological 
probabilities. Thus, the radiation field Nk(E, @? r, f )  is 
defined such that 

Nk(E, @ y  c, t )  d E d @  d3r d t  

is the number of particles of type k lying in the energy 
range between E and E + d R  in the solid angle d@, in the 
volume element d3r, and in the time interval dt. ‘The 
operational premise can be stated in a symbolic form if 
one chooses to specify the state of a biological system 
with respect to effect i in speciesj through a quantity 
Sii. Thus, we can write an operator equation 

G {N(T), Sj,{t) } = Pj,(t > T) . (1) 

Here <i(t > T) is the probability as a function of time 
that effect i will be observed in species j at any future 
time t > T after the radiation Nk(r ) ,  and G is an 
operator which yields a transformation of the system 
from its initial state to the ith biological end point (for 
convenience we have suppressed the arguments E> I ,  

etc.). 
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The idea expressed in IEy. (1) serves only as a logical 
franiework within which a more explicit operational 
approach may be sought. We are pursuing two afferent 
approaches to the problem, each of which offers a 
degiee of conceptual arid mathematical beauty without 
total sacnfice of utilitarian purposefulness. 

In the first approach, which might be described as a 
biological operator formulation, we express an opera- 
tional relationship be tween radiation and effect by 
assunmg that an operator exists which transforms the 
radiation field directly into probabilities of observing 
effects. Thus 

where Oi, is an operator which leads to effect i in 
species j as a result of a radiation Geld N. The operator 
obviously would include integration over the multi- 
dimensional coordhinate space of  N .  In actual measure- 
ments the reading obtained by a detector in a radiation 
field would yield a set of numbers w h c h  are indirectly 
related to N, say Rk(c ,  @, r, 7). Then if the instrument is 
adequately designed, it i s  possibIe to learn the red  
nature or the field through a transfornation o f  the 
readings of R. Thus 

wheie 0, is an operator characteristic of the “delector” 
which allows one to transform the readings into 
knowledge of the field. Thus if 0, exists, then from Eq. 
( 2 )  

and one can transform the instrument response directly 
into table of. pcobabiliiies; that is, unfolding R to 
obtain N i s  unnecessary. 

A second mathematical expression of the operational 
relationship implied by Eq. ( 1 )  has been prompted by 
the observation that there are no  “radiation diseases.” 

That is,  radiation only enhances the rate of incidence of 
certain rnaladies which occui naturally with proha- 
brlities BJt) (Le., effect i i n  species j ) .  With this in 
mind one 1s led to an operational rekitionship between 
radiation and effect which can be expressed in a form 

where O(rv) is an operator which has some iis yet 
unspecified Functional dependence on the radiation 
field N (Pii is now the tot31 probability of occurrence, 
including the natural rate; thus if‘ M = 0,  0 = 1). The 
object.ive here is to “discover” ttie operators O(N) 
which change the natural rate of incidence to that 
which occurs as a result of radiatian N. Operators 
independent of i and j are probably outside the redm of 
possibility, but if it should happen that 0 = Oi$ that is, 
the operator i s  specific to effect i but  independent of 
species, then one could easily extend biologicd data to 
humans. This would be tantamount to the discuvery of 
a macroscopic “law” of radiation effects. I f  orie is 
unable to find operators of this degree of generality, 
that i s ,  if both i and j have to be specified, thc 
formalism, though still very useful, would requite 
human data. 

Even now i t  i s  clear that research i n  physical 
instrumentation should increasingly involve spectro. 
scopic approaches and rnuif iparameter computer stor- 
age technology in contrast to  simpler devices which can 
only provide a single parameter indication. 

A joint  program with the Biology Divkion is under 
way in which we are attempting to find the operator 
u(N), Eq. (Sj,  for the case of mouse cataract incidence. 
The data Bii(t) are available, and so are e&b) for some 
radiation fields. Additional experinients will be per- 
formed i j S  the effort to find operators suggests them. 
While the present formaiisrn leads quite naturally to 
suggestions on new directions for physical instrumen- 
tation and on new experimental approaches tc radiation 
biology, the more immediate benefits tu be gained from 
the present investigation come in the nature of pro- 
vocafive and conceptual values. 
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HEALTH PHYSICS RESEARCH 
REACTOR OPERATIONS 

No major modifications or changes in the reactor have 
been made in the past year. ‘The annual inspection of 
the fuel and associated equipment showed no signifi- 
cant change in the condition of reactor com- 
ponents. 

The HPRR has continued to  be used as a source of 
fission neutrons for health physics and radiobiological 
research activities. The reactor was employed, not only 
by the Health Physics Division, but by other Labora- 
tory divisions (e.g., Biology and Environmental 
Sciences), representatives of several foreign countries, 
many colleges and universities, and other Federal 
contractors and ~ ~ ~ i ~ ~ l  experiments per- 
formed during this oeriod include: 

CALCULATION OF THE HPRR NEUTRON 
SPECTRUM FOR SIMULATED NUCLEAR 

ACClDENT CONDITIONS 

Since 1964, the Health Physics Research Reactor at 
the Oak Ridge National Laboratory has been used t o  

1. 

2. 

3 .  

4. 

5. 
6 .  

7 .  

8 .  

9. 

10. 

- 
long-term effects of acute nonlethal doses of fission 
neutrons in mice; 

study of crypt cell survival in the intestine of 
laboratory mice; 

radiation-induced cancer in mammary glands of 
Sprague-Uawley rats; 

radiosensitivity and mutation induction in agricul- 
tural and ornaniental plants and seeds; 

nuclear radiation pumping of a gas laser; 
effects of fission neutrons in producing chromo- 
some aberrations in the peripheral blood of swine; 
the effectiveness of radioprotectants applied in vivo 
to  laboratory mice; 
angular distribution of neutron and gamma-ray 
dose incident on HPKK control building; 
intercomparison and calibration of radiation de- 
tectors and accident dosimetry systems; 
training for graduate nuclear engineering students. 

simulate nuclear excursions to allow intercomparisons 
of accident dosimetry systenis4-’ Generally, activa- 
tion foils or threshold-activation foils are used to 
measure the neutron fluence. Data from these detectors 
are used to  provide the neutron dose and some general 
shape t o  the neutron energy spectrum. However, some 
participants have calculated a spectral distribution to fit 

4 .  J. A.  Auxier, “Multi-Laboratory Intercomparisons and 
Standardization: Nuclear Accident Dosimetry Systems,” in 
Nuclear Accident Dosimetry Systems, STI/PUB/241, IAEA, 
Vienna, 1970. 

5 .  J .  A. Auxier et al., Health Phys. Div. Annu. Progr. Rep. 

6 .  J .  A. Auxier et al., Health Phys. Diu. Annu. Progr. Rep. 

7.  J. A. Auxier et al., Hcalth Phys. Div. Annu. Progr. Rep. 

8 .  J .  A. Auxier et al., ‘Yeatth Phys. Div. Annrt. Progr. Rep. 
July 31, 1968, ORNL-1316, pp. 238-44. 

9 .  J .  A. Auxier et al., Health Phys. Div. Annu. Progr. Rep. 
July 31, 1969, ORNL4446, pp. 211-71. 

10. J .  A .  Auxier et al., Health Phys. Div. Annu. Progr. Rep. 

1 1 .  J. A. Auxier et al., Health Wiys. Div. Annu. Progr. Rep.  

July 31, 1965, ORNk-3849, pp. 172-73. 

July 31, 1966. OUNL4007, pp. 192-95. 

July 31, 1967, ORNL-4168, pp. 208-13. 

July 31, 1970, ORNL4584, pp. 191-97. 

JUly31, 1971, OUNL4720, pp. 112-13. ___ ...... _ _ - _ ~  ...... __ 
1. On loan from Neutron Physics Division. 
2.  On loan from Instrumentation and Controls Division. 
3 .  National Science Foundation Presidential Intern. ORNL-TM-355 1 (February 1972). 

12. F. F. Haywood, 1970 Intercomparison of Nuclear Acci- 
derit Dosimetry Syytenis ai the Oak Ridge Nuiional Laboratory, 
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the e:<perirnental results.i Spectrum measurements 
by ot.lier methods (e.g., a 7L.i-sandwich detector) 
provide spectral information over only a portion o f  the 
neutron energy rrtnge, Since the entire neutron energy 
specirurn is riecessafy, a calculational study was begun 
to provide the I-IPKR neutron spectrum foe three 
typical accident exposure conditions. 

Cakculatiims o f  the HPRR spectrum were performed 
using the DOT’ two-dimensional transport code. The 
cross sections used in the calculations were obt.ained 
from several souices.i All miiterialr; except calcium 
arid the hydrogen therrnal data were obtained from the 
ENDF/U version 11 data files. The calcium data are 
those given in the data files for the GAiM IIP1 code, and 
the thermal data for hydrogen are derived from the 
Nelkin thermal rnodel for bound hydrogen. The many- 
group (93 fast groups and 30 thermal groups) data were 
reduced t.0 33 fast groups and a single thermal group 
using the spectral weighting code XSDRN.’ Since the 
calcium da ta  consisted of 99 fast groups, these were 
reduced to 33 groups; the thermal group data were 
added using values froin BNL-325.’ The DOT calcula- 
tions were then performed using the 34-group set in the 
Pp zpproximation. 

Two calculations were made for each shielding con- 
figuration in an effort to minimize “my  effect^."^' The 
first was done in the S6 (30 discrete angles) approxi- 
mation. ‘The scalar fluxes from this run were used as a 
starting flux for the subsequerit case, whicli was for a 
rota1 of  328 discrete angles. The use of this number of 
angles reduced the ray effect to a level consistent with 
the accuracy limitations o f  the other discrete param- 
eters. 

1 3 .  P. Candes and J .  Imnberieus, “Dosimetry in Nuclear 
Accidents,” in Nuclear Acciderit Dosimetry .Systems, 
STI/PUH/241 IAEA, Vienna, 1970. 

14. J. C. Bailey, A New Neutron Dosimeter and Neutron 
Sprctnim Model for  Nuclear Accident Dosimelry, K-I763 (Oct. 
2 ,  1969). 

15. F. R. Mynatt e! ai., Development of Two Uimensiorul 
Discrelr Ordinates Transport Theory f o r  Radiation Shielding, 

16. J .  L.. Lucius et al., The INDEXDatu System: A n  index of 
Nucltrar Datu Libraries A‘vailable u t  ORNL, URNL-TM-3334 
(March 1971j. 

17 .  6. D. Joanon and J. S .  Dudek, GAM I f ,  A 8 3  Code for 
the C’alculnlion of Fast-NeuFron Spectra and Associated Mulii- 
group Constunis, GA-4265 (September 1963). 

18. N. Id. Green and C.  W. Craven, XSDKN: A Riscrefe 
Ordinrates Spectral Averaging Code, ORNL-TM-2500 (July 
1969). 

19. John R. Stehri et al.. N t ~ t r ~ n  Cross Sections, BNL-325, 
2d sd. (May 1964). 

20. K. f j .  Lathrop, Nucl. Sei. E q .  32, 357 (1968). 

CXC-INF-952 (AlAgust 1969). 

For purposes of the calculation, the center of the 
reactor was placed IS0 cm above a 30-cmthick 
concrete slab, which extended to a satlius of 3 m from 
the reactor center line Shielding configurations were 
calculated with no shield, a Lucite shreld 12 cm thick 
and rising to 282 cm above the concrete, aiid a steel 
shield 13 cm thick arid rising to 213 em above the 
concrete. ‘These shields were a t  200 cm from the reactor 
center Due to limitations of the DOT code, these flat 
shields were represented for calculations as cylindrical 
annuli located as described above Figure 10.1 stiows 
the idealized model of the core, having cylindrical 
symmetry, whrch was used in this calculation. Rather 
than attempt to  describe the equipment and instru- 
ments located above the reactor, ordy three stainless 
steel plates and two polyethylene slabs were included m 
the model. The neutron energy spectruni was divided 
into 34 energy groups ranging from t h x m d  to 14 MeV. 

2.54 cm 

54.6 cm 
V 

I 
150 cm 
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The energy grouping is given in Table 10.1. In  addition 

neutron dose a t  each position in the grid. Fluence-to- G ~ ~ ~ ~ N ~ .  Upper energy 1- Group No. 

Table 10.1. Energy p u p s  for WPRR spectrum calculations 
to  neutron spectrum, the calculation also provided ......... 

dose conversion factors were those of Auxier, Snyder, .......... .... 

Upper energy 
limit limit 

and Jones.’ 
The calculated HPKR neutron spectra for the three 

conditions described above (i.e., bare, steel, and Lucite 
shields) are shown in Fig. 10.2. The effects of the two 
shields on the bare spectrum are obvious. For the 
Lucite shield, the spectrum appears to be about 1/E up 
to  100 keV. Neutron dose in tissue as a function of 
distance is given in Fig. 10.3. For comparison, the 
figure also includes threshold detector results from the 
197 1 intercomparison study. ’The agreement between 
the calculated and measured values at a distance of 3 rn 
adds some confidence to  the calculations. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

14.9 MeV 
10.0 
6.1 
4.91 
3.01 
1 .so 

907 keV 
408 
111 
86.5 
61.4 
52.5 
40.9 
31.8 

18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

7.10 keV 
3.35 
1.23 

583 eV 
2 14 
101 
47.9 
29.0 
17.6 
10.7 
5 .oa 
3.06 
1.56 
1 .oo 
0.65 
0.45 
0.10 

.................... 
15 
16 
17 15.0 

___ 
21. J .  A. Auxier, W. S. Snyder, and T. D. Jones, “Neutron 

Interactions and Penetration in Tissue,” in Rodiation Dosim- 
elry, vol. I,  ed. by Attix and Roesch, Academic, New York, 

~ 

1968. 

10” 
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1 3 c m  STEEL SHlE l  D 
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Fig” 10.2. Calculated HPRR Ieakage spectrum at 3.0 m from the center line of the core. 
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Fig, 10.3. Neutron dome vs diftance from HPRR. 

0 0 5  i o  1 5  2 0  2 5  3.0 

DISTANCE FRnM RE4CTOR CENTERLINE ( m )  



1 1. Spectrometry Research and Development 
J. H. Thorngate 

J .  A. Auxier 
G. D. Kerr 

P. T. Perdue 
M. M. Abd-El Razek' 

NEUTRON DETECTOR 

The Aerial Radiological Measuring Surveys (ARMS) 
system is operated for the Atomic Energy Commission 
by the Las Vegas Division of EG&G, Inc. A package of 
fourteen 4 X 4 in. NaI(T1) crystals is used in a light 
two-engine aircraft to measure the terrestrial radiation 
signature of large areas. With the increase in the number 
of nuclear power stations, some ability to  detect 
neutrons is also desirable. The first unit used was a 
single 12-in.-long BF, proportional counter. Next, an 
array of long BF3 counters was tried. In support of this 
program the Spectrometry Group has studied the 
available neutron detectors. The requirements for light 
wei&t, ruggedness, and sensitivity led to the evaluation 
of a detector composed of a 5-in.-diam by 'h-in.-thick 
glass scintillator coupled with a 5-in. photomultiplier 
tube. 'To provide neutron sensitivity the glass contains 
7.5% by weight of lithium enriched in 6Li t o  95%, 
which is adequate to  make i t  black for thermal 
neutrons. Actual efficiency is 0.997 at 0.025 eV, 
decreasing to 0.028 at 1 keV. This results in a 
sensitivity of 125 counts cm2 neutron-' at thermal 
energies, which is roughly three times that obtained 
from the BF, counter. The particular glass chosen also 
has pulse-shape characteristics that allow electronic 
rejection of gamma-ray-produced pulses if necessary. 

A series of runs were made using an AinB neutron 
source at a fixed distance from the glass detector and 
varying the thickness of a polyethylene moderator in 
front of the glass in '&-in. steps. 'The maximum 
sensitivity obtained was 6.2 counts cmz neutron-' for 
this neutron spectrum with 2.5 in. of polyethylene. A 
similar run for PuBe neutrons gave 7.7 counts cm2 
neutron-' for a 2.25-in. moderator thickness. These 
results werc encouraging enough to warrant further 
investigation by the EG&G staff in Las Vegas. 

-~ ........ . . . . . . . . _- 
1. Alien guest. 

LIGHT PULSER 

Experiments using photomultipliers often require a 
slatidard source of light for calibration. An examplc is 
the pulse measurements made in conjunction with 
studies of the purification and development of organic 
scintillators.233 A light pulser has been used that 
consists of a small amount of 2 4  Am in an NaI crystal 
of about I-cm dimensions, but the light output of this 
source cannot be controlled easily, and it has limited 
resolution. Therefore, a light pulser was designed that 
uses low-cost gallium arsenide phosphide light-emitting 
diodes. The spectrum of light produced by these diodes' 
makes their use more suitable with photomultiplier 
tubes with an S-20 response than wi th  S-l 1 response 
tubes, although such applications are still possible. This 
light source is variable and can be turned on or off at 
will. It also yields pulse distributions with good 
resolution, typically less than 3%. 

A major problem with light-emitting diode light 
sources is instability caused by temperature fluctua- 
tions. The light produced by a light-emitting diode is 
proportional to the forward current throudi the diode 
and is a reasonably linear function of current except at 
the limits of low and high current. Temperature changes 
affect the voltage-current characteristics of the diode, 
so voltage control provides inadequate stability. By 
using integrated circuits and regulating the diode 
current rather than voltage, stability of 0.5% was 
achieved. To  achieve maximum stability the diode 
should be selected. Pulse height and length are variable 
over a wide range, and the pulses may be turned on arid 
off reproducibly. 

2 .  P. T. Perdue and M. D. Bruwn,Nucl. Instrum Methods 71, 

3. J. H. Thorngate et al., Health Phys. Diu. Annu. h o g .  Rep. 
113-16 (1969). 

Juiy.31, 1971, ORNL-4720, p. 110. 
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A s  part of a three-fourths man-year effort devoted to 
this project by the Spectrometry Croup, 3 computer 
program was developed to convert source term data 
giveta as radionuclide concentrations in water tu esti- 
mates of dose to man. I t  is being used in the assessment 
of r,idiologwd impact on rnan from aquatic releases of 
radionuclides. Estimates of the dose to rnan in millirems 
from the individual iadioriuclides and the total dose 
from all the radioriuclides in water can be made for 
both external and internal pathways of exposure to  
nian The pathways included in  the program are 
external exposure ob man by submersion in contmi 
rrated water and by standing above .1 shore cont'ami- 
nated by sedmentation of radionuclides from the 
water, and internal exposure of man by drinking 
cootiinmioated water or by eating fish or sliell6sh living 
m the water. Dose to the total body from penetrating 
radiation i s  calculated for external exposures, and the 
dose to  the total body, bone, thyroid, kidneys, liver, 
and gastisintestindl tract is calculated for internal 
expcrsu res. 

E V ~ ~ O P ~ E ~  OF A ~ ~ I ~ ~ ~ E N S ~ T ~ ~ ~ Y  
FAST-NEUTRON S ~ ~ ~ T ~ ~ M E T E ~  

In the past the use of a sitigle organic scintillator to 
measure fast-neutron spectra has not been adopted for 
tneasuiernents related to radioprotection around the 
[WRK due to the extreme difficulty of reducing the 
data. This type of detector, usually an NE-213 liquid 
scintillator, ha received wide use for physical measure- 
ments where the delay involved in the computer 
rcductiori of data 15 not a p r ~ b l e m . " ~ ~  There ate d s o  
cer t a m  applications in radioprotection where tbe delay 
in data reduction does riot cause a problem.6 Such a 
problem was encountered in conjunction with the study 
of the effects of heavy shielding on the survivors at 
Hiroshima and Nagasaki. Because angular distribution 
of the fast-neutron spectrum incident on the roof of the 
DOSAR Control Building was desired, :I 2 X 2 111. 

cylindricall NE-2 13 scintillator was c~btained to provide 
adequate sensitivity. 

A number of preliminary measurements were required 
to obtain the response function of t.his detector. 
Published values of light output vs proton energ)- were 
inadequate. In fact, there is m n e  evidexice that ilkis 
varies significantly- for every A method of 
comparing the measured response to 3- and 15 
neutrons t o  a proton energy distribution calci 

onte Carlo code in order tu obtain the light 
response has been worked out but i s  rrot finistied due t o  
a delay in obtaining the calculated data. When these 
data become available and the light vs p?-oton energy 
response is obtained, the data wiil be reduced by a 
modification of the technique developed by Turner et 
al. for unfolding LET spectra from pulse-height data.8 

A simplified technique of pulse-shape discrimination 
to  separate electron and proton pulses 'was developed 
for use in t h i s  experiment. I t  uses comnlercid488y 
available NIM compatible equipment t h r o u & ~ ~ t  and 
requires only the anode signal from the photomulti- 
plier. One requirement of this teclanique is that the 
photomultiplier output signal be in tegrated by the 
premplifier. Commercially available integrating 
(charge-sensitive) preamplifiers wel-e f01ini-d to have an 
insufficient dynamic range for Illis application, so a 
simple prempli  her was designed that has performed 
well with good dynamic range and low noise. Its 
simplicity allows i t  to be constructed in a small size arid 
mounted directly to the photomult.ip8ier tube base 
assembly. The resulting short inpiit leads optimize the 
output pulse rise time. 

A ~ A ~ E ~  
TLY TER 

Using punched paper tape to read nut digital datz 
from nlulhchannel analyzers has two distinct advm- 
tages when a limited number ofcharinels are tu  be read 
out. First, the tape punch runs fasten tl9aas the mechaa- 
i c d  printing devices cornmodly uscd for the readout of 
digital data, second, the data are cornp9iter compatible 
if the tape punches the data in  the statidad MC II 
foiniat Analyzers that do not use t h i s  format can 
usualily be adapted to d o  so with a translatar.' Data m 
this form can subsequently be listed OHZ any 'Teletype 
having a tape reader 

4. V. V. Verbinski et al., Nitel. instnim Metliods 65, 8-25 

5 .  W. R. Burns xnd Y. V. Verbinski, Nucl. Xmtrum Methods 

6 .  G .  Burger, W. Eckl, and H. Gredel, Advances in Physical 
and Riological Radiation Detecton, Proceedings of a S y m p  
sium, Vienna, November 23-27, 1970, pp. 467 -74, MEA, 
Vienna, 1971. 

(1968). 

67, 181-96 (1969). 
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A circuit was designed to operate with a tape reader 
and an electric typewriter of the sort normally used to  
read out multichannel analyzers. This arrangement 
provides a central facility for analyzer users who need 
to list numerical data previously put on paper tape. A 
feature of this circuit is that it omits insignificant zeros, 
thus making the typed data much easier t o  read. 
Maxima in the data are particularly easy to identify 
with such a format. To perform this function the circuit 
is set by the space command to ignore zeros until some 
nonzero number has occurred. Since some channels 
contain nothing but zeros, the circuit also counts 
leading zeros and resets to type just the last zero in a 
channel t o  provide a marker. Insignificant zeros are 
interpreted as spaces, so that the data are kept in even 
columns. A detailed description of the circuit and its 
functioning i s  available.' 'The unit uses integrated 
circuits as much as possible to increase reliability. 

DISTRIBUTION OF CHARGED 
PARTICLE STOPPING 

A knowledge of the energy loss per unit tracklength 
by a charged particle is basic for dosimetry. While good 
values of the stopping power have been measured for 
many charged particles in tissue-constituent elements, 
little knowledge is available on the distribution of the 
energy losses. Because most of the energy lost by a 
charged particle is imparted to the electrons of the 
target nuclei in a random manner, no single value of 
energy loss but some distribution with energy will be 
obtained for a given charged particle at a specific energy 
incident on a particular target. For a thin target and 
incident protons, the energy distribution of the emerg- 
ing protons will not be symmetric. 

At low proton energies there is ample evidence that 
Bragg's additivity rule does not hold for certain types of 
inolecules.' A program has been begun to relate the 
stopping distribution with this lack of additivity. To 
that end two electrostatic analyzers have been con- 
structed that have energy resolutions just under 0.1%. 
One analyzer will be used as a proton rnonochrornator 
over the energy range 50 to  200 keV so that a precisely 
known proton energy with a narrow energy spread can 
be used as the input to the stopping materid. The 
second analyzer will be used to measure the energy 

10. P. T. Perdue and J .  W. Thorngate, A Paper Tape so 
Typewriter Trati.slator That Suppresser Insignificant KCFCX, 

1 1 .  J .  T. Park and E. J .  Zirumerman, Phys. Rev. 131, 
ORNL-TM-3692 (March 1972). 

1611 -18 11963). 

distribution of the proton beam after it emerges from 
the stopping media. 

Because the present plans call for the measurement of 
the distribution of stopping for the major tissue 
constituents H, C, D, 0, and simple two-element 
compounds of these materials, provisions for handing 
both gaseous and solid targets must be made. Therefore, 
a differentially primped gas cell is under construction as 
well as a simple chamber to hold thin foil targets. 

One additional piece of information may possibly be 
inferred from these data, namely, the distribution in 
energy of the secondary- electrons produced by the 
interactions with the incident protons. These distri- 
butions can lie measured directly for very thin gaseous 
targets, but no  solid target can be made thin enough for 
an adequate measurement. Some relation betiiveen the 
measured distribution of secondary electrons and 
proton stopping in thin gaseous targets may be obtained 
that would allow deductions, about the secondary 
electron distributions from solid targets to be made 
from the stopping distributions measured. 

ZONE REFlNlNG OF ORGANIC COMBOmDS 

Often the particular expertise developed to solve 
problems in spectrometry proves to be of value for 
other projects. For example, the electronics expcrtise 
that had to be developed to solve spectrometry prob- 
lems has been repeatedly applied to other dosimetry 
problems within the section. More recently the zone 
refining capability established as part of the studies into 
organic scintillators has been applied to the purification 
of samples used in the negative-ion research conducted 
by the Radiation Physics Section. The mass-spectro- 
metiic techniques used for these studies can produce 
ambiguities unless the saniple is extremely pure. For 
example, purification of maleic anhydride and phthalic 
anhydride by zone refining has removed ques?ionable 
impurities and allowed unambiguous' results t o  be 
obtained 

Because of proposed changes to 10 CFR 50 and the 
generally increased pressures to lower radiation ex- 
posures of the population, thc need for a better 
understanding of the natural radiation environment has 
increased markedly It has been assumed rather gen- 
erally that there is not much that can be done to 
decrease the exposures to  the natural environnicnt 
without, for example, having people move away from 
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high altitudes or out of areas having higher than average 
concentrations of U, Th, or K. However, some rnodi- 
fying factors introduced by man, such as using yraniuni- 
bearing aggregate for roads and buildings, may be 
signnitkant arid may be controllable to some extent. 
Koddways and sidewdks in some areas of Florida have 
sufficient U, Th, and/or K to cause doses greater than 
1 OOQ mR/year for continuous exposure; for geneticalally 
significant dose it i s  assumed that it makes no differ- 
ence whether one person receives a given dose or two 
persons each receive half of the m e  given dose, etc. 
Further, Gabaysh and Davisi2 pointed out in 1955 that 
uranium-bearing concrete used in some areas might 
result in high radon levels in buildings. To measure low 
levels of contaminating rahonuclides in the ewiron- 
ment, the use of high-resolution spectrometers appears 
necessary. To interpret measurements with such 
dzvices, notably Ge@,i), a detailed knowledge of the 
spectra of’ the natural environment as a function of 
several variables, including the concentrations of the 

12. A. F. Gabrysh and F. J. Davis, Nucleonics 13(1), 50 
(1955). 

radionuclides of the U and ‘Th series, terrain features, 
soil and rock types, etc., wdP be required in ( d e r  to 
account for their contributitm to the total iesponse of 
the detector. 

A mobile laboratory used for research at the DOSAR 
Facility was modified slightly to  use for surveys of the 
natural environment outside BRNE. I t  carries the 
gamma-ray spectrometiy system, air sampling equip- 
ment, and dpha  spectrometers for the air samples (fdter 

Preliminary measurements atid calculations have 
shown that a 50-cm3 detector ofCe(Li) i s  ;idequate for 
measiiremerrts of the natural gamma-radiation enwon-  
ment and of gamma-emitting nuclides to  levels of the 
order of I to  15 niR/year, depending on the energy ~ n d  
half-life of the contaminant. They have shown also that 
the U and/or Th concentrations in the huge slag and 
slate dumps of the coal fields are sufticient to warrant 
detailed study for both the direct g a m a - r a y  exposure 
and the radon progeny-produced dose to the lungs. ‘The 
initial results for some roadways 111 Florida and Georgia 
are surprisingly high, that is, several times the average 
“‘natural” dose when rnensured inside an automobile or 
truck. 

paper). 
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12. Estimates of Absorbed Fractions for 
Photon Emitters within the Bo 

W. S .  Snyder M. R. Ford G. G. Warner’ 

This report extends the preliminary study reported 
last year for obtaining reliable estimates of specific 
absorbed fractions at energies where the corresponding 
Monte Carlo estimates have a large coefficient of 
variation. 

Introduction 

The authors have published absorbed fractions com- 
puted by the Monte Carlo method for a variety of 
organs of an anthropomorphic phantom.* The photon 
source is assumed uniform in 16 different organs, and 
absorbed fractions q are estimated in some 22 organs 
whenever the coefficient of variation for a sample of 
30,000 photons is less than 50%. IJnfortunately, for 
many organs the coefficient of variation was greater 
than 5W, and subsequent experience tends to  confirm 
earlier impressions that estimates with a coefficient of 
variation of 5W or more may easily be inaccurate by a 
factor of 2 or even more. A number of attempts to 
produce estimates to  supply these missing entries have 
not been entirely succe~sfu l .~  The present paper de- 
scribes a method which i s  quite general, whose accuracy 
i s  not dependent on organ size, and which, for the adult 
body, appears to be accurate for organs of the trunk t o  
within a factor of 2, being generally within some 20 to  
30% of the values reliably estimated by the Monte Carlo 
calculation. 

Methods 

Berger4 has given estimates of the buildup factor 
B ( w )  f o r  a point source of photons in an infinite 

medium of water or of tissue. The range on x is t o  20 
mean free paths, but he has later made available to the 
authors prepublication results which extend the dis- 
tance to 40 mean free paths. The specific absorbed 
fraction dp (fraction of energy absorbed per gram) in the 
infinite medium at distance x cm from the point source 
of a fixed energy B 1% given by. 

where /.I and p a b  are the mass attenuation and mass 
absorption coefficients for photons of energy E. 

It is easy t o  adapt Eq. ( 1 )  to  thc case of a source and 
target organ of finite size. Let S denote a source organ 
of arbitrary size and shape in the medlum with a source 
dcnsity of one photon of a fixed energy 6‘ per cubic 
centimeter. Consider a fixed point Y of the medium. 

1 .  Mathematics Division. 
2. W. S.  Snyder et al., “Estimates of  Absorbed Fractions for 

Monoenergetic Photon Sources Uniformly Distributed in 
Various Organs of  a Heterogeneous Phantom,” MIRD Pamphlet 
No. 5,  Suppl. No. 3 .J .  NucL Mzl 10, 5 (1969). 

3 .  \V. S. Snyder, ‘“Estimation of Absorbd Fraction of  Energy 
from Photon Sources in Body Organs,” Medical Radionuclides: 
Radiation Dose and Effects, USAEC Division of Technical 
Information, Oak Ridge, June 1970, p. 33.  

4. M. J. Beger, “Energy Deposition in Water by Photons 
from Point Isotropic Sources,” MIRD Pamphlet No. 2, Suppl. 
No. 1,  J.  Nucl. M a i ,  15 (1968). 
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The specific absorbed fraction at Y-due to the extended 
source in S is given by: 

where the integration IS over the source organ S? p is die 
density of the medium, dX is a volume element of S, 
and the expression is independent of  p .  Multiplying (2) 
by p d Y ,  integrating over an arbitrary "organ" T of the 
mzdiurn, and dividing by PITI, one has (by additivity of 
ihe absorbed fraction) the specific absorbed fraction 
from S to T, which, in the notation of MIKO Pamphlet 
No. 1,' is: 

5. R. Loevinger and M. Berman, "A Schema for Absorbed- 
Dose Calculations for Biologically Distributed Radionuclides," 
MIRD Pamphlet No. 1, Suppi. No. I,  J. Nucl. Med., 7 (1968). 

The direct integration of formula ( 3 )  is rather 
forbidding, especially if the boundaries of S and T are 
complicated. For this reason we resort to ewluation of  
Eq. (3) by use of the Monte Carlo method. I t  1s well 
known that if points ( X j ,  Y!) are selected randomly in 
the six-dimensional subregion S X T, then (3)  is the 
expectation of the expression 

It is clear that this method is siraightforward but is 
subject to one diffkulty - namely, if $ coincides with 
T or shares a common boundary with T, expression (4) 
may be unbounded. T o  avoid this difficulty, we rep1:tce 
the temi 

by an approximation to its average value over 3 small 
sphere of radius r. In the practical use of (4), r will be 

Fig. 12.1. Monte CELZlo estimates d specifi absorbed fractions compared with buildup factox athates. 
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taken as 0.1 cm, although other values of r have been 
used. Thus we set 

1 W T  +- S )  = -2 f ( X j ,  Yj)  , 
Ni 

where 

if [Xi - Yjl > r ,  but 

if ]Xi ~ Yil G r .  Changing to polar coordinates and 
settingB(plXi - Yil) = 1, one obtains 

in this latter case. This relative stability of the formula 
is obtained only at the expense of a certain indefinite- 
ness in the boundary. Sometimes the entire sphere with 
center at X i  and of radius r is not within the region to  
be sampled, so we have preferred to keep r small. With 
r = 0.1 cm, the maximum contribution of a term is 
about 5000,uab, and if N i s  taken as 30,000, this yields 
a contribution of & b / 6  due to this one term. 

Discussion 

Data on the specific absorbed fraction are plotted in 
Figs. 12.1 - 12.7 for photons of energies 0.03, 0.05, 0.1, 
0.5, 1 ,  1.5, and 4 MeV. The position of each point is 
determined by the two estimates of a; that is, the 
abscissa represents the estimate of @ by the Monte 
Carlo program used for the anthropomorphic phan- 
tom,’ and the ordinate represents the estimate of CP by 
use of the buildup factor. When the point i s  on the 
heavy line, the two estimates are equal. It will be noted 
that ( 1 )  generally, the points lie above the heavy line as 
they should (backscatter is maximal in the infinite 
space of tissue or water), (2) the points lie increasingly 
close to the line as the coefficient of variation of the 
Monte Carlo anthropomorphic estimates is decreased, 
and (3) very few points lie outside the two lines which 

PHOWN ENERGY 0.05 Mev 

A COEFFICIENT OF VARIATION 
BETWEEN 30-5070 

-50 % + COEFFICIENT OF VARIATION 
BETWEEN 20-30% 

to-e 107 8 
SAF (MONTE CARLO ESTIMATES) 

Fig. 12.2. Monte Carlo estimates of specific ahsorbed frac- 
tions compared with buildup factor estimates. 

bound the region 0.5 < 
are the two corresponding estimates. 

There are a few exceptions to the above. When the 
skeleton is the target organ, the point should be raised 
by the factor p ~ ~ n e / ~ ~ ~ s u e ,  since the composition of 
bone will produce a greater abundance of secondary 
electrons than will water or soft tissue. This correction 
is important mainly for the energies below 0.1 MeV. 
Also, when the lung is the source organ, it appears the 
results might be multiplied by a factor of about 3 ,  
although the evidence is not entirely clear. I n  the 
buildup factor calculation, the lung region has a mass of 
about 3000 g, and this allows fewer photons to escape 
than if the mass were about 1000 g. Probably the factor 
to be used is dependent on the energy of the photon. 
Similarly, when bone is the source, the result obtained 
from the calculation using the buildup factor nright be 
multiplied by two-thirds. However, these are “rule-of- 
thumb” corrections which are not rigorous, but they do 
generally improve the correspondence of the two 
estimates. We are continuing to explore this method but 
expect that the inclirsion of an adjustment factor for 
bone and lungs is advisable, although its value is 
probably not always the reciprocal of the density. 

/a2 < 2, where @, and 

A ~ k ~ ~ w ~ ~ ~ ~ ~ ~ ~ t s  

The authors gratefully acknowledge the assistance of 
James Hickey in analyzing the results and preparing the 
graphs. 
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Fig. 12.3. Specific absorbed fraction in an anthropomorphic phantom and in an infinite homogeneous medium. 
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Pig. 12.4. Monte Carlo estimates of  specific absorbed frac- 
tions compared with buildup factor estimates. 
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Fig. 12.5. Monte Carlo estimates of specific absorbed frac- 
tions compared with buildup factor estimatess. 
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Fig. 12.5. Monte Carlo estimates of specific absorbed frac- 
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13. Estimates of Qose to Infants and 
 ton Emitter in t 

M. .I. e. Hilyer W. S .  Snyder G. C .  Warner‘ 

When a monoenergetic photon source i s  distributed 
unifcrtnlly iri any organ (called the source organ S), the 
dose rate to any other organ (called the target organ T) 
is proportional to the specific absorbed fraction (SAF 
C)I @I. This SAF is simply the fraction of energy 
emitted which i s  absorbed per gram of the target organ, 
that is. 

energy absorbed in Ik 
(energy released in 5‘) (mass of T in grams) 

4 ( a ( r + Q =  

111 most practical situations there will be photons 
emitted of a variety of energies and intensities, and the 
concept of the SAF can be extended to  include such 
cases? but for simplicity only the case of a mono- 
energetic source is considered in this report. Values of 
SAF for a “reference man” may be obtained from the 
absorbed fraction (AF) by dividing by the mass of the 
target organ (7). Some AF’s for  adults have been 
published in MIRD Pamphlet No 5.3 These estimates 
take account approximately of size, shape, location, 
curnposition, and density of the organ or tissue. 
Although similar estimates for other ages are not 
believed to be available, some preliminary estimates of 
the age variation of the SAF for photons were 

1. Mathematics Division. 
2. Robert Loevinger and Mones Berman, “A Schema for 

Absorbed-Dose Calculations for Biologically Distributed Radio- 
nuclides,” MIRD Pamphlet No. 1 ,  Suppl. No. 1, J. Nucl. Med. 
February 1968). 

3 .  W. S .  Snyder et al., “Estimates of’ Absorbed Fractions for 
Monoenergetic Photon Sources Uniformly Distributed in 
Various Organs of  a Heterogeneous Phantom,” MIRD Pamphlet 
No. 5, Suppl. No. 3,J. Nucl. Med. (August 1969). 

4. W. S .  Snyder, M.  J .  Cook, and 6. E. Warner, “Preliminary 
Indications of the Age Variation of the Specific Absorbed 
Fraction for Photons,” presented at Health Physics Society 
Meeting, New York, July 16, 1971; published in Healrh Phyr. 
Uiv.Annu. .!”ogr. Rep. July 31, 1971. ORNL-4720, pp. 116.- 18. 

published i n  0KNL-472U4 for a photon emitter In the 
stomach for ages 0, 1, 5, 10, 15, and adult and for six 
energes 0.1, 0.5, 1.0, 1.5, 2.0, and 4 0 MeV T h ~ s  
study has been continued for a photon emitter in the 
lungs usirig the same SIX ages but extcnding i t  to include 
12 energies, nmiely, 0.01, 0.015, 0 02,0.83, 0.05, 0.1, 
0.2, 0.5, 1.0, 1.5, Z.Q,and4.0MeV. 

On the basis of the inverse squarr law, for the same 
source of photons in the organ of a child and of an 
adult, the child will receive the greater dose rate. Data 
on the total bvdy, as welt as nn Ihe various orgdns, 
reveal that individuals of the younger age group are not 
merely adults reduced proportionately by a ~onst i int  
factor, However, designing phantoms for a series of agei 
is a formidable task, particdaily when data on certain 
ages are bparse. 

For this purpose, the adult phantom was reduced by 
scale factors selected separately for the head section, 
trunk section, and leg section of the adult phdntom. All 
of  the organs and tissues wthin these sections w i e  

reduced by the scale factors for that section. Explicit 
transformation formiilas were applied SO that these 
transfomiations were sirmlitudes. Therefore, Loci 
(organs) which are noriintersecting in one pIiari torn are 
nonintersectirig in the other phantom. The new phan- 
tonis obtained 111 this way correspond t u  typical 
individuals of ages 0, I ,  5, IO, and 15 years. These 
phantoms are presented in outline in Fig. 13.1, ,jnd for  
companson the adult phantom 1s shcavvn also 

Using this transformation, i t  IS easy to adapt the 
computer program for the new phantom. Whenever one 
needs to determine whether a point in the transformed 
phantom is m an organ o f  that phantom, one simply 
applies the inverse txansformatmn and tests the corre- 
sponding point irt  the adult phantom. Thus, the part of 
the computer code concerned with recording data is not 
changed, and this is advantageous, since 11 constilutes a 
major coxnplexity of that code. 
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For the six lower energies, namely, 0.0 L ,  0.01 5,0.02, 
0.03, 0.05, atid 0.1 MeV, 60,000 photons were pro- 
grammed for each photon energy. For the siy higher 
energies, namely, 0.2, 0.5, 1.0, 1.5, 2.0, and 4.0 MeV, 
30,000 photons were programmed for each photon 
energy. Previous calculations had shown that the 
statistics were so poor for the 30,000 photons at the six 
lower energies that it was decided to program the lower 
energies using 60, photons. The statistics showed 
that lhese results weie improved and fairly reliable. 

Bccause inhalation could be an important route of 
expcnure for the population, it was decided to program 
the source of monoenergetic photons in the lungs. For 
Illustration, estimates of the SAF from lungs to lungs 
which were obtained by the Monte Carlo method are 
presented in Fig. 13.2. One may compare the SAF for 
one energy at different ages, and one may compare the 
SAF for one age at  differeri 1 etiergies. Using the lungs 3s 
the source organ and the lungs as the target organ, the 
SAF’s decrease as the age increases, thus, the newborn 
always has the highest SAF. This behavior IS un- 
doubtedly typical and may be largely due to the inverse 
squaie law. For example, last year we showed data on 
the SAF using the stomach contents as the source organ 
and stomach as the target organ, md here also the SAF 

decreases regularly as age increases. It IS also instructive 
to compare the ratios o f  the SAT; at a specified age with 
the SAF for an ;idult. It i s  found that this ratio 
decreases regularly as age incieases, (SAT“), age/ 
(SAF),dult. At 0.01 MeV, the factor between Lungs of 
the newborn and the lungs of the adult LS about 19, but 
for the iungs of a five year d d  to the lungs of the adult, 
the factor is about 4. Similarly, the SAF for different 
energies at one age may be compared. For the newborn, 
there 1s a factor of about 64 an the SAF of lungs to 
lungs between 0.01- arid 4-MeV values. Also, in Fig. 
13.2 the SAF’s for lungs as the source urgan and lungs: 
as the target organ for the six higher energies (0.2 to  4.0 
MeV) have been plotted. They are a31 rather close foi 
each of the chosen ages; therefore, only one curve has 
been used for lllustration of the dif€erence o f  the SAF 
between the newborn (and any other age) and the 
adult. However, the previous: remarks still apply; that is, 
the SGF decreases as age incrcases, and so does the ratio 
of the SAP for any age tu that for an adult. However, 
the values do  not change much with energy, and so only 
a single curve is shown. 

For a second example (Fig. 13.3) flie SAF’s are 
shown for the lungs as the source organ to liver ;IS fhe 
target organ for the same energies and ages. At the 

ORNL - DWG 75 - 5784 
-/ 
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Fi 13.3. Specific absorbed fiactim as a function of age and photon energy. Liver 4.- lungs. 
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lowest energy of 0.01 MeV, the SAF for the newborn 
to the adult differs by a factor of about 3QQ. From the 
previous illustration (Fig. 13.2) of lungs to lungs for the 
newborn to the adult at 0.01 MeV, this factor was 
about 19. This behavior seems general; that is, the ratio 
(SAF), age/(SAF)adu It  decreases as the age increases. 
The SAF decreases as the energy increases, which is also 
true at the six higher energies. 

Because the ICRP has recommended lower dose limits 
for blood-forming organs than for the majority of other 
body organs, it is important to have an accurate 
estimate of the dose to this tissue. Estimates have been 
calculated for the dose to the red bone marrow for 
adults for these same 12  energies when the source organ 
was the lungs,’ but comparable estimates for other ages 
have not been available. For example, the distribution 
of red bone marrow is much different for the younger 
ages than for the adult. For this reason the dose to total 
marrow has been examined as well as dose to the red 
bone marrow and dose to the skeleton. ,No systematic 
difference was found in these results. This does not 
exclude the fact that the values rnay differ by a factor 
of 2 in some cases. I t  appears that one may use dose to 
skeleton as being approximately the dose to the red 
bone marrow, even at younger ages. Because of the 
complexity of the skeletal system, red bone marrow, 
and total bone marrow, this rule is to be regarded as 
approximate only. The SAF’s were calculated for these 
three tissues and organs and for the same six ages and 
12 energies, and the data were found always to be 
within a factor of 2, but are usually much closer. In all 
cases the coefficient of variation was less than 26%. The 
SAF’s for the skeleton as the target organ and the lungs 
as the source organ are presented in Fig. 13.4. Thus, 
these values also may be used when red bone marrow 
and total bone inarrow are the target organs. 

In  a previous report4 the SAF’s were presented when 
the contents of the stomach were the source organ and 
the liver and lungs were the target organs for the s i x  
higher energies, namely, 0.2 to 4.0 MeV. At that time 
the SAF’s for the six lower energies were not believed 
to be statistically reliable enough to  present; however, 
more effort has been given to studying the SAF for 
these Hix lower energies when the source organ i s  the 
contents of the stomach and the target organs are the 
liver and lungs. 

When the source is the contents of the stomach and 
the target organ is the liver, the SAF for these six lower 
energies is presented in Fig. 13.5. In each case the 
newborn receives the highest dose rate. In fact, for the 
0.02-MeV energy, the newborn receives almost 300 
times the dose for the add t .  Also, for the newborn, the 
liver receives 1 1  times greater dose from the 0.015-MeV 
than from the 4-MeV photon source. 

___. . . . . . . . . . . . . . . . . . . . 

5 .  M. J. Cook, W. S. Snyder, and G.  C. Warner. “Estimates of 
Dose to Red Bone Marrow from Monoenergetic Sources of 
Photons in Lungs and Other Orgins,” Health Phys. Div. Annu. 
F’i-ogr. Rep.  Jury 31, 1970, ORNL-4584, pp. 200 203. 

Fig. 13.4. Specific abbsorbed fraction as a function of age and 
photon energy. Skeleton + lungs. 
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Fig. 13.5. Specific absorbed fraction as a function of age and photon energy. Liver +- stomach and contents. 
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Fig. 13.6. Specific absorbed Eraction as a function of age and photon energy. Lungs +- stomach and contents. 



In Fig. 13.6 with the contents of the stomach as the 
source organ and the lungs as the target organ, the same 
general relationship is seen that the SAF decreases as 
age increases. The SAF seeins to reach a maximum at 
about 30 keV. Also, the ratio (SAF), age/(SAFjadult 
generally decreases as the energy increases. 

In these few examples, when the lungs or the 
contents of the stomach were the source organ and the 
target organs were the liver, skeleton, lungs, kidneys, or 
small intestine plus contents, the results which inight be 
expected are (1) that generally the SAF will be greater 

for the younger ages, (2) that, for a given age and for 
the target organ being different from the source organ, 
the SA4F passes through a maximum which seems to 
occur at 30 to 50 keV, ( 3 )  that when the source and 
target organs are the same, the SAF generally increases 
as energy decreases, (4) that the ratio (SAF), age/ 

(SAF),,,,, seems generally t o  increase as energy 
decreases, and (5) the published values for the absorbed 
fractions for the adults should not be used for 
calculating the dose rate for the newborn and children. 



t of the Lungs 
W. S. Snyder M. .J. C .  Hilyer A. P. Stoholskil 

For purposes uf dosimetiy, either external or internal 
to the body, an [CRP (International Comission on 
Kadiological Protection) reference man has been estab- 
l i s h d 2  Reference man has a total body weight of ‘70 
kg, and thus the weight of all his organs, tissues, and 
fluids must toial 70 kg One of the problems en- 
countered in establishing reference nian was deter- 
mining the weight for the lungs, including a normal 
annuunt of blood Most anatomcal textbooks and 
anatomical studies do  not state the conditions under 
which the lung weights they report were obtained. For 
euatnple, most sources do not state whether a near- 
normal amount o f  blood IS included, and seldom do  
they indicate the body weights or dimensions of the 
individual The lungs may accumulate fluids after the 
death of the individual, but the references seldom, if 

ever, @re the length of time between death and 
autopsy. ‘Fhe lungs are a very vascular tusue, so it is 
necessary for dosametry to know the weight of the 
parenchyma and blood separately, as well as the total 
for parenchyma and blood. Energy from gamma rays 
will be absorbed in blood as well :IS m the lung tissue, 
but tor radiation c ~ f  less penetration say, weak betas 
or alpha particles the blood in the larger vessels might 
&orb little energy. 

Because of tliese difficulties in establishing weights of 
total lung, parenchyma, and lung blood, d special study 
was set up with the cooperation of the Department of  
borensic Medicine, New York University, for obtaining 

.-. 

1. New York University. 
2.  Report of Committee I1 on Permissible Dose for Internal 

Radiation (ISSSj,  Reconimeridorions of the /nternutinturl 

Commission on Radiological Protectiofi, ICRP Publication 2, 
Pergamon, London, 1959, p. 30. 

these data from individuds whose age, sex, total body 
weight, total body height, and came of death are 
known. 

Because fluids accumulate in rtle lungs after death, 
these lung weights were obtamed as won as possible 
after dedth but not longer than 24 hr .  Before removlng 
the lungs from the body the largest veins and arteries 
were tied below the bifurcation of the trachea arid 
severed beyond the position of the ere, so little blood 
was lost from the lungs. Thus, the  tissue was weighed 
with a near-norms1 xnount of pulmonary blood In 
Table 14.1 th is  weight is referred to  as total lring weight 
and represents the weight of the bronchial tree, 
pulmonary lymph nodes, and arterial, venbus, .and 
residual blood, as well as parenchyma. After the weight 
was obtained the tourniquets were cut, and the lung 
was draned of all biood which could be removed by 
gentle pressing and patting. The lung was reweighed. 
This weight represents the weight of the above-libted 
tissues except the removable blovd (mostly artenal dnd 
venom) and I n  ‘Table 14. I i s  referred to 3 s  drained lung 
weight Residual blood i s  defincd here as that qiranldy 
of blood whch remains in  an organ or tissue after i t  has 
been allowed t o  hleed freely. This 1s assumed to be 
equivalent to capillary blood 

Twenty cases, slxteen males and foul females, have 
been obtained, drrd the data ale presented T&le 
14 1 The data have been iieated statistically as ( E )  a 
group of 20, (2) 15 males only, and (3) 4 females only 
The weight of the h g s  plus blood 1s sornewhJt better 
correlated with told body weight than wtth total body 
height or surface area. Less vsriatnon was found for the 
lungs plus blood as a percentage of the total body 
weight than for  correlation with oiher parameters 
tested, The data obtained  OR the correlation with lotd 
body weight are piesenred in Y’able 14.1. 
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Table 14.1. Weights of l u n g  and of lung fluids for 20 adults 

..- 80% range 

percentile percentile 

Standard 
deviation Median Low High 10th 90th Mean 

.... _ ....... 

Age (years) 
Total body weight (kg) 
Total body height (cm) 
Total lung weight (g) 
Drained lung weight (8) 
Drained blood weight (g) 
.................. Total lungweight (kg) = 
Total body weight (kg) % 

~. 

Drained blood weight (g) - 
-. .... - %  

Total lung weight (9) 

Age (years) 
Total body weight (kg) 
Total body height (cm) 
I otal lung weight (g) 
Drained lung weight (g) 
Drained blood weight (g) 
Total lung weight (kg) = 
Total body weight (kg) % 
Drained blood weight (g) = 

F 1  

.......... ~ ~ % Total lung weight (g) 

Age (years) 
Total body weight (kg) 
Total body height (cm) 
'Total lung weight (g) 
Drained lung weight (g) 
Drained blood weight (g) 
'Total lung weight (kg) - 
Total body weight (kg) - '% 

~ ~ -_____ 

Drdined blood weight (9) - - % Total lung weight (9) 

33.3 
77.3 

171.4 
946.3 
770.6 
169.4 

1.23 

17.60 

29 
66 

163.2 
879 
728 
15 1 

1.33 

17.05 

32.5 
75.1 

170.4 
932.8 
759.5 
166 

1.25 

17.49 

Male (n = 16) 

8.6 32 20 
7.6 78 61 
6.8 170 160 

115.4 960 7 30 
86.8 768 625 
47.8 173 90 

0.134 1.25 0.95 

3.37 17.93 12.33 

Female ( p 3  4) 
8 29 21  
8.9 65.6 55.8 
8.4 162.6 154.9 

173 845 715 
132 7 10 595 
43 135 120 

0.087 1.31 1.24 

2.73 16.67 15.47 

Males and females (n = 20) 

8.5 32 20 
8.9 77.1 55.8 

71.3 170.2 154.9 
129.3 937.5 715 
94.4 760 595 
46 168 90 

0.13 1.26 0.95 

3.06 17.91 12.33 

44 
93 

185 
1120 
895 
240 

1.46 

23.83 

37 
77.1 

172.7 
1110 
895 
215 

1.44 

19.37 

44 
93.4 

185.4 
1120 
895 
240 

1.46 

23.83 

2s 
68 

165 
8 10 
670 
115 

1.07 

13.69 

21 
63.5 

160 
765 
640 
115 

1.07 

13.69 

43 
82 

178 
1090 
880 
225 

1.33 

2 1.43 

43 
81.7 

177.8 
1090 
880 
225 

1.44 

21.43 



for Magnesium in 
e s f  Dose to Bone and Soft Tissue 

a Singe Intravenous Injection 0%“ ’* 
S .  R. Bernard 

The tnetabolic model of Avioli and Rerman,I based 
on measurements of blood, urine, and feces of 15 
human subjects who had been administered tracer doses 
of 8k¶gCl, intravenously, appears in Fig. 15.1.  Com- 
partments 1, 2, 3 ,  and 4 are “body” conipartments, 
with 1 representing blood and 2, 3 ,  and 4 only stated to 
be extravascular compartments. Avioli and Berman did 
not identify the other three body compartments, 
because they only had measurements on blood and 
excrela. ‘These data only yield the four eigenvalues of 
the 4 X 4 rnatnx of rate transfer constants and some 
information on the constraints on the A‘s. To estimate 
all 42 rate transfer constants uniquely, data are needed 
on aH four compartments. Further details on the 
uniqueness of compartment m6dels may be found i n  

the paper by Berman and S c h ~ e n f e l d . ~  The arrow 
pointing down from compartment 1 represents excre- 
tion. The starred arrow identifies the site of the initial 
* ‘Mg injection. The l j l ’ s  are the rate transfer constants 
gven by Avioli and Berman. These values appear in Fig. 
15.1.  Although Avioli and Berman give ranges ofvalues 
arid standard deviations, the present model uses only 
the means. The dashed arrow from compartment 4 to 3 
indicates that this pathway connection was n o t  ob- 
served directly but was estlmated from literature data 
on stable Mg levels in bone and muscle and with the 
tracer data. 

In estimating internal dose, equations foi retention in 
organs and tissues and total body are needed. From the 
data in Fig. 15.1, the linear differential equations for 
the “body” compartments of the model of Avioli arid 
Berman, written in matrix form, are. 

ORNL-DWG 71 -8329A 
*! 

Fig. 15.1. Barnan’s campantmentill mo&l assumed E a r  8Mg 
analysis. Compartment 1 refers to ultrafilterable plasma hlg; 
cornparlments 2, 3, and 4 represent extravasciilar compart- 
ment%. Compattment 4 LS depicted as a slowly exchanging 
magnesium pool postulated to exist under steady-state condi- 
txons with slow turnover rate (h34) .  

The time t is expressed in days. Here yl{t) (i = 1, 2, 3 ,  
4) corresponds to the amount present in conipartment i 
at time t, and is the derivative dy,{i)/db. A 
computer code written by J. A. Carpenter, ORNL 
Mathematics Division, was used to obtain the solutions 
o f  (I) .  These appear in  Eq. (21, which is also in matrix 
form, and apply to the case of unit intake into 
compartment 1 at zero time. Here Y(t) stands for the 
column vector o f  yi(r), i = I ,  2 ,  3 ,  4. Equation (3) 

1. L. V. Avioli and Mones Heman, ‘‘28Mg Kinetics in Man,” 
J. Appl. Yhysiol. 21(6), 1688-94 (1966). 

2. M. Berman and R .  Schoenfeld, “Invariants in Experimental 
Data on Linear Kinetics and the Formulation of Models,” J. 
Appf .  Phys. 27, 1361 (1956). 

I__ ll_l_ 



represents retention for the total body, which was 
obtained from ( 2 )  by summing the rows of (2), that is, 
it i s  the sum of all the body compartments. 

E -6). 00 32 O t  0.00473 0.0709 0.3 10 0.614 
0.00354 0.0538 0.360 

(2) 0.787 -0.656 -0.186 
0.676 -0.696 0.0193 0.000927 

As a test of this model, we employ the daily intake of 
Mg in reference man's diet of 0.34 g per day3 and an 
absorption into blood from gut of 0.45,' as given by 
Avioli and Berman. In studies by Yun et al.4 (the 
compound was not stated) on two human subjects, the 
values found are 0.53 to 0.93, higher than Avioli and 
Berman's value. Integrating over time, we obtain the 
equilibrium b ody burden 

q = Jam 0.34 X 0.45 X dr R(t - 7 )  = 36 g , (4) 

which is in agreement with reference man's burden of 
29 g of Mg. Aikawa indicates that about 60% of this i s  
in skeleton, 2W0 in muscle, and the remainder in other 
soft tissues. This is not a close estimate of the 
distribufiori obtained from the model, that is, 92% in 
one compartment, which might be identified with the 
skeleton, 7% in a second compartment (muscle), and 
only 1% in the other two compartments. It might be 
preferable to regard the compartment containing 92% 
of the body content as consisting not only of skeleton 
but also of portions of muscle and other soft tissues, 
and thus more nearly approximate the distribution of 
the stable element. 

Figure 15.2 shows a revised model in which the 
long-term compartment is subdivided into two separate 
compartments. Two of these each receive 50% of L3 

while one receives 6G%, and the flow back h34 is the 
same for each one. This compartment model is the same 

____ 
3. J. K.  Aikawa, 7he Role of Mapzsium in Biologic 

Processes, C. C. Thomas, Springfield, Il l . ,  1963, pp. 65, 67. 
4. 'T. K. Yun, K. Lazzara, W. C. Black, J .  J .  Walsh, andG. E. 

Birch, "The Turnover of Magnesium in Control Subjects and in 
Patients with Idiopathic Cardiomyopathy and Congestive Heart 
Failure Studies with Magnesium-28," J.  Nucl. Med. 7, 177 
(1965). 

as Avioli and Berman's when the two compartments 4' 
and 4" are combined. Then Eqs. (2) apply, and th.e 
fourth equation corresponds to  the sum of compart- 
ments 4' and 4". This can be proved easily by writing 
out the linear differential equations and then summing 
Eqs. 4' and 4". The equations for the burden in the two 
additional. compartments are 

y41((f) =y4s(t)  = 0.50 (0.67Q-6)~0"320' 

0.696e-"164f + 0.0193e-4.54' 

4 0.000927e-26.7r) = 0 .SOy4( t ) .  

The radiation dose to  the total soft tissues and skeleton 
is estimated with this model and the decay scheme data 
shown in Table 15.1. From the data on absorbed 
fractions of photon energy, we estimate the effective 
energy per disintegration to  be, from Table 15.2 and 
adding the electron plus beta energies from "Mg and 
* 'A1, for skeleton 

0.0474 MeV for source in soft tissues 
1.566 MeV for source in skeleton 

E,, = 

while for soft tissue 

1.803 MeV for source in soft tissues 
0.275 MeV for source in skeleton 

ORNL-DWG 72-9140 

Fig 15.2. R e v i d  mmpaPtment model for hag metabolism. 
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In the above we assume that the short-lived "AI 
undergoes decay in situ. Later, when more data on Al 
metabolism are available, we may not have to qake this 
assumption. 

Table 15.1. I,. T. Dillman's decay schemc data' 
foxZ8MgandZ8Al 

Percent per Energy 
(MeV) 

Rndia tion decay 

28ylg T,  = 0 875 day. 
p, ,iveragt' energy = 0 1586 MeV 

Y l  
internal Conversion electrons 
Y Z  
Y 3  
Y4 
KA 1 x rays 
KLL Auger electron? 
KI,X Auger electrons 
LMM Auger electrons 

"AA~ T, = 2 3 min, 
p, average energy = 1 2392 MeV 

96.899 
3.101 

30.00 
30.00 
69.939 

0.171 
2.587 
0.344 
5.688 

0.03 10 
0 02Y4 
0.4000 
0.9500 
1.3500 
0.0015 
0.0014 
0.0015 
0.0001 

From Eq. (3 )  we obtain the tesidence time of 28hlg, 
Qx, as 1.1 CLei-days for the soft tissues and 0.063 
pCi-day for skeleton. Thus the dose coininitrnent is 

0.001 1 cad to bone per pCi irito blood 

and 

= 0.0017 rad to soft tissues per pGi 
injection into blood. 

This compares favorably with the IC 
value for intravenous injection of 1 &i. The 37-kg 
muscle pool receives 2.7 millirads, while it is estimated 
the bone hot spots receive 2. I millirads. 

L'Decay scheme data in files of Information Center for 
Internal Exposure, ORNL. 

5. Protection of rhe Patien? in Radionuclide Invesriguiions, 
fCRP Publication 17, Pergamon, Oxford, 197 1 

Table 15.2. Absorbed fractions of photon and electron (plius beta) energies @T+,Y 
and specific absorbed energies for 2sMg and 28A1 

Specific absorbed fractions I; ffective energies, 
bnergy from target +- sourcea target t- sourceb ( M ~ v )  
(MeV) ____ .._.I..._.._ ....---. --_II 

Radiation 

+SKSK OSKTB @TBTU ~ B S K  ~ S K S K  XSKS'T ~ S T S K   STS ST 

0.031 0 .7  0.19 0.78 0.85 0.1)21 0.00357 0.00014 0.0199 
0.400 0.12 0.05 0.34 0.33 0.0144 0.00456 0.0252 0.0354 

71 
YZ 
Y3 0.950 
Y4 1.350 0.105 0.042 0.31 0.30 0.0992 0.0293 0.190 0.267 

Absorbed 0.166 0.0474 0.275 0.403 

0.11 0.046 0.32 0.32 0.0314 0.00998 0.0539 0.0798 

KA 1x ray 0.0015 1 0 1 1 0.000003 0 ,-() 0 

photon energy 

"These values were obtained from MIRD Suppl. No. 3, Pamphlet No. 5, 1969. The following identity i s  used to calculate the 
appropriate specific absorbed frictions @: 'I3 stands for total body, SK for skeleton, and S?' for soft !issues;SKTB means that the 
source is the total body and the target is the skeleton. 

~ ~ S K S T  = 70/60 ~ S K T B  -- 10/60 @SKSK, 
*~+JSTSI( = ~ B S K  - ~ K S K  
8bs.r~~ = 70/60 ('PTBTB - -  @SKTJ$ -- 10/60 (&TBSK - @SSKSK) . 

In the above the masses of the skeleton (10 kg), the soft tissues (60 kg), and total body (70 ky) enter as weighting factors, for 
example, 70/60, etc. 

This is obtained from the data in Table 15.1 on energy emitted times the appropriate specific absorbed fraction shown in the 
third column of the above table. 



16. of Interpreting Excretion Data Which 
Allows for Statis ical Fluctuation of the Data 

W. S. Snyder 

Personnel monitoring for plutonium and certain other 
alpha emitters of similar characteristics poses one of the 
most difficult problems for the health physicist. While 
some methods have been developed for monitoring 
these radionuclides by in vivo counting of the chest, the 
activity present in the rest of the body ~ bone and 
liver, particularly - must be inferred largely on the 
basis of interpretation of data on excretion of the 
nuclide. A number of methods have been developed for 
interpreting excretion data to estinmte what may be 
called the systemic body burden, that is, the activity 
which has entered the blood stream and thus been 
transferred to  other organs. 

There are some who have doubted whether it is 
important to  estimate the systemic burden when the 
exposure is by inhalation. The animal experience has 
indicated that malignancies of the thoracic region far 
ou twe ia  malignancies due to the systesnic burden. 
However, there are reasons why one should not dismiss 
lightly the hazard of a systemic burden. From injection 
experiments, it is quite clear that a bone burden or a 
liver burden does pose a considerable hazard. Although 
such experiments have been designed at lower levels 
than those originally contemplated, no basis has yet 
been found for assuming a threshold. In fact, the resul?s 
on rodents indicate the likelihood that quite low doses 
to bone may induce malignancies. 

Moreover, the inhalation experiments have been at 
quite high levels. In Fig. 16.1 the accumulation of dose 
to lung and to bone following exposure of man to 
inhaled * 9Pu02 is indicated. The lung model of ICW 
for a Class Y aerosol (clearance half-time of 500 days) 
has been used to calculate dose to lung,’ and dose to  
bone was calculated assuming equal deposition in liver 
and. bone with only 10% elimination from bone. It is 

1 .  ICRP Task Group on Lung Dynamics, “Deposition and 
Retention Models for Internal Dosimetry of the Human 
Respiratory Tract,”Hedth Phys. 02 (2 ) ,  173 (1966). 

clear that during the first five years postexposure, the 
lung has a far higher dose; but if the animal survives this 
period, the dose to bone will continue to accumulate 
while the lung receives little more dose, and eventually 
the skeleton accumulates the greater dose. It is not 
suggested that bone or liver replace lung as oui only 
organ of concern but rather that we should be 
concerncd for all three and not be swayed too much by 
results of animal experiments which are not representa- 
tive of human exposure either in level or in the duration 
of the exposure. Thus it seems important to have some 
estimate of the systemic burden, and the principal 
means of estimating this is by interpreting excretion 
data. The dose to lung i s  delivered relatively soon 
following exposure, and thus at high levels of exposure 
the lung cancers tend to occur earlier and, if the 
incidence is severe enough, will preclude the Occurrence 
of bone or liver cancers. At lower levels of exposure 
such that mortality from lung malignancies is not high, 

ORNL EWG 71-10121 
I 

......... ........... ....... ~~ 1Ooo 

i 

t (yr) 

Fig. 16.1. Accumulated dose equivalent to lungs and bone 
following inhalation of I PCC~ of 2 3 9 ~  (ctass Y material, 
AMAD 1 pm). 
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i t  is quite possible that bone and liver malignancies 
might appear. Man, with his much longer life span, has 
every likelihood of accuniulating far more dose in bone 
and liver than in lungs. We should not assume lightly 
that extra dose will not be a hazard. Of course, there is 
;mother reason for being interested in the systemic 
burden, n m e l y ,  a frequent route of exposure as by way 
of a contannnated wound, and in such a case, estima- 
tson of die systemic burden is a matter of the greatest 
importance. 

The only plutonium excretion data we have c m  
humans fi om carefully designed and controlled experi- 
ments are those obtained by Eangham and Hamilton in 
19t45-1946. Uriniuy and fecal excretion data were 
obtaned on 15 terminal patients who were give11 
plutonium nitrate or dioxide complexed with citrate 
arid followed until death. These data were analyzed by 
Langham et d.,’ who expressed the general trend of the 
urinary and fecal excretion in ternis of power functions. 
Latex they studied the excrellon of employees and 
found substantially the same trend in their excretion 
data for a period of about tive years. These power 
functions obtluned by Langharn by fitting the curves to 
3ll the excrrtiori data of the hospital patients have been 
the basis for most, I f  not all, of the methods described 
for interpietation of plutonium excretion data. 

In most ruiitine cases one has avadable only urinary 
excretion data for evaluating an internal exposure. 
Although Ldnghani gave one power function (bt-O) fit 
to the urinary data of all the patients, there was 
considerable variation about this curve. In a previous 
s t ~ d y ~ , ~  the author has obtained a power function 
bt-@ fi t  to the data of each patient. This has been done 
by several techniques of curve fitting, arid the designa- 
1 tons “point fit,” “area fit,” “absolute deviations," and 
”percent deviations” on the figures identify the pro- 
cedure used. However, these methods are not discussed 
here, but the interested reader may consult the refer- 
ences Needless to say, there wxi a considerable range of 
I.-.-___ --___.___I 

2. W. H. Ldngham et AI.,  D~stnbution and Excretion of 
Plutonium Administ~red fntravmously to Man, LA-1 15 1 
( 19.50). 

3 W. S Snyder, M. R. Ford, and G. G. Warner, “The Use of 
Excrition Data to Predict the Systemic Body Burden of 
Plutonium,” p. 279 in Diagnnsts and Treatment of Deposited 
Riidionuclides, ed. by H.  A .  Kornberg and W .  D. Norwood, 
Reidel, Dordrecht, Holland, 1968 

4. W. S. Snyder, hl R Ford, and G .  G .  Warner, “A Study of 
individual Variation of Excretion of Plutonium by Man and of 
Its Significance in Estimating the Systemic Burden,” Proceed- 
wigs 13th Annual Bzc.assuy and Anatytieal ChPrniTtxy MPeting, 
October 12-13, 1967, Berkeley, Calijornla. CONF-671048, p. 
123 (1968). 

variation of the parameters b and /3 in the individual 
cases. The power functions so obtained are shown 
graphically in Fig. 16.2. When fitted to all the urinary 
data, a curve (called here the ‘“typical curve”) was 
obtained, and the parameters tariged by a factor of 
about 3 above and below these *‘typical” values. In the 
case of an employee, there is no way to determine a 
priori which of these power functions might best 
represent his excretion. 

The existence of this variation and the wcurrence of 
day-ta-day fluctuations of the daily urinary excretioii 
about the power function which defines the trend of 
the data are some of the cornplxatioxis which make 
estimation of the amount of plutonium reachng blood 
rather difficult. In  principle, having, chosen a power 
function as a model for excretion, one attempts t u  
choose intakes to  blood whose excretion by the model 
will reproduce, or essentially reproduce, the excretion 
data. Generally this i s  done wqientially. Having choseti 
a first intake, perhaps with reference to a kriown 
“incident,” which provides for the first sample excrc- 
tioti, one then calculates by the model how well, 01 

poorly, this reproduces the rest of the excretion record. 

Fig. 16.2. InKMdwl models for exaction of plutonium. 
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If the excretion on certain days is significantly higher, 
one puts in additional intake just preceding that day to 
provide for the excess. I f  this procedure is followed, one 
will produce a pattern of intake which suffices to  
produce the excretion data, or rather to  overestimate it, 
for clearly i f  one puts in intakes to reproduce all the 
high excretion values and ignores the lower values, one 
would expect to obtain an overestimate of intake. This 4 0 0  

50 

0 
is illustrated schematically in Fig. 16.3. T i e  solid line 
suggests a power function trend of data which fluctuate 
about it. The dotted line represents the hypothetical 
excretion obtained by postulating an intake for the first 
daily sample, a second intake for the next daily sample 
which chances to lie above this line, a third intake for 
the next sample exceeding the new power function, and 
so on. Clearly, much of this intake is a result of 
statistical fluctuations and is not required by the data if 
one recognizes that the data may be expected to  
fluctuate about the trend curve. The effect of the above 
method can be demonstrated for the hospital patients 
whose intake to blood is known. In a previous study, 
the author produced estimates as described above for 
the hospital patients, and the results, expressed as a 
ratio to the activity of plutonium injected, are shown in 
Fig. 16.4. As will be noted, these estimates tend to be 
hi&. 

The remedy is easy to find. If one examines the ratio 
of actual urinary excretion to that predicted by the 
model for the hospital patients, one has a measure of 
the extent to which the daily urinary excretion U ( f )  

8 -50 
w -m 

1 3 4  
400 

50 

0 

-50 

- 1 0 0  

(00 

33 

0 

-m 
- t M  ."" 

Hp3 tip5 Hp7 Hp9 tip12 CHI2 
MnENTS(Hp'Hp2 klp4 H p 5  Hp8 HplO CHI$ CALI 

exceeds the excretion predicted by the power function. 
'The cumulative distribution of these ratios is shown in 
Fig. 16.5, where every line represents the cumulative 
distiibution of the ratio for one of the patients. It can 
be noted that the ratio lies between 'I2 and 2 for all of 
the patients except for 40% of the days and between 
and 3 except for 20% of the days. Thus, while 
fluctuations by a factor of 2. are not unusual, fluctua- 
tions by a factor of 3 or more are fairly rare. When m e  
is not sure whether a high excretion level of an 
employee is due t o  a new intake or whether it 
represents a chance fluctuation, one may disregard any 
flucti.ration which is by less than a factor of 3 and be 
rather confident that any new and significant intake to 
blood is mot zissed. Of course, t.here is a 10% chance 
that such a high value i s  due to a new and significant 
intake; if this i s  the case, the excretion should run high 
for later values as well, and thus one would expect to 
find the intake required for some of the later data. This 
game may be played at  any level of significance one 
chooses. One can ezsily design a computer program 
which allows one to preassign a level of significance, 
and only when the ratio ~ Y ( r ) / b t - ~  exceeds this level 
will one select an additional intake. When this program 
was used to estimate the intake to blood of the hospital 
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of the intake to blood. No doubt these cases, which 
correspond to a single intake t o  blood, are simpler than 
one will usually find in analyzing data on exposure of 
employees, but you will note that the computer did 
rather well in approxiinating to the correct slope for the 
individual. The results in Fig. 16.8 are the best of many 

400 caws t r d  for different choices of k and the other 
5c parameters used i n  the computer codc 1hc metltud o f  
0 adjustment seeins to do  hest whcn there I <  little 

allowarice for statistical fluctuations of tlre datci and g -50 
[r whcn the valiie of k IS raliier small I'heTe results scern 
L 4 0 0  of lilterest br,duse they demonstrate thc possibility, at 
V I w i t  in these cases of a siigle intake to blood, of lett ing 

tile excreiioil data provtdr the informatioii ilzclled 5 5 0  
coitwi'iitig the dope of the powcr fuiiction used in thc 
I n d e l .  How wrl! the procedurc w!ll work for inore 

- l a 0  complex pnttciits of cxpbsure renid1i:s to be deter- 

LT 

-400 

hl 

0 

- 50 

400 

50 

mined, arld further exploistion G f  case5 .s under w ~ y .  
Evidently, the present s t idy  IS only d first aitciript to 

ccoul l t  
- 50 of individual differenccs, and it is realized that the 

- t M  pieseiii rliethod IS  oidy d demonstration of a 4)11nc1pIe. 
I t  i s  clear that one must have a coilsiderablc dmoiiitt o f  
data befdre ottr c,in I~UIJC tc: apply the iiietliod and t h d t  

c'iscc of multiple expocure may pose mbre difticulties 
than are eiicountered l icrc 

There secni :o be only t w i  c a m  af dL-tunl cmploycc 
exposures where J re.isonable a r n o L n i  o f  excretion ddt.3 
arc avail,ible aiid vdhere dutopsy datj. on the systcii,ic 
burdeli were obr.iulecl Liter. I n  ncithcr c ~ ~ e  did the 
death of the siihjtxt icsult from his expusurc t o  

0 devclop t oinpiter techniques which tn  kc .d - .ill& 
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Fig. 16.8. Fxpeanents of power FUTIC?~QT ht -' for ~ X I X ~ ~ ~ C X I  of 
p\snto-tim?4 (Larpgkm's. @enas). 
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plutonium. When bhe excretion data of these employees 
are analyzed by the methods outlined above, the 
predictions of the systemic body burden agree sur- 
pnsingly well with the estimates based on autopsy 
specmens. The first case, reported by Foreman et ai.,’ 
has been analyzed by these methods and reported 
ptevmusly.6 By all the methods tried, the estimate by 
the computer was higher than that based on autopsy 
specimens, but by a factor of less than 2 .  This 
employee’s exposure to  plutonium w a s  sporadic but 
extended over about 11 years. The second case is 
reported by Lagerquist et al.,7 and the urinary excre- 
tion data extend over about five years. The report 
indicated that the computer estimate was high by about 
a factor of 5. When the methods of analysis discussed 

here are used, the computer estimates are well within a 
factor of 2, and, undoubtedly, this i s  largely due to the 
fact that allowance is made for fluctuations of the data. 

5. H. Foreman, W. Moss, and W. 11. Langharn, “Plutonium 
Accumulation from Long-Term Occupational Exposure,” 
Health Ptiylys. 2(4), 326 (1960). 

6 .  W. S. Snyder, “Major Sources of Error in Interpreting 
Urinalysis Data to Estimate the Body Burden of fuZ3’: A 
Preliminary Study,” lirulfh Pttys. I l(1 I), B 177 (1945). 

7. e. R. Lagerquist et al., “Plutonium Content of  Several 
Internal Organs Following Occupatianal Exposure,” Roceed- 
in@ 13th Annual Bioassay and Analytical Glrrnu’siry Meeting, 
October 12~--13, 1967, Berkeley, Culiforniu, COW-67 1048, y. 

103 (1968). 
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17. D Q S ~  fistinlation St elated eo Peaceful uses OF 

ucaeas Explosives and Other Radionuclide 
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R. E. Moore' 
P. S. Rohwer4 ,' 

E. G. Stmxness" 3 

DEVELOPMENT OF ~A~~~~~~~ SAFETY 
GUlIDES FOR ENVIRONMENTAL RELEASES 

OF RADIOACTIVITY 

previous annual progress report of the Health Physics 
Divisioq6 the formulations for calculating CUEX values 
are detailed, and the generalized model used to quanti- 

P. S. Kohwer 
R. S. Booth 

S. V. Kaye 
E. G. Struxness 

The primary objective of this continuing research is to 
develop a methodology that is reasonable, practical, and 
accurate for assessing radiation exposures of human 
populations via all important exposure modes for 
environmental releases of radioactivity. The approach is 
to develop mathematical simulations of selected envi- 
ronmental systems which can be used as nodules in 
construction of environmental models to  predict the 
fraction of each released radionuclide exposing man as a 
function of time at any given location. One end point 
of the radiological assessment is an  index identified by 
the acronym CUEX, which stands for CUniulative 
Exposure Index. The numerical value of CUEX for a 
specific radionuclide release reflects the magnitude of 
the estimated total dose to individuals or populations 
relative to a selected dose limit. I n  the most recent 

tatively predict radionuclide movement through 
terrestrial food pathways is described. An aquatic food 
pathway model t o  complement the terrestrial model is 
in a preliminary stage of development. 

Comprehensive demonstrations of the CIJEX meth- 
odology are just as important as the modeling re- 
finements within the methodology. A prime area 
for application of CUEX is the assessment of radio- 
nuclide releases from iiuclear power stations. Such 
releases may range from the effluents of normal 
station operation to  a massive radioactivity escape 
via containment breach experienced during a major 
reactor accident. To prepare for a demonstration of 
CUEX in this application, the potential source term 
(radioactivity to  be released) must be characterized in 
detail. A portion of that work has been ~ o r n p l e t e d , ~  
and it is summarized elsewhere in this section of this 
report. 

Methods developed under this activity were used to  
complete radiological sections of  all environmental 

1. Liaison between Environmental Sciences and Wealth . . . . . . . . . . . . . . . . . . .. 

2. Reactor Chemistry Division. 
3. Instrumentation and Controls Division. 
4.  Environmental Sciences Division. 
5 .  Formerly Health Physics Division. Nuclear Power Stations, ORNL-TM-3801 (1972). 

Physics Divisions. 6 .  Health Phys. Div. Annu. Progr. Rep. July 31, 1971, 
ORNL-4720, pp. 24-28. 

7. R. S, Booth, S .  V. Kaye, M. J .  Kelly, and P. S. Rohwer, A 
Compendium of Radionuclides Found in Liquid Effluents of  
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impact si,akxnents (utility-owned nuclear power sta- 
tions) prepared at OKNL, during the time period 
covered by thbs report, for the AEC to meet the 
reyuireinents o f  the Nation;il Environrrieiital Policy Act 
of' IOhC). The  radiolagical assessments utilized site- 
specific population data, meteorological observations 
for each site, hydrologic dilution data, food-chain 
pathway models, etc., to pieedict doses to individuals 
(reins) and population:; (man-rems) out to SO niiles 
f rom cach power station. Participation in the in-depth 
techriical analysis o f  radiological aspects OF riuclear 
power stations and wril.ing o f  environmental impact 
siaternents were valuable tests f o r  the relevarice of 
techniques arid skills developed under this research 
activity. 

~ T ~ ~ ~ ~ A ~ ~ ~ ~  OF NATURAL GAS FROM 
NUCLEARLY STIMULATED WELLS 

C J B a t o n  M J Kelly R E Moore 

Work o n  the c;ashuggy projsct was confined to 
prep.Jratiori of topical reports on Phase I8 and P h m  I I  
dudies(' 'jiid completing the evaluation 01 the tnhuni 
t s x e r  test demibed in the previous report l o  L)ox 
cstimajions related to Project RuIisor~ are still in 

progress Computes programs are being developed to aid 
dose cdlculations dnd plans t o  rni~i i rni~e doses due to 
euposiire t o  combustion products of natural gas rrotn 
rnu 1 t [ple-well field stimulated with nuclear explosives 

Rulisoix Dose Studies 

Doses  rha t  people living in a number of small 
C(i10r;ido communities might receive from the hypo- 
thetical use o f  Kulison gas were calculated in (lie first 
phase o t  ihe Project Kulisoti dose estirnations.l ' 'Two 
gas fransniission systems are located close eoough t.0 the 
Ruliscni well t o  be potential recipients o f  its gas: the 
Rocky Mountain Natural  Gas Company (RMNCC) and 

the Western Slope Gas C o r n p n y ,  Rifle Division 
(WSGG). We assumed that one million cubic fee t  per 
day of dry, CO,-f'reir Kuiison gas wa3 introduced into 
either system operiitjng tinder trormiil (i 970 average) 
conditions. Rulisori podduction testing rertioved d l  bu t  
a small fraction o f  the i rx t iam ciripiaity present i n  the 
dry cavity gas, h i t  we estimated whole-body doses ihat 
would have been received through inlral;~ tion and skin 
absorption if the Kulisijn gas had been used conmier- 

only about  1076 01' the gas used in ccmmaunities served 
by the KMNGC system, ailcl the iiiaxi~rium average dose 
was estimated to be 6 miliirems per year from exposure 
to combustion products f'rorn an unvented kitchen 
range arid refrigerator. 1 n confirmat iozi of results OF the 
Gasbuggy studies, tiotne exposure to  combustion 
products from unvented devices was found to be the 
critical exposure pathway. I n  the two cornmuniiies 
served by the WSGC system that  could hypotiietically 
receive Kulison gas, this source supplied either 36.8 o r  
68.6% o f  the gas used. Because of thc: low gas dilution 
Cact or,  rlie maximum average dose in l-imnes receiving 
the larger amount of Kulisoii gas an t i  having both 
iinvented appliances was 39 niil!ireiiu per yzar. Inhala- 
tion mid skin absorption of tr i t ium dispersed in the 
atmosphere gave doses estimated to ht: le:;:. than 1 inilli- 
rem per year. 

i f  the  gas present in the well in  August 1971, 
foll>witig the well testing program airti a period of 
pressure buildup in the well, had been used under the 
conditiuns described abiive, t h e  tritium whole-body 
(lose would have been 0.03 millirem per year. W d e -  
body doses f rom ' K r  in Kuhsoti g2s were esrimated to 
be about 1 %  of the t r i t ium doses. 

cially instead o f  being flared (burrled). Ridison g.1- L 5 was 

Computer Programs for ~~~i~~~~~~~ and Controlling 
Doses from Niociearly Stimulated Gas 

8. D. 6. Jacobs ei al., TlleorPricirl Evaluaticin of Corrsutner 
Prodiictr jrom Frojcct GosDicgyy -. Fino1 Krport, Phasc I :  
Impac t  of Hypothef fcal Releases of Contaminated Gas in the 
Sun J i m  Basin, ORNL-4646 (September 1971). 

9. I). G.  Jacobs et al. ,  Theorrticd Evali~otion of Consumer 
Prodrri I S  from Projccl Gasbuggy - F'irwl Kepori, Phuse I f :  
Hypotlirrical Expixiires Outside Sari Juan Busin, OKNL4748 
(February 1972). 

10. Health Phys. Div , 4 n n U .  Progr. Rcp. July .?l ,  1971, 
OIENL-4720, p. 23. 

11. C. J .  Barton, K. E. Moore, and S.  R. Hanna, Qrinrter1.y 
Progrrrs Report on Hadioiogird Sufeiy of Pwcefiii Uses of 
Nudeur Explosives: fiypothelicral Ex'lxpusi~res to R d i s m  Gas, 
ORML-TM-3601 (October 1971). 

The Kulisorl dose studies clescribcd ;~'ni>vt., as well x 
the earlier Gasbuggy studies, assurried that gas was 
drawn from a single riuclear!y stiniuia ted well. Larger. 
scale usage requires development of a number of wells, 
with the tritium coni:entraiion in the gar; f r o m  each well 
declining as a function of the volume i i f  gas removed. 
To deaI with this situation, 2.n qua t ion  was derived to  
express ti12 t r i t i um concen.tration in terms of gas 
produced from a single well. Computer progratns based 
o n  Ithis equation were developed t o  calculate the tri t ium 
coiicentrstion in the gas flowing fiom a rriultipk-well 
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field." These programs are designed to aid in sched- 
uling the opening of wells so as to control the tritium 
concentration and tlie tritium doses received by persons 
exposed to gar combustion products. 

One program permits tlie computation of the annual 
whole-body dose received tlirougli inhalation and skin 
absorption of combustion products of gas emitted from 
the stack of a gas-fired electric generating plant. A 
related program will compute the maximum tritium 
concentration in  the gas, averaged over a one-year 
period, which could be burned in such a power plant 
without exceeding a predetermined annual dose that 
people living in tlie vicinity of the plant could receive. 
Efforts to  extend the usefulness of  these computer 
programs and t o  obtain better input data than are 
presently available are continuing. 

Tritium Behavior in a Natural Gas Processing Plant 

The sample analyses required to calculate potential 
doses to the operating personnel of a natural gas 
processing plant using nuclearly stimulated gas, as well 
as tlie distribution of tritium among the various plant 
products, were completed and evaluated, and a final 
report was issued.' The experiment that provided 
these samples, wliicli involved the processing of 40,000 
i t '  ot' Gasbuggy gas mixed with 1.8 million ft3 of field 
gas tlirough a small plant during a 12-tir period, was 
described i n  the previous report.' 

The data obtained indicate that processing of natural 
gas containing tritiated hydrocarbons at levels expected 
t o  prevail in large-scale exploitation of the niiclear-gas- 
stimulation technique will riot present significant prob- 
lems tor plant operating personnel. No evidence of 
tritium exchange between tritiated hydrocarbons and 
the plant processing oil was found. Data on airborne 
tritium provided by atmospheric noistiire samples 
taken during the experiment, extrapolated to large 
plant conditions with conservative assumptions, indi- 
cate that plant workers would receive tritium whole- 
body doses of less than 1 %' of natural background from 
breathing air containing combustion products resulting 

12 .  R .  I<.  Moore and  C.  J .  Barton. Progress Report on 
Radiolo~ical S a f e t y  of Pc,acefirl Uses of. Nuclear Explosions. 
Prelirninarj, .k'quations arid C'omputw Techniqurs for  Estimating 
ar7d C'ontrollin,y Trrtiurn Doscs from Nuclearly Stimulated 
Natltrul (;a$, ORNL-7.12-3755 ( J u n e  1972) .  

13. hZ. J .  Kelly, C. J. Barton, A .  S. Meyer. E. W. Chew, and C. 
R .  Howman. Theoreric,al Evaluation o f  c 'o~zs~~rner Products f rom 
Projei,t Gashuggv ~ Final Report: Tririurn Behavior in a Natural 
(;us Procc'ssing Plarir, ORNL 4775 ( J u l y  1972) .  

from in-plant usage of gas as fuel for compressors, 
boilers, and generators. 

The observed distribution of tritium among plant 
products (gas, butane, propane, and natural gasoline) 
confirmed theoretical calculations of the relative 
amounts of tritium in tlie various separated hydro- 
carbons, lending confidence in ou r  ability to predict the 
quantities of radioactivity in gas and liquid products 
leaving a plant that processes gas from nuclearly 
stimulated wells. 

CHARACTERIZATION OF THE RAQIOACTIVITY IN 

POWER REACTORS 
L.[QUlD EFFLUENTS FROM LIGHT-WATER 

R. S. Booth 
S. V. Kaye 

M.  J .  Kelly 
P. S. Rohwer 

The radioactivity release experience of light-water 
power reactors has been analyzed in a number ofways 
to identify critical aquatic exposure pathways and 
critical radionuclides. The report describing this work' 
is, in effect, a collection in tabular form of various 
indexes of radiological impact which may be useful in 
assessing the environmental impact of radionuclides 
released from power reactors in their liquid effluents. 
Typical release rates under normal operation conditions 
(Ci/year) from both pressurized-water reactors and 
boiling-water reactors were tabulated. A concerted 
effort was made to derive numerical values from 
published ~neasurements and experience, to ensure that 
these values were reasonably conselvative, and to 
document these values with literature citations. Numer- 
ical values selected for environmental parameters are 
published values associated with operating power s ta-  
tions or power stations under construction. 'I'he radio- 
nuclides given consideration in this study are those 
which satisfied several criteria thought to be indicative 
of possible environmental impact. 

The radionuclides were ranked according t o  their dose 
to man by the critical exposlure pathway for several 
environmental half times considering typical release 
rates from the reactor, radioactive half-lives, concentra- 
tion factors from water to aquatic biota and to 
sediments, typical dietary and recreational habits for 
man, and dose rate factors for ingestion and external 
exposure. Tabulations are included listing typical re- 
leases, concentration factors, dose rate factors, concen- 

14. R. S. Booth, S. V .  Kaye, M. J. Kelly, and  P. S.  Rohwer, , l  
Compendium of Radionuclides Found in Liquid E)jluents of 
Nucleur Power Stations, ORNL-TM-3801 (1972). 



tration in water which could result in a certain dose to 
man through selected exposure pathways, and concen- 
trations in water which could result in a certain dose to 
the aquatic biota. Another index provided in the 
report,' the cuncen~ratiori factor from water t o  
various aquatic biota, indicates the importance of 
binaccumulation for each radionuclide on the list in the 
ii~sessnient of its radiological impact. A tabulation of 
dose tale factors for man shows the dose commitment 
to  man per microcurie ingested or per unit concen- 
tration iri the environment. A listing of the concentra- 
tions in water that deliver 5 millirems per year to 
standard man for each radionuclide and several ex- 
posure pathways niay serve as a source of radiological 
significance indices and dose conversion factors. Maxi- 
mum permissible concent rations (MPC), of radio- 
nuclides h t e d  in Table 2 of 10 W K  20 (ref. 15) are 
inadeqiiate indices of radiological significance of liquid 
eflluenl:s, because they do not include considerations 
for all of the applicable exposure pathways. The final 
index, the ranking of the radionuclides for a typical 
environmental situation, is the most comprehensive, 
since it is a calculated dose to  man from a typical 
release rate from the power station. The specific 
considerations included in this index are: 

1 .  the pathways for ingestion (drinking water; eating 
fish, waterfowl, invertebrates), being exposed to 
contaminated sediment, o r  swimming in con- 
txninated water; 

2. the radioactive half-life; 
3 .  the environmental half time (for example, some 

elements have different residence times in freshwater 
systems than in estuaries); 

4. the concentration factors for the various pathways 
mentioned above; 

5. the dose rate factor for inan (millirems pea micro- 
curie ingested or millirems per unit concentration in 
the environment for external exposures); 

6. the expected release rate of the radionuclide from 
the reactor; 

7. the diet.ary and recreational habits of the populaliori 
under study. 

The work provides a standard list of radionuclides 
(see Table 17. I. j which should be considered in esti- 
mating the environmental impact of radioactivity re- 
leased i ] ~  the liquid effluent of current light-water 

15. Title 10, "Atomic Energy," Part 20, "Standards for 
Protection agninst Radiation," Code of Federal Regulations 

power reactors, be the assessment one for a single 
nuclear power station or one for all such stations 
contnbuting t o  the environmental radioactivity in a 
Bven region. 

E ~ I ~ ~ ~ M ~ N T A ~  IMPACT ~~~~~~~~T~ 

D. K. Nelson 

H. H. Abee M. F. FJxr 
M. S. Booth S. V .  Kaye 
T. J .  Burnett M. J. Kelly 
T @.Clark C. D. #err 

P. s. KOllwef 

The rising concern and quest for quality in man's 
environment reached ndl iori,jl status when the United 
States Congress passed t h ~  National Envrronmental 
Policy Act o f  1959 (NEPA). The NEPA iniposed a 
broad scope of environmental responsibility upon 
federal agencies. Although she acceptance of the con- 
cept o f  the NEPA was easy, few foresaw the great 
difficulties that lay ahead for federal agencies in 
implementing it. Not until the federal Appeals Court 
niled on July 23,  1971, involving the Cahert  Cliffs 
nuclear plant on the Maryland shore nf Chesapeake 
Bay, was there any substant i d  beginning to understand 
the intent of Congress in its formulation of the NEPA 
or to fully appreciate the mpact  of judicial enforce- 
ment. 
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Basically, the NEPA requires federal agencies to  
thoroughly review the impact of all projects, t o  weigh 
the costs and benefits of the projects, and to examine 
alternatives to projects. In response to the Calvert Cliffs 
decision, the Atomic Energy Commission revised its 
d e s  for assessing the effects of nuclear power plants on 
the environment with Appendix I) of ‘Title 10, Code of 
Federal Regulations, Part 50 (10 CFR S O )  on Sep- 
tember 9, 1971 [Appendix D .~ lnterini Statement of 
General Policy and Procedure: Implementation of the 
NEP’4 of 1949 (Public Law 91-190)] . I 6  The new rules 
required both the utilities and Coriiriiission staff to 
make a thorough assessment of all effects, not just 
radiological. The primary result of these rules was that 
the AEC would be responsible for evaluating the entire 
environmental impact of nuclear plants, including 
theimal, chemical, biological, etc. 

In general, the comprehensive preparation of detailed 
environmental statements by ORNL was well received 
by the A X .  The assessment of radiological impact to 
man at ORNL, in particular, set the mark after which 
ABC’s detailed environmental. statements are now 
patterned. It was early and generally conceded that 
radiological effects produced by the operation of 
nuclear power plants would be small compared with 
other effects such as thermal impacts. This is especially 
true since both utility applicants and the Commission 
have sought to reduce radioactive effluent emissions to 
“as low as practicable.” The currently used basis for 
what is “as low as practicable” is the proposed rule 
making of Appendix I ,  10 CER SO [Appendix I - 
Numerical Guides for Design Objectives and Limiting 
Conditions for Operaiion to  Meet the Criterion “As 
Low as Practicable” for Radioactive Material in Eight- 
Water-Cooled Nuclear Power Reactor Effluents, June 9: 
197 11 .’ Even though this proposed Appendix 1 is not 
yet law, there have not been any final environmental 
statements for which the assessment did not indicate 
that there was reasonable assurance that the proposed 
numerical guides would be met. Though the estimated 
radiological impacts have been small, the OKNL assess.. 
ments have maintained a thorough? comprehensive, and 
credible approach which is intelligible to both the 
layman and expert. Each nuclear power station was 

16. Title 10, “Atomic Energy,” Part 50, “Licensing of 
Production and lriilization Facilities, Code of Federal Regula- 
tions. 

17. Title 10, “Atomic Energy,” Part 50, ‘‘Licensing of 
Production and Utilization Facilities,” Appendix 1, “Numerical 
Guides for Design Objectives and Limiting Conditions for 
Operation,” Code of fiederal Regulatiom. 

regarded as unique and different from any other 
station. 

One excellent example of how both the layman and 
the expert might be expected to easily understand the 
radiological assessment is given in Fig. 17.1. Mere the 
pathways for external (radiation source outside the 
body) and internal (radiation source inside the body) 
exposures are schematically illustrated. Immersion in 
the gaseous effluent as it is diluted and dispersed could 
lead to external exposure, while the deposition of 
radioactive particulates on the land surface could lead 
to direct external exposure and to  internal exposure by 
the ingestion of food products through various food 
chains. Similarly, swimming in waters in which radio- 
nuclides have been discharged could lead to external 
exposure, while the harvest of fish from or the 
utilization of these waters for drinking, irrigation, or 
food preparation could lead t o  internal exposures. 

The general development of the radiological impact t o  
man assessrnrrii will be briefly given below. 

After a careful study of the nuclear power station and 
its environment, dose estimates are made for all 
significant exposure pathways. Radiation doses, both to  
individuals (in millirems) and the population (in man- 
rems) within 50 rniles, are estimated. The man-rem or 
population dose is the sum of the total body doses to 
all individuals in the population considered. Estimates 
of dose to  the individual are made for total body, liver, 
lungs, kidneys, bone, thyroid, and gastrointestinal tract. 
Where significant, the estimates of dose to  organs other 
than total body are discussed. 

Factors for converting internal radiation exposures to  
dose were obtained with models and data published by 
the International Commission on Radiation Protec- 
tion’ ’ and other recognized authorities.’ These 
models and data have been incorporated in computer 
programs’ ,2 ’ t o  facilitate estimation of dose. Factors 
for converting external radiation exposures to dose 

.. . . . . . . . . . . . ... .. -- . 

18. International Cornmission on Radiological Protection, 
Reco;;imendntions of the International Commission on Radio- 
logicd PnXecrion, ICRP Publication 2, Pergamon, London, 
1959. 

19. G. J .  Hint  and G. L. Brownell, eds., Radiafion Dosimetry, 
Academic, 1956. 

20. W. Doyle Turner, S.  V. Kaye, and P. S. Rohwer, GXREM 
and INREh4 Cottzpiitpr Codes fo r  Esfimaling Radiation Doses to  
Populations from Construction of a Sea-Level Cnml with 
Nucleur Explosives, K-1759 (Sept. 16, 1968). 

21. W. Doyle Turncr, )-he EXREM II Computer Code for 
Estirmting Fxteinal Doses to Populations f rom Construztion of 
a Sea-Level Canal with Nuclear Explosives. CTC-8 (July 21, 
1869). 
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were obtained with a computer cod2 containing models 
adapted from standard texts.’ ,” 

Average annual concentrations of radionuclides con- 
tained in the air and deposited on the ground at 
distances up to  50 miles from the plant site were 
obtained from an atmospheric transport modelZ3 , 2 4  

for which a computer program was developed.25 The 
deposition velocities used in the calculations for the 
noble gases (krypton and xenon), methyl iodide 
(CH, I), elemental iodine ( I2) ,  and particulates were 

___. .. . . . .- 
22. K. 2. Morgan and J .  E. Turner, eds., Principles of 

23. D. H. Slade, ed., Meteorology and Atomic Energy 1968, 

24. W .  M. Culkowski, Sixth Air Cleaning Conference. July 

2 5 .  M. Reeves 111, P. G. Fowler, and K. E. Cower, A 
Computer Code for  Routine AtmorpheFic Release of Short- 
Lived Radioactive Nuclides, ORNk-TM-3613 (in preparation). 

Radiation Protection, Wiley, 1967. 

TID-24190 (July 1968). 

779,1959, r ~ 7 5 9 3 .  

1, and 1 cmlsec, respectively. In this 
model, the reduction of radionuclide concentrations in 
the air at ground level by radioactive decay and 
deposition on the ground is taken into account. 

The concentration of radionuclides in a body of  water 
receiving liquid effluents depends primarily on the 
half-lives of the radionuclides and the effective volume 
of water. The complex nature of most rivers, estuaries, 
and some lakes may lead to  large variations in the 
estimates of radionuclide concentrations in the water, 
on the bottom sedimen?, and in the biota. Careful 
consideration was given to  all the variables so that 
realistic instead of grossly conservative estimates of 
dose were obtained. 

Finally, a summary of individual and populatioii 
doses is given in a dose assessment section. Comparisons 
are made of the estimated doses with the numerical 
guides of proposed Appendix 1 (IO CFW 58) and 
natural background. 



eses, Papers, Publications, and Lectures 

Gerald Alton 
StutSv of Low-Energy Electron Molecule Iriteractions (in preparation). 

Contribution of Nuturd Terrestrial Sources to the Total Radiation Dose to iMun (in preparation). 

Time-Dependcrib VUV Ernisskin of Helium (in preparation). 

Purameters Affecting the Kudiation Induced Thennally Stirmiluted Exoelectron Emission from Cerumic 
Nerylliuin Oxide (August 197 1). 

Srridy of Aromatic Hydrocarbons in Relation to Carcinogenesis, ORNL-TM-26 16 (in preparation). 

7Tie Interaction of Photons ut Rough Dielectric Surfuccs, OWL-TM-3752 (May 1972 j. 

Dissociative Electron Attachnient to Polyatomic Molecules (in preparation). 

A. Hadjiantoniou 
Electron Attachmen( to and Autoionization of Long-Lived Negutive Ions of Pdyutomic i2.loleculf.s (in 
preparation). 

SoJi .&'-Roy Rudies of' tLe Sutellites of Nu, Mg, AI, arid Si urd Ihe Optical Boperties of iclgr) and iblgF,, 
ORNL'TM-3564 (in preparation). 

An E,~periinenlul Study of the Optical and Dielectric Properties of Liquids iii the Vacurrm (August 197 1 ) .  

Electri)tl Capture and Drift in Orgunic Liquids (in preparation). 

Low-Energy Ekctron Attai%ment to Molecules at  High Densities (in preparation). 

Tfireshold-E'lec!rori Excitation und Compound Negative IOFI Forrtia(ion in Polyatumic Molecukes (in 
preparation). 

Some Studies on the Application of Track Etching in Pemmnel Fast Neutron Dosimetry (August 197 1 ). 

Opticd Properties uf Liquid CCI,, C6Hl4, CsNl 2, C6H,  o ,  C6N8, und C6H6 in the Vucuurn Ultruviolet, 

.1. A.  Auxier 

D. M. Bartell 

K. W. erase 

C. E. Easterly 

J. M. Elson 

K. E. Gnans 

W. F .  Hansori 

C. D. Kerr 

Paul D. Kidd 

0. L,. McCvrkJe 

M. N. Pisanias 

M. Sohrabi 

B. L. Sowers 

ORNL-TM-3665 (March 1'972). 

115 



116 

R. B. Vora 
Optical Model Studies of Ion Molecule Interactiorrs (in preparation). 

Mass Anal-ysis of Ions Fortned in Eleclroti Swurm Experiments (in preparation). 

Optical Properties of Potassium, Kubidiurri, and Cesium in the Vacuum Ultraviolet, ORNL-1'M-3649 (March 
1972). 

J .  F. Wilson 

U. S. Whang 

Papers 

E. T. Arakawa 
Experimental Studies of Surface Plasmons, Third International Conference on Vacuum UV Radiation Physics, 
August 30-September 2, 197 I ,  Tokyo, Japan. 

Dose from Monoenergetic Photons Unilaterally Iricident on the Torso of Standurd Reference Man, Health 
Physics Society Annual Mecting, June 12-16, 1972, Las Vegas, Nevada (presented by J. A.  Auxier). 

Dose Estimates for IIypothetical Uses of Rulison Gas, Health Physics Society Meeting, June 1972, Las Vegas, 
Nevada. 

J .  A. Auxier, T. D. Jones, W. S. Snyder, and G. G. Warner 

C. J. Barton, R. E. Moore, and S. R. Hanna 

K. Becker 
New Developments in Solid-State Radiation Dosimetry, First Latin American Conference on Physics in Medicine 
and Radiation Protection, February 28%March 3, 1972, Sao Paulo, Brazil. 

Principles of Personnel Radiation Monitoring, First Latin American Conference on Physics in Medicine and 
Radiation Protection, February 28 -March 3, 1972, Sao Paulo, Brazil. 

Applicutions of lrack Etching in Neutron Dosimetry, American Nucle;ir Society Annual Meeting, June 18 ~ 22, 
19 72,  Las Vegas, Nevada. 

Recent Developnierits in Solid-State Dosimetry, Seminar, IAoratosy for Environmental Studies, New York 
University Medical Center, July 13, 1972, New York. 

Fading Characteristics of Various Filtn and Solid-state Dosimeters in a Warm and Humid C h u t e ,  Health Physics 
Society Annual Meeting, June 12-16, 1972, Las Vegas, Nevada (presented by K. Becker). 

Fading of Solid-state Dosimeters and bilm at  Increased Temperatures and I-lurnidities, Third International 
Conference on Medical Physics, July 30  august 4, 1972, Goteborg, Sweden. 

Tlectroti Impact Ionization Studies of Several Metullocenes, Symposium on Molecular Structure and 
Spectroscopy, June 12 ~ 16, 1972, Columbus, Ohio. 

A Metabolic Model for Magnesium in Man arid Dose Estimates for ' M g ,  Health Physics Society, June 13, ~ 16, 
1972, Las Vegas, Nevada. 

A Reflectometer for Studyitzg Liquid7 in the Vacuum Ultraviolet, American Physical Society, Southeastern 
Section, November 4 -6, 197 1 ,  Columbia, South Carolina. 

K. Becker, J .  S. Nagpal. J. S. Cheka, and M .  Sohrahi 

G. M. Begun and R.  N. Compton 

S. R. Bernard 

R. D. Birkoff, J .  T. Cox, L. K. Painter, and G .  D. Kerr 

A. J .  Braundmeier, Jr. and ti. T. Arakawa 
Radiative Decay of Nonradiative Surface Plasmons in Alumiquni, American Physical Society. Southeastern 
Section, November 4 6,  197 1, Columbia, South Carolina. 



L. G. Christophorou 
Irtiermediete Pkase Studies for Understanding Radiation interaction with Condensed Media: The Electron 
Aftilchinent Pracess, Conference on Elementary Processes in Radiation Chemistry, April 4-7, 1972, Notre 
Dame, Indiana. 

Sca2-tcring (3f Slow Electrons by n-Elmtmn Containing Urganic Molecules, American Physical Society, March 
27-30> 1972, Atlantic City, New Jersey. 

Negative Ion Processes, Conference on Elementary Processes in Radiation Chemistry, April 4-7, 1972, Notre 
Dane,  Indiana. 
olemi-lonizing Collisions, Cordon Research Conference on Dynamics of Molecular Collisions, July 24--- 28, 
1972, Plymouth, New Hampshire. 

Anions Produced by Cesium Collisions with Succinic and Maleic Anhydride, 20th Annual Conference on Mass 
Spectrometry and Allied Topics, June 4-9, 1972, Dallas, Texas. 

Metastuble Negative Ions of C 0 2 ,  American Physical Society, January 3 I---February 3 ,  1972. San Francisco, 
California. 

I.. G. Christophorou, R. P. Blaunstein, and D. Pittman 

I N. CornptoHl 

R. N.  Compton, P. W. Reinhardt, and C .  D. Cooper 

C .  D. Cooper and R. N. Conipton 

C .  D. Cooper, R. N. Compton, and f i .  C. Schweinler 
Dissociative Electron Attuchment to Maleic and Succinic Anhydride, 20th Annual Conference on Mass 
Spectrometry and Allied Topics, June 4-9, 1972, Dallas, Texas. 

Evaluntion of the Poterziid Radiological Impact of Guseous Effluents on Locul Environments, International 
Symposium on Radioecology Applied to the Protection of Man and His Environment, September 7-10, 197 1, 
Rome, Italy. 

&mQUted RBE for Positive u r d  Negative Pions Baed on Radiobiological Data )or Individual Reaction Products, 
HealthYhysics Society, June 12-17, 1972, Las Vegas, Nevada. 

Fluorescence Emission from the Second Excited n-Singlet Sfate of Aromatic Molt?cules in Solution, Radiation 
Research Society, May 14---18, 1972, Portland, Oregon. 

Models of Soluble Gas Retention in the Nusal-Pharyngeal Airways, Health Physics Society, jurie 12.- 16, 19’72. 
Lis Vegas, Nevada. 

B. K. Fish arid J. R. Duncan 
Measurement of Liquid Droplet Emissions )?om Cooling Towers and Process Stacks, Air Pollution Control 
Association, June 18-22, 1972, Miami Beach, Florida. 

Dose to the GL Traci from a Gamma Emitter Present in the Contents - A Cornprison of Threenlodels, Health 
Physics Society, June 12---16, 1972, Las Vegas, Nevada. 

Recent TSEE Dosimetry with Be0 Ceramic Disks., Health Physics Society Annual Meeting, June 12-16? 1972, 
Las Vegas, Nevada {presented by R. B. Gammage). 

Low-Energy Electron Scattering by Polar Molecules, 24th Annual Gaseous Electronics Conference, October 5--8, 
1971, Gainesville, Florida. 

K. E. Cowsex 

J.  Dutraniaois, II. A. Wright, J .  Baarli, R. N. Hamm, A. H. Sullivan, and J. E. Turner 

C .  E. Easterly, E. G. Christophorou, and J.  G. Carter 

B. K. Fish 

M. R. Ford, W. S .  Snyder, and C .  6. Warner 

R. B. Gammage and J .  S. Cheka 

W. R .  Garrett 



118 

F. F. Haywood 
Intercomparison Studies in Accident Dosimetry; Recent Progress and Anticipated Progress, Health Physics 
Society Annual Meeting, June 12- 16, 1972, Las Vegas, Nevada. 

%he Optical and Dielectric Froperties of Glycerin in the Vi~cuum Ultraviolet, American Physical Society, 
Southeastern Section, November 4 - 6 ,  1971, Columbia, South Carolina. 

Estimates of Dose for Infants and Children for a Photon Emitter in the Lungs, Health Physics Society, June 
12-16, 19'72, L.as Vegas, Nevada. 

Dose Distributions from Neutrons Inciderit on a Tissue-Equivalent Phantom, Health Physics Society Annual 
Meeting, June 12~-16, 1972, Las Vegas, Nevada (presented by M. H. Hubbell. Jr.). 

Arz Idealized Approach to Radiation Protection, Health Physics Society Annual Meeting, June 12-16, 1972. Las 
Vegas, Nevada (presented by W. R. Garrett). 

A SelfReplenishing Tritium Target, American Nuclear Society Annual Meeting, June 18-22, 1972, Las Vegas, 
Nevada (presented by J .  E. Jobst). 

The Relationship of Some Work of O W L  to the Studies of ABCC, Atomic Bomb Casualty Commission, 
September 3 ,  197 1, Hiroshima, Japan. 
Dose, LET, and Thermal Neutron Distributions for the Design o f  Dosimeters and Dositneiric Experimenh in a 
Tissue-Equivalent Medium, Health Physics Society Annual Meeting, June 12-16, 1972, Las Vegas, Nevada. 

Experimental Results from Processing Gasbuggy Gas in a Natural Gas Processing Plant, Tritium Symposium. 
August 30-September 2, 197 1, I,as Vegas, Nevada. 

Estimating Regioiial Radiologicul Impacts from the Nuclear Power Industry, Georgia Institute of Technology, 
April 27, 1972, Atlanta, Georgia. 

The Optical and Dielectric Properties of Water in the Vacuum Ultraviolet, American Physical Society, November 
4 ~ 6 ,  197 I ,  Columbia, South Carolina. 

Quasi-Equilibrium Theory of Ionic Fragmentation: Further Considerations, 20th Annual Conference on Mass 
Spectrometry and Allied Topics, June 4-9, 1972, Dallas, Texas. 

Demonstration Repository for Solidified Radioactive Wastes, 16th Annual Meeting of Health Physics Society. 
July 13-14, 19'71, New York. 
Salt Mine Waste Repository, Tenth Annual Region IV Radiological Health Symposium, October 8, 197 1, 
Louisville, Kentucky. 

Electron Attachment to Polyatomic Molecu!es Below I eV; Detennination of Absolute Cross Section Functions 
at Very High Gas Densities, Radiation Research Society, May 14-18, 1972, Portland, Oregon. 

Some Further Studies on the Effect of  Activators on TSEE from Ceramic Be0,Health Physics Society Annual 
Meeting, June 12-16, 1972, Las Vegas, Nevada (presented by J. S. Nagpal). 

J. M .  Weller, R. D. Rirkoff, M. W. Williams, and L. R. Painter 

M. J. C. Hilyer, W. S. Snyder, and G. G.  Warner 

1-1. H. Hubbell, Jr., W. L. Chen, and W. H. Shinpaugh, Jr. 

G .  s. H u n t  

J. E. Jobst, Z .  G. Burson, and F. F. Haywood 

1'. 1). Jones 

M. J .  Kelly, C. J .  Barton, A. S. Meyer, E. W. Chew, andC.  K. Bowman 

G. D. Kerr 

G. 1). Kerr, R. D. Birkoff, M. W. Williams, K. N. Hamm, and L. R. Painter 

C. E. Klots 

W. C. McClain 

D. I,. McCorkle and L. G. Christophorou 

J. S. Nagpal, J .  S. Cheka, R. B. Gammage, and K. Becker 



119 

2). R. Nelson and F. J.  Davis 
~ ~ t e ~ ~ i ~ t ~ o ~ ~  of Electron Transport Coefficients near lhermal Energies in Oxygen, 24 Annual Gaseous 
Eiectronics Conference, October 5-8, 197 1, CamesviUe, Florida. 

~ r e s ~ q o ~ ~ ~ ~ l e c ~ o ~  Excitation and Compound Negative Ion Forrnution in Methane, Etkne ,  and Bopone, 
American Physical Society, December 1-3, 197 1, Atlanta, Georgia. 

C~kuh t ion  of the HPRR Neutron Spectrum for Simulated Nuclear Accident Condrtlons, Health Physics Society 
c$nnu;ia Meeting, June 12- 16, 1972, Las Vegas, Nevada. 

Co&~t ive Electron Resomnces in Solids, US.-Japan Seminar on Wave and Plasma Effects in Solids, September 
8 -10, 197 1, Philadelphia, Pennsylvania. 

Low-Energy Ekctron Penetration in Condensed Matter, Health Physics Society, June 12-16, 4972, Eas Vegas, 
Nevad d. 

Srarfiure Phsmons in Solids, Surface Slate Conference, June 19 21, 1972, Rolla, Missouri. 

Guidance jbr Limiting Linuironrnen&l Releuses of Tritium, Tritium Symposium, August 30-September 2 I 197 1, 
&ab Vega& Nevada. 

Chemical Accelerator for Producing a Neutral Heavy Particle Molecular Beam, American Physical Soclety, 
Southeastern Section, November 4-6, 197 1, Columbia, South Carolina. 

~ u t h ~ ~ a t ~ ~ a ~  Procedures for Estimaling Dose from an Internully Deposited Emitter, Second European Congress 
0 1 1  Radiation Protection, May 3-5, 1972, Budapest, Hungary 
A Method of Interpreting Excretion Data which Allows for Statistical Fluctuations of ihe Datu, Symposium on 
the Assessnienl of Radioactive Organ and Body Burdens. November 22-26, 197 1, Stockholm, Sweden. 

Dose to Individuals of Dil'ferenf Ages from u Semi-Infinite Cloud of Gamma Emitter, Health Physics Society, 
June 12 16, 1972, Las Vegas, Nevada. 

Depth Dose Due to Neutrons as Calculated for a Tissue Phantom and Man, Symposium on Neutron Dosimetry in 
Biology and Medicine, May 15- 19, 1972, Munich, Germany. 

Transmission Measurements on Xhin m a n i c  Liquid Samples in the Vacuum Ultraviolet, Southeastern Section, 
hniericari Phystcal Society, November 4--6, 197 1, Columbia, South Carolina. 

Condmsation Reuctions in Benzene Vapor, 20th Annual Conference o n  Mass Spectrometry and Allied Topics, 
June 4-9, 1972, Dallas, Texas. 

Sorption Phenomena Significunt in Radioactive Waste Disposal, Symposium on Underground Waste Management 
and Envuonmental lmplications Sponsored by American Association of Petroleum Geologists and United States 
Geological Survey, December 6-9, 197 1, Houston, Texas. 

Nuckrar Reaction Duta for Assessing Biological Effectiveness of Negative and Posi~ive Ions, Health Physics 
Socizry, June 12-13, 1972, Pas Vegas. Nevada 

State of the Theory of Delta-Ray Production, Conference 011 Mrcrudosmetry, October 18-22, 197 1, Stresa, 

M N Pisanias, L. C. Christophorou, and J. 6. Carter 

5. w Poston 

R. H. Ritchie 

P. S.  Rohwer, M .  J Kelly, and R. S. Booth 

J. G Skofronrck, 9. P. Aldrrdge, D B. Creene, and R. N. Compton 

W S. Snyder 

W. S. Snyder and L T Ddlman 

W. S. Snyder and T. D. Jones 

B. L. Sowers, K. D. Birkoff, and E. T. Arakawa 

J. A D. Stockdale 

'Tsuneo T'amura 

9. E Turner, R. N. Harnm, J .  Dutrannois, H. A. Wright, A. H. Sullivan, and J. Baarlr 

J. E Turner and C. E. Klots 

Italy. 



120 

@. A. Andrew and 1:. F. Haywood 

E. T. Arakawa and M. W. Wdliams 
“Clinical and Biological Consequences of Nuclear Explosions,” Practiiioner 287 (1239), 33 1-42 ( 1  97 I). 

“Optical Properties of Uranium Mononitride from 0 to ’74 eV,” J. Nucl. Mater. 

“ZI 3-Effect in the Stopping Power of Matter for Charged Particles: Tabular Presentation of the Functions I(t), 
q x ) ,  and F(w)/x,” submitted for publication in Atoornic Data. 

J. C. Ashley and R. II. Ritchie 
“Contribution o f  Surface Losses to the Stopping Power of Matter for Charged Particles,” Phys. Rev. (in press). 

J .  C .  Ashley, R. Et. Ritchie, and Werner Brandt 
“ZI 

J. A. Auxier 
“The Outcry Over Exposure Guidelines,” Nucl. Safety 12,456-60 (197 1). 
Book Review: “Personnel Dosiine try Systems for External Radiation Exposures,” MEA Technical Reports 
Series No. 109, Health Phys. 21, 613--14 (1971). 

Nuclear Weapons Free-Field Environment Recommended for Initial Radiation Shielding Ollculations, ORNL- 
’1’M-3396 (February 1972). 

“The 1971 Tritium Symposium at Las Vegas,” Nucl. Safety 13(3), 225-35 (May--June 1972). 

“Radiological Considerations in the Use of Natural Gas from Nuclearly Stimulated Wells,” Nucl. Techno!, 11, 

411,91-95 (1971). 

J. C. Ashley, V. E. Anderson, R. H. Ritchie, and Werner Rrandt 

Effect in the Stopping Power of Charged Particles in Matter,”Phys. Rev. B 5, 2393 97  (1972). 

J. A. Auxier, Z. G. Burson, R. L. French, F. F. Haywood, L. G. Mooney, and E. A. Straker 

C. J .  Barton, 11. M. Butler, R. B. Cumming, and P. S. Rohwer 

C. J .  Barton, D. G. Jacobs, M. J. Kelly, and E. G. Struxness 

335-44 (July 1971). 

C. J. Barton, R. E. Moore, and S. R. Hanna 
Quarterly Progress Report on Radiological Safety of Peaceful Uses of Nuclear Explosives: Hypothetical 
Exposures to Rulison Gas, ORNL-TM-3601 (October 1971). 

“Application of the Track Etching Process in Radiation Protection,” p. V3 in Proceedings of International 
Topical Conference on Nuclear Track Registration in Insulating Soli& May 6-9, 1969, Clerrnont-Ferrand, 
France, 1969. 

Report of Trip to Europe During Period October 5, 1971 - October 23, 1971, O W L - C F  71-1 1-36 (November 
24. 1971). 

Health Physics and Dosimetry in Taiwan, IAEA Report t o  the Government of the Republic of China (197 1). 

Health Physics in Brazil, IAEA Report to the Government of Brazil (1972). 

Book Review: ‘The Photographic Action of Ionizing Radiation in Dosimetry and Medical, Industrial, Neutron, 
Auto- and Microradiography,” R. H. Hem, Wiley, 1969, Rev. Sci. Inshum. 42, 1096 (1971). 
““Personnel Neutron Dosimetry Research at ORNE” in Proceedings of the Second AEC Workshop on Fersonnel 
Neutron Dosimetry, July 8 and 9, 1971, New York ( to  be published). 
“New Developments in Solid-state Dosimetry,” in Proceedings of the First Latiti American Conference on 
Physics in Medicine and Radiotion Protection, February 28 to March 3, 1972, Sao Paulo, BraLil (to be 
pablished). 

‘Stimulated Exoelectron Emission frorn the Surface of Insulating Solids,” Crit. Rev. Solid State Sci. 3( l) ,  

“Dosimetric Applications of Track Etching,” in Progress in Radiation Dosimetry, ed. by F. H. Attix (in 
publication). 

K. Becker 

39 - -8 1 ( 1972). 



1121 

‘The Futurc of Personnel Dosimetry,” to be published in Health Physics. 

“Progress in Luminescence Dosimetry,” t o  be published in Science. 

“Environnieiital Monitoring wtp1 TED,” to be published in iVuclear Instruments atid Methods. 

“New Exoelect-on ]Dosimeters,” pp. 25-36 in &oceedings of a Symposium on New Developments in Physical 
aamd Bmlo,qcul Radicrtion Detectors, November 23 through 27, 19 70, Vienna, Austria, IIAEA-SM- 143137, 
STI/PUB/269, Vienna, 197 1. 

“’Progress in Exoelectron l)osinietry,” pp, 318 54 it1 Proceedings of the Third International Symposium on 
f<xotabectruns, h d y  6 thm 8, 1970, Braunschweig, Germany (W), PTB-Mitteilungen 80, Nr5, 1970. 

“Exoelectron Emission and Surface Characteristics of Lunar Miiterials,” vol. 3, pp. 2057-67 in Ppoceedings of 
the Second Lunar Science Coflference, J‘nwry 11 to 14, 19 71, Houston, Texas, M.I.T. Press, 197 1. 

“Recent Atlvarices in TSEE Dosimetry and Its Potentials in Miciodosimetry,” pp. 675-95 in Proceedings u f the  
Third Symposium on Microdosimetry, October 18 to 22, 1971, Stresa, Italy, EUR 4810 d-f-e, 1972. 

“Envircmnental and Personnel Dosimetry in Tmpical Countxies,” part 111, p. 960 in Proceedings of the Third 
International Confirerice uti Luminescence Dosimetry, October 1 I to 14, 1971, RisQ, Denmark, Riso Report 
No. 249, Danish AEC, 1971. 

“Estimates of Microcurie-Days Residence, Bone Dose Equivalent, and (MPC), for Thorium-232 in Man Using a 
Mammillary Model,” to be published in lille Bulletin ofhfathemtrcul Biophysics. 

“On hdolecular Parameters of Physical, Chenlical, and Biologcal Interest,’> R d k t .  Res. Rev. 3,69-  118 (1971). 

“’Dytiaanics of the Forage-Cow-Milk Pathway for Transfer of Radioactive Iodine, Strontium, and Cesium to 
Man,” Proceedings of American Nuclear Society Topical Meeting on Nuclear Methods in Environmental 
Research Columbia, Missouri, August 22- 2-5, 1971 (in press). 

A k2.eliniirmr-y Systems Analysis Model 0)‘ Radioactivity Transfer to Man from Deposition in R Terrestrial 
Environment, ORNE-TM-3 135 (October 1971). 

‘“Radration Decay of Surface Plasmons from AI,” Phys. Rev. (in press). 

“14 MeV Neutron Irradiation of Swine,” to be published in Health Physics. 

‘“lliiilateral and Bilaterd Exposure o f  Swine to Fission Neutrons,”Hedth Phys. 21, 537 45 (11971). 

“Electron A ttschnient to Aliphatic Hydrocarbons of the Form n-CN H, N+ Br (Id = 1 to 6,8 and 10). Part 1 : An 
Electron Swarm Study,”J  Chem. Plzys. 54,4691 -4705 (1971). 

A towtic and Moleculur Raduktiun Physics, Wiley, Sussex, England, 19 7 1. 
“‘llntertnediate Phase Studies for Understanding Radiation Interaction with Condensed Media: The Electron 
Attachment Process,” submitted for publication in the Journal of Chemical Physics. 

“Recent Studies on Electron Attachment,” in Proceedings. llihird Tihany Conference on Radiation Chemislry (in 
press). 

M. Becker, J. S. Cheka, K.  W. Crase, and R. B. Gammage 

K. Becker, 9. S .  Cheka, and R. R. G a m a g e  

K. Becker and R. B. Cammage 

K. Becker, R. B. Cammage, K. W. Cxase, and J. S. Cheka 

K.  Becker, Rosa HongWei Lu, and Pao-Shan Weng 

S .  R. Bernard 

R. P. Blaunstein and L. C .  Christoptiorou 

R. S Booth, 0. W. Burke, and S. V. Kaye 

R. S Booth and S .  V. Kaye 

A. J. Rraundmeier, Jr., M. W. Williams, E. T. Ardkdwa, and R. H. Ritchie 

D G Brown and F. F. Haywood 

D. C .  Brown, D. F Johnson, and J. A. Auxier 

A A. Ctiiistodoulides and L. G. Christophorou 



122 

L. G. Christophorou and R. P. Blaimstein 

L. G. Christophorou, J .  C. Carter, E. L. Chaney, and P. M. Collins 
“Electron Attachment in Gases and Liquids,” Chem Phys. Lett. 12, 173-79 (1971). 

“Long-Lived Parent Negative Ions Formed by Capture of Low-Energy Electrons (0 to  3 eV) in the Field of the 
Ground and Excited Electronic States of Organic Molecules, in Advances in Radiation Research (Diiplan and 
Chapiro, eds.), Gordon and Breach, 1972 (in press). 

“Electron Attachment to Aliphatic Hydrocarbons of the Form n-CNHZN+l Br (N = 2-6, and 8). 11. A Swarm- 
Beam Study,” J. Chern. Phys. 54, 4706--~,l4 (1971). 

“Swarm-Determined Electron Attachment Cross Sections as a Function of Electron Energy,” J. Phys. B: At.  
Mol. Phys. 4, 1163--72 (1971). 

‘*Metastable Anions of C 0 2  ,” t o  be published in Chemical Physics Letters. 

Parameters Affecting the Radiation-Induced Thermally Stimuiated Emelectron Erpiission from Ceramic 
Rer,w;vNiurn Oxide, OKNL-TM-3572 (November 197 1). 

‘‘High Dose-Level Response of Ceramic BeO,” Health Phys. 22,402--405 (1972). 

Radiological Safety Evaluations Related to Planned and Unplanned Releases of Radioactive Materials Into the 
Natural Environment, a report by Committee 4 of the International Cornmission on Radiological Protection, 
Oslo, Norway, June 19 -22, 1972. 

“Radiochemical Analysis of 

L. (3. Christophorou, J. G. Carter, P. M. Collins, and A. A. Chsistodoulides 

1,. G. Christophorou, D. L. McCorkle, and V. E. Anderson 

C. D. Cooper and R. N. Compton 

M. W. Crase, K. Beckcr, and R. B. Gaminage 

K. W. Crase, R. G. Gammage, and K. Becker 

I - I .  3 .  Dunster and E. G. Struxness 

J. L,. Durham, E. I<. Fish, Jack Wagman, and F. 6. Seeley 
SOz Adsorbed on PbOz ,” Anal. Lett. (July 1972). 

J. R. Dutrannois, R. N. IIamm, J. E. Turner, and H. A. Wright 
“‘Analysis of Energy Deposition in Water Around the Site of Capture of a Negative Pion by an Oxygen or Carbon 
Nucleus,” submitted for publication in Physics of Medicine and Biology. 

“Photon Interactions a t  a Rough Metal Surface,”Phys. Rev. R 4, 4129 - 38 (1971). 

“The Damping Rate of Plasma Waves in Condensed Matter,”Surfuce Sci 30, 178-84 (1972). 

“Automatic Data Processing Using Tape Cassettes,” submitted for publication in fiogrummer. 

“Electron Slowing-Down Spectrum in Irradiated Silicon,” submitted for publication in The Physical Review. 

“Electrical Generation of Natural Aerosols from Vegetation,” Science 175, 1239 (1972). 

“Diffusion Coefficient of SO2 in Air,” Environ. Lett. 2(1), 13 (1971). 

“A Rapid and Simple Procedure Using * ’Sr for Determining Cation Exchange Capacities of Soils and Clays,” 
SoilSci. 112(1), 17-21 (1971). 

“Search for Exoelectrons in Apollo 12 Materials,” Earth Planet Sci. Lett. 12, 155---58 (1971). 

J. M. Elson and R. 1-1. Kitchie 

L. C. Emerson 

I,. C. Emerson, R. D. Birkhoff, Y. E. Anderson, and R. H. Ritchie 

R .  R. Fkh 

8. I<. Fish and J .  I.,. Durham 

C. W. Francis and D. F. Grigal 

R. R.  Gammage and K. Wecker 



R. B. Gammagee, K Beckei, K. 
“Chenzically ~ F herinally an tion-Induced Changes in the TSEE Gliatacteristics of Ceramic BeQ,” part 11, p. 
573 in Bo,ce&ngs of the Thwd /nterwtional Conference on Luminescence Dosimetry, October I I t h  14, 
lV71, Rim, Denmark, RISO Report No. 249, 1971. 

se, and A. Moreno y Moreno 

R. 83. Gmmage, K 

w. R Garrett 

C a s e ,  and K. Bccker 
ctivator m Exwlectron Emission from BeO,” Heaith Phys. 22, 56 63 (1972) 

“QAw-Crargy Electi on Scattering by Polar Molecules,” submitted for publication in Moleculuv Physics 

“Re-euminalion dScatterieig by a Pair of Fixed Dipolar Charges,” Bhys. Rev. A 4, 2229 -35 (3971). 

V d u m e  PBasmon Energy of Mg from Photoelectric Measurements,” fiys.  Lett 364, 79-80 (197 1 ). 

“Slaw Electrons from ESeotron Impact Ionization of He, Ne, and Ar,” submitted for publica tion in The Physkal 
Keview. 

“Nigh Eriesgy X-Ray Satellites of the 

T. F Cesell arid E. ‘H. Arakawa 

9 ‘9’ Grissom, R. hi. Compton, and W. R. Garrett 

. F tiarcson and Pl. F. Arakawa 
Emission Bands of Na, Mg, Al, and Si,” Z. Physik 251, 278-88. 

(1 972) 
W- F. Haanson, E. T. Araka 

’“Optical Properties of 
nd M. W. Williams 
and MgFz m the Extreme Ultraviolet Regmn,”J Appl. Rhp. (in press). 

w: “Nuclear Accident Dosimetry Systems,” IAEA, Vienna, STI/PU8/24l, 1970, Heltith Phyr. 28. 

‘‘High Yield, Long-Lived Tritium Targets,” Confererice Proceedings for the 147 1 Particle Accelerator 
Conference, March 1 3 ,  1971, Chicago, Xllinois, 
“‘Intercomparison Studies in Nuclear Accident Dosimetry at Oak Ridge National Laboratory,” News Section, 
Heulth Phys. 22,305 (1972). 
I 9 7V h i  ~ ~ p . ~ . # ~ ~ ? u ~ ~ ~ ~ ~  of Nuclear Accrdeut Dosimetry Systems at the Qak Ridge Nutbnal Laboratory, 
QRNL-TM-3551 (February 1972). 

A ~ e l , ~ - ~ ~ ~ p l ~ r i ~ s ~ i n ~  Tritium Target for Neutson Generators, 8RNtTM-3397 (June 197%). 

tow Energy X-Ray Spectrometry, CF-72-3-23 (March 15, 1972). 

Second MEA Nuclear Accident llosirnetry Cmrdination Meeting und Ir~tPrcnmprmrisson bxpwirnent, Ma-v l? - 1.5, 
IY71, ORNk TM-3770 (in publication). 

Book Revww “Radiation Dosimetry: X Rays Generated at PoPentlals o f 5  to 150 kV,” ICRU h p o t t  17.ffealth 

. Hubbell, Jr T. D. Jones, and J. S. Cheka 
I’he Epicenrm o f  the Atomic Bombs iii Japan, Pert II. Reevahrion of call Available Datu end Qup. 
~ c e ~ m ~ e ~ d e ~ ~  Vakm, AFBCC-TR 3-69 (1 972). 

Book Review “Rddiation Protection Instrumentation and Its Application,” ICRU Report 20. Nucl. Sgjety 

721 22g1971) 

Trans. Nucl. Sci. NS-8(3) (June 1971)~ 

F, F Hay wood, Z G.  Burson, and H. E. Hanta 

F. F. Haywood, P. T. Perdue, and J. €3. Thorngate 

F. F. Hay wood and J .  W. Posion 

11. FI. Hubbell, Jr 

Phys. 211,341 (1971) 

(2. s Hulst 

13(3,, 261 (1972) 

D G. Jdcobs 
'‘Tritium," pp. 423 25 in ~ ~ ~ ~ r ~ ~ - ~ i l ~  VeurhooX of Science a i d  Technology, McCraw-Hill. New York, 197 1. 



124 

D. G. Jacobs, C. J .  Barton, C. R. Bowman,G. R. Briggs, W .  M.Culkowski. 
M. J .  Kelly, P. S. Rohwer, and E. G. Struxness 

Theoretical Evaluation of Consumer Products from Project Gasbuggy, Final Report, Phase I: Impact of 
Hypothetical Releases of Contaminated Gas in the San Juan Basin, ORNL-4646 (Seat. 197 1). 

D. G. Jacobs, C. J. Barton, C. R. Bowman, S. R. Hanna, M. J. Kelly, W. M. Culkowski, and F. A. Gifford, Jr. 
Theoreticgl Evaluation of Consumer Products from Project Gasbuggy - F i n d  Report, Phase I/: Hypothetical 
Popribtion Exposures Outside San Juan Basin, QRNL-47/18 (February 1972). 

“Radiological Safety Considerations in the Distribution of Natural Gas That Contains Radionuclides,” pp. 
3 19-39 in Peaceful Nuclear Explosions II, International Atomic Energy Agency, Vienna, Austria, 197 1. 

“Consideration of the Radiological Impact from the Hypothetical Use of Contaminated Natural Gas from 
Nuclearly Stimulated Reservoirs,” EIealrh Phys. 22,429--.-40 (May 1972). 

“Dose and LET in a Rabbit and a Rat,” HealthPhys. 21,553-62 (1971). 

Report o f  Trip to .Japan DuringPeriod August 13 thm September 25, 1971, CF-71-10-17 (October 18, 1971). 

Ijealth fhysics Division ~ Oak Ridge National LaboPatory and A toniic Bomb Casualty Commission Liaison pool 
Activities, Period .4ugust 13 thm September 25, 1971 (in preparation). 
“Solid Geometry vs. Plane Geometry for ” ‘Cf Sources,” to be published in Health Physics. 

T. D. Jones and J .  A. Auxier 
“Absorbed Dose and Linear Energy ‘Transfer Distributions from Therapeutic Sources of ” ’Cf,” Phys. Med. 
Biol. 17,206---17 (1972). 
“Local Dose from Neutron Produced Recoil Ions in the Region of a Therapeutic ” ‘Cf Needle.” t o  be published 
in Radiology. 

“Dose to Standard Reference Man from External Sources of Monoenergetic Photons.” to be published in Health 
Physics. 

“Absorbed Dose, Dose Equivalent. and LET Distributions in Cylindrical Phantoms Irradiated by a Collimated 
Beam of Monoenergetic Neutrons,” Health Phys. 21 ~ 253--72 (197 1 ) .  

D. G. Jacobs and E. 6;. Struxness 

D. G.  Jacobs, E. G. Stiuxness, M. J. Kelly, and C. R. Bowman 

T. D. Jones 

T. D. Jones, J. S. Auxier, W. S .  Snyder, and G .  G. Warner 

1’. D. Sones, W. S. Snyder, and J .  A .  Auxier 

S. V. Kayc, R. S. Booth, P.  S. Rohwer, and E.  G .  Struxness 
“A Cumulative Index (CUEX) for Assessing Environmental Releases of Radioactivity,” Proceedings of 
international Symposium 011 Radioecology Applied to the Protection o f Man and His Environnzent, Rome, Italy, 
September 7--10, 1971 (in press). 

ha. J .  Kelly, C. J .  Barton, A. S. Meyer, E. W. Chew, and C. R. Bowman 
Theoretical Evaluation of Consumer Products from hoject Gasbuggy -~ Final Report: Tritium Behavior in a 
Natural Gas Processkg Plant, ORNL-4775 (July 1972). 

“A Reflectometer for Studying Liquids in the Vacuum Ultraviolet,”Rev. Sci. InstrurrL 42, 1418-22 (1971). 

Health Physics and Safety Guidelines for the DQSAR Facility, OWL-TM-198 1 (Revision I )  (April 1972). 

“Optical Properties of Some Silicone Diffusion-Pump Oils in the Vacuum Ultraviolet - Using an Open-Dish 
Techniyue,”J. App6. Phys. 42, 4258--61 (1971). 

G. D. Kerr, J .  T. Cox, L. R. Painter, and Ih. D. Birkhoff 

G. D. Kerr, J .  W. Poston, and E. M. Robinson 

G. D. Kerr, M. W. Williams, R. 14. Birkhoff, and L. R. Painter 



125 

C E Klots 
“Comparison of Photoabsorption and Resonance Energy Tiansfer Processes,” in Advances in Radiatlon Research 
(Duplan m d  Chapko, eds.), Gordon and Bre?ch, 1972 (in press). 

‘‘Ionic Fragmentation through Ceritrifugal Barriers,” Chem Phyd.r. Lett. 10,422-23 (197 1).  
“Photosensitized Ionization of Molecules by Argon. Comparison with the Photoionization Mechanism,” J. 
f‘hew4. hmys. 56, 124 31 (19‘72) 

“Quasi-Eqaiiiibrium Them); of ionic Fragmentation. Further Considerations,” 2. Naturfhch. 27A, 553 (1972). 

“Monte Carlo Investigation of the lmprisonment of Resonance Radiation. The Doppler-Broadened Line,” .l 
Chem Phys. 56, 120 24(1972). 

“Low-Energy 
publicanon in the ,8ourmZ of’Phyiics B 

&ogress H ~ p o r t  on Radiological SaJi?ty of  Peaceful Uses of Muclear Explosives. I’rdiminury E4uutions and 
fii,,wputer Techniques for 1%6imring upid Controlling Tritium Doses from Nuclearly Stirnulared Natural Gas, 
ORNI.,-Th3-3755 (June 197 I). 

Further Studies on TSEE Activators in BeO, QRNL-TM-3668 (March 1972). 

“’Radioactivity from Possible Accidents,” Chap, 2 in N i d e a r  Power aizd the Environment, WHO/IAU Booklet 
on thc Envlrotrrnental Aspects of Nuclear Power Production, January 1972. 

“‘Public Health and Envuonmental Aspects of Nuclear Power Production,” Chap. 5 in Nuclear Power and the 
Enwiranmenf, WHOIIAEA Booklet on the Environmental Aspects of Nuclear Power Production, January 1972. 

G E Klors and V. E. Andersor 

D. k. McC‘Q~M~, L. C. Chnstophorou, and V. E. Anderson 
(21 eV) Electron At td i rnent  to Molecules at Very High Gas Densities. O?,” Submitted for 

R. b Moore and C. J.  Barton 

A. Moreno y Moreno, ji. S. Cheka, J. S .  Nagpal, R. B. Gammage, and K. Becker 

K ,Z Moigan 

K Z. Moi gan and J .  E. Turner 

W. T Naff, R. N Cornpton, and C .  D. Couper 
ea1 111 Physics,” to  be published in American Institute of Physics Handbook. 

“Elecl ion Attachment and Excitation Processes in Selected Carbonyl Compounds,” submitted for publication in 
the Journal of Chemical Physics 

“Cesium Charge Exchange,” subrmtted for publication in the Journal offchemical Physicr. 

‘Thermal and Near Thermal Electron Transport Coefficients in Q Z  Determined with a Time-of-Flight Swarm 
Expernmen t Using a Drift-Dwell-Drift Technique,” submitted for publication 111 the Jourml of Chermcal Physics 

“Analysis of Time-of-Flight Data from a Pulsed-Field Electron S w a m  Experiment,” OKNL-‘I‘M-3742 (in 
preparation). 

“Absorbed Dose and Tissue Dose,” to be published in Health Physics. 
“‘Dose Equivalent Index,” to be published in Health Physics. 

“Dosimetric Field Quantitics in Health Physics,”Nealth Phys. 21, 97-104 (1971). 

“Metrthgy in Health Plzysics and the lCRU,”Hmlth Phys. 21, 715 18 (1971) 
“Reply to Comments on ‘Radiation Quantities and their Significance in Health Physics - Parts 1 and 2’;’Health 

”’Whdt is Energy 1mparted’”Health HZ~VS. 21,317 21 (1971). 

S J Nalley, R. N Cornpton, and f l  C .  Schweirder 

D R. Nelson and F. J .  Davis 

D. R. Nelson, F. J Davis, and Y. E. Anderson 

J. Neufeld 

P ~ Y S  22,416-17 (1972). 



1% 

J. Neufeld and I-larvel Wright 

J .  E. Parks, G. S. Hurst, T. E. Stewart, arid M. L. Weidner 

“‘Radiation Levels and Fluence Conversion Factors,” Health Phys. (in press). 

“Ionization of Noble Gases by Protons: Jesse Effects as a Function of Pressure,” to be published in The Physical 
Review. 

P. T. Perdue 
“Hazards of lrradiated Liquid Nitrogen - - A Brief Bibliography,”Health Phys. 23, 117 (1972). 

P. T. Perdue and J. H. Thorngate 
A Paper Tape to Typewriter Translator that Suppresses hignificunt Zeros9 OWL-TM-3692 (March 1972). 

M. N. Pisanias, L. G .  Christophorou, and J .  G. Carter 
“Compound Negative Ion Resonances and ‘Threshold-Electron Excitation Spectra of Quinoline and 
Isoquinoline,” Chem. Phys. Lett. (in press). 

“A Detector for the Measurement of Dose Distributions at a Bone-Tissue Interface,” pp. 299---3 10 in Advances 
in Physical and Biological Radiation Detectors, Vienna, 197 1, IAEA-SM- 143136. 

Book Review: “Protection Against Neutron Radiation,” NCRP Report No. 38, 1971, Nucl. Safety 12(4), 337 
(July-August 137 1). 
Book Review: “Health Physics Aspects of Nuclear Facility Siting, Proceedings of the Fifth Annual Health 
Physics Society, Midyear Topical Symposium,” 1970, to be published in Hmfth Physics. 

Report of Trip to Sa0 Paub, Brazil, Sept‘ember 2-~ 25, X971, ORNL-CF-71-11-38 (November 29, 1971). 

“Electron Slowing-Down-Cascade Spectra in Solids,” Nucl. Sci. NsP18(6), 141-49 (197 1). 
“Plasmons in Solids,” in Proceedings N.4 TO Advunced Study institute (in press). 

“Surface Plasmons and the Image Force in Metals,” Phys. Lett. 38A, 189---90 (1972) 

“Responding to  Public Concern Over Man-Made Radioactivity in the Environment,” Tmns. Amev. Nucl. Soc. 
15( l),  545---46 (June 1972). 
‘‘IAEA-VJI~O Symposium on Handling of Radiation Accidents,” Nucl. Safety 12(4), 338---48 (July-August 
1971). 

P. S. Rohwer and E. G. Struxness 
“Development of Kadiation Safety Indices for Environmental Releases of Radioactivity,” submitted for 
publication in Health Physics. 

“Nuclear Safety at Geneva: A Review of the Nuclear Safety Aspects of the Fourth Geneva Conference,” Nucl. 
Safety 13(3), 1 9 8 . 9 9  (1972). 

ha. Sohrabi and K. Becker 
Some Studies on the Application of Track Etching in Personnel Fast Neutron Dosimerry, ORNL‘TM-3605 
(December 1971). 
“Fast Neutron Personnel Monitoring by Fission Fragment Registration from * 7Np,” to be published in Nuclear 
Insfmments und Methods. 

J .  W. Poston 

R. H. Ritchie 

P. S. Rohwer 

W. S. Snyder 

B. L. Sowers, R. D. Birlo’loff, and E. T. Arakawa 
“Optical Properties of Liquid Carbon Tetrachloride, n-Hexane, and Cyclohexane in the Vacuum Ultraviolet.” 

“Optical Absorption of Liquid Water in the Vacuum Ultraviolet,” submitted for publication in the Journal of 
Chemirml Physics. 



B. L. Sowers, M. W. Willims, R N. H a m ,  and E. T. Arakawa 
“Opticd Properties of Some Silicon Diffusion Pump oils in the Vacuum Ultmviolet, Using a Closed Cell 
Technique," j4 Appl Rhys 42,4252 57 (197!) 
“Clpticd Frcprties of CC?, , C6 HI 4, arid C6 H, in the Vacuum Ultraviolet,” submitted for publication in the 
Jourmd t )$ Cherru’cirl ?hysici 

T. E. S tewitst, C. S. I-iurst, J .  E. Parks, and D. M. Bnrtell 
“Va imm Ultraviolet Emission from Proton Excited Helium Cas,” Phys. R 0 . A  3, 19Q1 97 (1971). 

J A. Stockdale, n. R. Nelson, F. d. 
“ S  tiidle5 of Electron Impact Excitation, Negarrve [on Formation, and Negative Ion-Molecule Reactions in Boron 

avis, and R. N. Coinpton 

uoxide and Boron Trictdoride,”’J. Chem Phys. 56, 3336-41 (1372). 

ctrmneter and the Measurement of the Neutron Spectmm froin the Health Pl~ysics 
Keseaich Reactor between 50 keV and 450 keV,”Heulth Phys. 21,441 -48 (1971). 

‘“‘rime-Dependent Study of Vacuum-Ultraviolet Emission in Argon,” Phys. Rev.A 5, 11 10-21 (1972). 

Book Review: “Neutron Capture Gamma Kay Spectroscopy, Proceedings of the International Symposium on 
Neutron Capture Gamrna Kay Spectroscopy, Studsvik, August i 1 tkru 15, 1969,” IAEA, Vienna, 1969, Health 
Phys 21,482 83 (1971). 
Book Review: ‘“Gamma-Kay Spectrometry of Rocks,” Elsevier Publishing Company, New “dork, 1970, biealth 

Book Review ““Advances in Physical and Biological Radiation Detectors, Proceedings of a Symposium, Vienna, 
November 23  27, I V O , ”  MEA, Vienna, 1971, to be published io Health Physics. 

An Intervul l;.mer DeJigncdf’r Use Duritig Imdiatiotis a t  the Heulth Physics Restarch Keuctor, OWL-TM-d 559 
(Revision 1) (June 1972). 

J .  W. Thorngate and P T. Perdue 
‘‘A Stable Pulsed Light Source Using Low-Cost Light Emitting Diodes,’’ to be published in Nuclear Znstmrne~zls 
and Merhitds. 

N. Thonn;ird and G S .  Hurst 

J FJ. Thorngate 

Phys 22,420 (1972). 

Thorngate aid C. P Littleton 

3. E. Turner 
Book Review: “Current Topics in Wadlation Research,” M. Ebert and A. I-loward, eds , ,4merican Elsevier 
Publishing Cu., lac., 1970, Hedrh Phys. 21,483-84 (1971). 

tcrodosimetry” (Third Symposium on Microdometry - Report prepared by J .  E. Turner), Health Phys. 22, 
42 L 23 (1972). 

“Meaning and Assessnxent uf Radialion Quality for Radiation Protection,” i n  Biophysicul Aspecfs of Radiation 
Qtulity, Intertialiorial Atomic Energy Agency IA.EASM-I45/3, Vienna, 1971. 
“Review of ICRU Report 19, Radiation Quantities and Units,” N u d  Safety 13, 135 (1972). 

9. E. Turner, J. Dutrannois, W. A. Wright, R. N. Ham, J .  Baarli, A. H. Sullivan, ha. J. Beeger, and S. M. Seltier 
‘The Computation of Pmn Depth-Dose Cutves in Water and Comparison with  experiment,'^ submitted for 
publication in Radiation Revswrch. 

J. E. Turner and 4:. E. Klots: 
“’Stalus of Zhe Theory of Delta-Ray Production,” pp- 31---69 in I4meeding.s Third Symposium on 
~ ~ ~ r 4 ~ ~ o ~ ~ ~ e t ~ y ,  EU 481a-d-f-e, 1972. 



128 

IJ. S .  Whang, E. ‘Y. Arakawa, and T. A. Callcott 
“Optical Properties of Cs for Photons of Energy 3.6 to 9.6 eV,” J. Opt. SOC. Amer. 51,740-45 (1971). 

“Optical Properties of K between 4 and 10.7 eV and Cornparison with Na, Rb, and Cs,” submitted to Physical 
Review. 

“Optical Properties o f  Rb for Photons of Energy 3.3 to 10.5 eV,”Phys. Rev. B 5, 21 18-24 (1972). 

Pa W. Williams and E. T. Arakawa 
“Optical Properties of Glassy Carbon from 0 to 82  eV,” submitted for publication in the Jourrwl of Applied 
Physics. 

“‘On the Differentiability of Arbitrary Real-valued Set Functions-11,” Trans. Amer. MQth. SOC. 161, 11 1-22 
(1971). 

Harvel Wright and W. S. Snyder 

Lectures 
C. J. Barton 

Dose Estimates for Nuclearly Stitnuluted Natural Gas, Ten-Week Health Physics Course of the Oak Ridge 
Associated Universities, June 3, 1972, Oak Ridge, Tennessee. 
Safe Handling of  Trithni and carbon-14 in the Laboratory, Seminar at Gulf Research and Development 
Laboratory, February 7, 197 1, Merriam, Kansas. 

Recent Progress in Solid-State Dosimetry. National Atomic Research Center, July 1, 1971, Seoul, South Korea. 

Advances in Exoelectron Research, University o f  Osaka, July 2, 1971, Osaka, Japan. 

Progress in Solid-State Dosimetry, Japan Radioisotope Society, July 3, 197 1, ‘Tokyo, Japan. 
Dosimetric Applications of Track Etching, Institute of Biophysics, Federal University of Rio de Janeiro, 
February 17, 1972, Kio de Janeiro, Brazil. 

Thermoluminescence and Exoelcctron Emission, Institute of Biophysics, Federal University of Rio de Janeiro, 
February 24, 1972, Rio de Janeiro, Brazil. 

Therinally Stiniuluied Exoelectron Emission, Division o f  Solid-state Physics, Institute of Atomic Energy, March 
7, 1972, Sao Paulo, Brazil. 
Measurement of Exiei-nul Radiation Personnel Exposure, Division o f  Solid-state Physics, Institute of  Atomic 
Energy, March 15, 1972, Sao Paulo, Brazil. 
i“rack Etching and Its Application for Radiation Measurements, National Institute for Scientific Research, March 
27, 1972, Rio de Janeiro, Brazil. 
Radiophotolumin~.scence and Other lechniques of Solid-State Dosimetry, lnstitu te of  Biophysics, Federal 
University of Rio de Janeiro, March 29, 1972, Rio de Janeiro, Brazil. 

Inside South America, Health Physics Division Seminar, May 1, 1972, Oak Ridge, Tennessee. 

K. Hecker 

I,. G. Christophorou 
Low-Energy Eieciron-Molecule Interaction Processes, kIahn-Meitner Institute, June 5, 1972, Berlin, West 
Germany. 
Recent Studies on the interaction of Slow Electrons with Molecules, Institute fur Physikalische Chiinie, June 6, 
1972, Julich, West Germany. 
Electron Attachment Studies at Vepy High Densities. Interuniversity Reactor Institute, June 7, 1972, Delft, 
Ne therlands. 
Recerit Studies on Electron Attachment, ‘The Hebrew University, June 13, 1972, Jerusalem, Israel. 
Receni Studies on Low-Energy Eleriron-Molecule interaction Processes, Soreq Nuclear Research Center, June 
1 6, 19 72, Je i-usalerri, Israel. 



129 

Low-Biergy Electron-Molecule Interaction &wesses, University o f  California, May 19, 1972, LOS Arlgeles, 
California 

~ ~ ~ r r z z - f o ? ~ ~ ~ ~ n ~  Collisions Between Cesium and Molecules, University of North Carolina, March 7, 1972, Chapel 
Hdl, North Carolirna. 

Mechunums fipr Formation of Singly and Doubly Charged Negative Ions, Florida SI ate Univer-sity, October 5, 
1971, Tdlahassec, Florida. 

Present State 01 the Atmosphere, Oak Ridge Associated Unlversities, October 1971 and June 23, 1972, atid R ~ l t a  
Community Club, February 1972. 

The Calculution of Radiation h s e s  to survivors of the Nuclear Bombing of Japan, Oak k d g e  Associated 
Universities M e d i d  Division Staff Seminar, October 12, 1971, Oak Ridge, Tennessee. 

Punel Ducnrssion on Radiation Standards and the Poplotion, Oak Rldge Associated Universities, Ai ornic 
Museurn, August 3 ,  1971, Oak Ridge, Tennessee. 

Radzatiori Tolerance Levels, Oak Ridge Associated Universities, August 13, 197 1, Oak Ridge, Tennessee. 

Health Physics Lecture Course, Sao Paolo Institute, September 27-October 15, 197 1, Sao Paulo, Brazil. 
The Chunging Role of the Health Physicist, Brookhaven National Laboratory Health Physics Symposium, 
October 28, 1971, Upton, L.I., New York. 
Proper Use of‘ Inforination on Organ and Body Burdens of Radioactive Materials, IAENWHO Symposium on the 
Assessrnerit of Radioactive Organ and Body Burdens, November 22-26, 1971, Stockholm, Swedzn. 

Linear Versus Threshold Hypothesis for Low Radiation Exposwe, TJniversity o f  North Carolina, January 19, 
1972, Charlotte, North Carolina. 

The iVmd for Radiation Protection, Southeastern Conference o f  Radiologic Technologists, January 22, 1972, 
Durham, North Carolina. 

Linwr V e r . ~  Threshold Hypothesis for t o w  Kudiutron Exposure, Georgia Institute o f  Technology, January 25, 
1972, Atlanta, Georgia. 

Effectr of Low Levels o f E x p o ~ ~ e  to Man, Lenciir Khyne College, January 17, 1972, Hickory, North carol in^ 

.&jeers o f t o w  Levels of  Exposure to  Man, Davidson College, January 20, 1972, Davidson, North Carolina. 

Criteria for  the Control of Radioacthe Efflurnts Appropriate for Nuclear Pcwer Kwctrws und Other Peaceful 
Appblcations of‘Radration, Puerto Rico Nuclear Center, April 4, 1972, Mayaguez, Purrto ace. 
The ,Busis of Standards filr Radiation f’rofection, University (Jf Prierto Rim,  April, 4, 1972, MayagueL. Pliertd 
Kico 
Criteria for the Control of  Radioactive Effluents Appropriate for Nuclear Power Rmctcws and Other Peaceftrl 
Applications ofRadiution, University o f  Florida, April 6, 1972, Ganesville, Florida. 

rJriiver.sify of Tennessee Interrial Dose Lectures, University o f  ‘Tennessee, April 25,  1972, April 27, 1972, May 9, 
1972, May 11, 1972, May 16, 1972, and May 18, 1972, Knoxvdle, Tennessee. 
N d t h  PhysiC.s Mmsrtres to lrnpiement ,Yew VSAL.% Repiutions Relutrng to Rc&ziion Exposure of the Gmerd 
Pubbc, Second European Congress of IRPA, May 3 -  5 1972, Budapest, Hungary. 

The Need fo Keduce Medical Exposure in the United Stares, Testimony on Senate Bill S.3327, May IS, 1972, 

Biologzcal Effects ofKadioactrve h l Q p e S ,  University o f  California, May 2 3 ,  1972, Santa Barbara, Califoxnia. 
Biological Effects of Radioactive Isotopes, University o f  California, May 24, 1972, Los Angeles, California 

R. Y Compton 

B H.. FlSh 

H. W. Hubbell, Jr. 

K. Z .  Morgan 

Washington, D.C 



130 

Problems Relating to Medical Exposure, Southeastern Radiological Health Laboratory and the Alabama Chapter 
of the Health Physics Society, May 2tj9 1972, Birmingham, Alabama. 

Comparison of Radiution Exposure of the Population from Medical Diagnosis and the Nuclear Energy Industry, 
American Nuclear Society Meeting, June 18-22, 1972, Las Vegas, Nevada. 

Interaction of Radiation with Matter, Health Physics Course, IJniversity of Sao Paulo, lnstituto of Atomic 
Energy, September 6-24, 1971, Sao Paulo, Brazil. 

Radbtion Quuntities and lJnits, Wealth Physics Course, IJniversity of Sao Pado,  Instituto of Atomic Energy, 
September 6~ -24, 1971, Sao Paulo, Brazil. 

The Physical BasIs of Radiation Dosimetry, Health Physics Course, University of Sao Paulo, Institirto of Atomic 
Energy, September 6-24, 1941, Sao Paulo, Brazil. 

Detection and Measurement of Radktion, Health Physics Course, University of Sao Paulo, Institirto of Atomic 
Energy, September 6-24, 197 1, Sao Paulo, Brazil. 
Mixed Radiation Dosimetry, Health Physics Course, University of Sao Pado,  Instituto of Atomic Energy, 
September 6 ~ 24, 1971, Sao Paulo, Brazil. 

Special Methods in I(adktion Dosimetry, Health Physics Course, University of Sao Paulo, Instituto of Atomic 
Energy, September 6-24, 197 1, Sao Paulo, Brazil. 
Dose from Electrons and Beta Rays, Health Physics Course, University of Sao Paulo, Instituto of Atomic Energy, 
September 6---24, 1971, Sao Paulo, Brazil. 
Introduction bo Radiation Bidogy, Health Physics Course, IJniversity of Sao Paulo, Instituto of Atomic Energy, 
September 6-24, 19'71, Sao Paulo, Brazil. 

The Iiealtii Hiysics Rcsenrch Reactor, Senunar, University of Sao Paulo, Instituto of Atomic Energy, September 
6-24, 197 1 ,  Sao Paulo, Brazil. 
Operation BREN and HENRE, Seminar, University of Sao Paulo, Instituto of Atomic Energy, September 6-24, 
197 1, Sao Paulo, Brazil. 
Nuclear Accident Dosimecry Systems and Intercomparisons, Seminar, University of Sao Paulo, Instituto of 
Atomic Energy, September 6-24, 197 1, Sao Paulo, Brazil. 

Dose Distributions at the Bone-Tissue Interface, Seminar, University of Sao Paulo, Instituto of Atoiiiic Energy, 
September 6-24, 1971, Sao Paulo, Brazil. 

Recent Developments in the Radiation Dosimetry Section, Seminar, University of Sao Paulo, lnstituto of 
Atomic Energy, September 6-24, 197 1, Sao Paulo, Brazil. 
Depth Dose Distributions in Homogeneous Tissue-Equivalenb Phantoms, Seminar, University of Sao Paulo, 
Instituto of Atomic Energy, September 6-24, 1971, Sao Paulo, Brazil. 

Itztercomparison of Survey Instruments in Common Use in Health Physics, Seminar, University of Sao Paulo, 
Instituto of Atomic Energy, September 6-24, 1971, Sao Paulo, Brazil. 
Dose-Effect Relationship Among Survivors o f  the Atomic Rornhings in Hiroshima and Nagasaki, Seminar, 
IJoiversity of Sao Paulo, Instituto of Atomic Energy, September 6-24, 197 1, Sao Paulo, Brazil. 

Depth Dose C8kuletiorrs, Seminar, University of Sao Pauls, Instituto of Atomic Energy, September 6-24, 1971, 
Sao Paulo, Brazil. 

The Theory of Plasmon Excitation by Swift Electrons, NATO Advanced Study Institute, August 16-27, 1971, 
Istanbul, Turkey. 

The Theory of Opticcll Plasma Resonances in Solids, NATO Advanced Study Institute, August 16-27, 1971, 
Istanbul, Turkey. The Z1 Effect in Stopping Power, Institute of Physics, Aarhus University, September 7, 
197 1 ,  Aarhus, Denmark. 

J .  W. Poston 

R. H. Ritchie 



131 

Surface Plusrnoi.ns, Stevens Institute of Teclniology, November 17: 1971, Hoboken, New Jersey. 

Surface Plasmo4m in Solids, University of North Carolina, February 16, 1972, Chapel Hill, North Carolina. 

Assessment of Er'nuirorimentul Releases of Radioactivity - Impact Statements, Invited Guest Seminar Program, 
Lawrence Livermore Laboratory, Yantiary 17, 1972, Livermore, California. 

N. C .  Schweinler 
A New Way to Get Moleculur Botenlial Energy Citrves, University of Tennessee, October 5 ,  1971, Knoxville, 
'Ten ne ssee . 

Historical Deuelopnicnt ofRndiution Standurd,s, ORAU Course on Radiation Protection and Health Physics, July 
20, 1971, Oak Kidge, Tennessee. 

E?-eserit Standards of Radiation Protection, ORAU Course on Kadiatiori Protection and Health Physics, July 21, 
8971, Oak Ridge, Terinessee. 

Principles of Dosinietry of Internal E'n?itter,s; The Use of Reference Man for EsEstirnution of Dose; General Models 
for Dosimetry; Calculatiorrs of Depth Dose from Externul Sources of Radiation; hiricipks of ~ n v ~ ~ ~ ~ n m e n t ~ ~  
, ~ ~ ~ ~ i ~ t , ~ ~ ~ ~ ~ ~ ~  Rudiulogical Safkty Assessment of Environmentul Releases; Reactor Accidenls und  mergeri icy 
Y'hnning; Radioactive k s t e  Managenient; Interpretation of an Exposure to 'Trt'tkm; Monitoring of the 
Individual, Vivo Counting, Excretion Anulysis; Monitoring f o r  Exposure to Plutoniim; The Clinch River Strrdy: 
A Comprehensive Survey after 20 Years of Use for Disposal of' low Level Was&; Disposal of Radioactive Wustes 
ut Oak Ridge National Laboratory by HydraitIic Fracturing; A Review of Some Accidents Iavobving Potetirdully 
Serious Exposure; Project Sutt Vault: A Demonstration of High-Activity Wasle Storage in Sult Mines; A Study of 
the Feasibility of Constructing a Sea-Level Chml with Nuclear Explosives; AFI Assessment of the Dose Resulting 
from Uses o-f Naturub Ga,s Produced front Nuclrurly Stimuletted Wells; Health Physics Course, Umversity of Sao 
Paulo Institute of Atomic Energy, November 1-19, 1971, Sao Paulo, Brazil. Absurbed Fractions of Gumma 
E'hergy for Organs of the !fuman Body: A lvlonte r*mdo Study, Departrneni oT Physics, Emory University, 
.January 28,  1972, Atlanta, Georgia. 

Assessing the Environmentul Impact of Niielear Power Plants, 38th Annual Meeting of Southeast.eni Section of 
ASEE., University of Tennessee, April 5 ,  L972, Knoxville, TW "nnessee. 

P. S. Rohwer 

W. S. Snyder 

E. G. Struxness 





I
 

I
 

1 

L
-r

'l
 

..
..
..
. l
...
 



HEALTH PHYSICS DlVESlON 
N L Y  1.197% 

L A LEE" 

J A AUXIER. DlRECTDR 
W S SNYDER..A%SSISTANT DIRECTOR 
D M OAVlS,'ASSlSTANTDlRECTOR 

JEANNE S CARVER 
GWEN L OAGLEV 

OUTSlDE ASSIGNMENTS 

I: E COMER 
B L HDUSER 
0 G JACOBS 

ADMINISTRATIVE ASSISTANT 

W D GHORMLEY 

SENIOR RESEARCH ADVISORS 
: 

! 
C.H ABNER 
E T LOV 
J L. MALONE 

I 
f 

I L I 1 I 7 - FUNDAMENTAL HEALTH PHYSICS RESEARCH 
SAFETY ENGINEERING ANDWECIAL PROJECTS i URBAN GROWTH PATTERNS RESEARCH 

R C TAEUBER 
I 1 RADIATION RESEARCH AND DEVELDPHENT 

I I RADIATION MONITORING 

E U GUPTON. 

DOT GAODIS i 
1 J E TUPNER' 

5 Y 6ERNARU' 
M F FAIR' 

C F HDLOWAY. 
I c. HART. 

RADIATION AND SAFETY SURVEYS 

R L CLARK 
CAROLYNMILLER 

F F. HAYWOOD 1 I R 0 BIRKHOFF 
R. H RlTCHlE 

C V CHESTER 
MARGARET CHRISMON 
JUDY B SNOW 

STRATEGIC DEFENSE 
G A CRlSTV 

c n BRWKS 
R 0 CHESTER 

C M YAALAND 
c " K E A R N Y  

1 D Y. DAVIS. 
EMILY M. RUCKART 

JEAN A KEIL 
BRENDA LINDA C. RUTHERFORD SPARKS 

PHYLLIS B ZUSCHNEIO 

w s SNYDER' 
SALLY S STOCKSTILL 

S R. BERNARD. 
L T OILLMAN1 

M R FORD 
I s M G A R R Y ~  

M. J C. HILVER 
C. F HOLOWAY' 
T. D JONES. 

I P W s STANSBURY~ PDSTON 
I( z MORGAN. 

1 L 

i SECRETARIAL STAFF 

M BROWN 

AUOREYLAWRENCE : REBECCABUSH ! 1 

APPLIED HEALTH PHYSICIST 

T G CLARK 

I PERSONNEL METERS 

J C LEDBETTER 
G L DOWNS 
E W JOHNSON 
L M MrCLDUD 1 R C W W O  I 

E 0 GUPTON' 
G L ARTHUR 
1 M DAVIS 
C R HENSON 
1 P SPRAIN 

i V.12 OPERATIDNS 

0 E ARTHUS 
A CARDWELL 
H R CPAFT I ' 1 A WESTBRDOK j 

B L BISHOP 
R A BDHM" 
R E KEMPER 
E s LEE'. 
M L LEVIN" 

STANDARDS AND PROCEDURES 

A 0 WARDEN' 

I RECORDS AUD RCrORTS 

I J C HART 

lEPlDEMlDLOGlCAL STUOlE61 

ADA E CARTER 
J A HARTER 

DESIGN ENGINEER 

J T COX 
K P NELSON 
C H PATRICK 
W W PENDLETON" 
P D POSTMA 

R B STURGIS" 
I P N RITCHEY" 

ELECTROMAGNETIC PULSE 
1 H MARABLE 

J K BAIRD 
P R BARNES 

H P NEFF12 
N I FRIGO" 7 i o TILLMAN" 

SECRETARIAL SEIWICGS 

NDRMA BRASSWIER' 
NATALIETARR 
BEVCRLYVARNADORE i 

BLDG. SURVEM GP. I 

n T WALTERS 

CENTRAL 

ORIENTATION A N 0  TRAINING 

H M BUTLER.' 

! BALANCEAREAREPRESENTITIYE 

L 
- 

A 0 WARDEN' 

INDUSTRIAL SAFETY ENGINEERING 

M M WILLIAMS'. 

~ MlTHEMATlCALANALYSIS , , , 
v E ANDERSON~ 

A. 1 SMITH 
B C BURRELL 
R E KENY 
A. 0 PARTEN 1 ATCUIC CNOMOLECULAR 

RbDIATION PHYSICS D. C. GARY 
1 W SHUEY 1 SWTWCENTRAL 

C A GOLDEN 
A C BUTLLR 
J V HlLYER 
1 Y SPENCE 

EAST 

M M BUTLER.' 
W D CARDEN 
P E COX 
a n ELDR~DGE 

G 0 KERR 
1 s  CHEKfi. 

W F FOX 
T 0 MNES'  
S B LUPlCA 
1. OIAMOTO" 

H w DICKSON' 

0 G WILLHOIT'. 
H VAIAADA'~ 

1 G CHRISTPPIIOROU 
I. C. CAPTCR 
C E C A S T E R L ~ ~ "  
R E GDANS' 
n HADIIANTDUIDU~ i P D KIDO' 

BLDG SURVLVSGP II ! L C MHNSON 

NORTH WEST 

C H MILLER i 

COSE DATA 

J R MUlR 

i M C BENTLEY 
I T FANN 
M R MATTHEW 
D M Y)ARD 

FACILITIES ANDPROGRAM REVIEW 

T 1 BURNETT' 

X RAY h MICROWAVE REVIEW 

W F. OHNESORGE' 

INSTRUMENTS 

E 0 GUF'TDN' 1 
C. E HAYNES' 

i C E KLDTS 
D L MECDRKLE' i I J BURDEN 

W 0 CDTTRELL 
W A McLDUO 
G R PnTTERSON JR 
E M ROBINSON 
C F ZAHZOW 

NORTH CENTRAL 

1 A WORTH 
J H PEMBERTON 

MELTOllVALLEV 

R E COLEMAN 
T G CLARK' 
1 C RICHTER 
R L WALKER 
R P WARD 

I 1 ENVIRONMENTAL REPORTSPROJECT 

E G STRUXNESS' 
SOLIDSTATE 
W I M E T R Y  

K BLCKER 
1 S W E K A '  
I: w CRASE" 
R B OkIIMAGE 
M H 
M EL RAZEK" 

! INTERNAL ! ! INTERACTION OF RADIATION 
~ WITH LIOUIDSANDSOLIDS 

: E T  ARAKAWA 
i R 0 BIRKHOFF 

w T COCHRAN' 

I-LAN TANG. 
C E WHEELER. JR*  
M W WILLIAMS 

WLL lS ION PWVSlCS 

R N. CDMPTON 
C 0 COOPER' 
F 1 DAVIS 

W F FREY' 
0 R NELSON' 
P W RElNHAROT 
1 A STOCKDALE 

w. T DIVVER' 

J F WILSON' 1 

H A WRIGHT 

7- CONSU-I 

R P BLAUNSTFIN 
A 1 BRAIINI)NEIER.J4 

C CWEN 
4 1. A CALLCOTT 

C E HAYNES. 
W M MHNSON 
R E MLLLSPAUGH 
W F OHNESORGE. 
I[ M WALLACE 

sourn EAST 

E L SHARP i 
1 C DAVIS 
C S HILL JR 

i 
E O  GUPTON' 

M 1 AILOR 
J.C ANDERSON 
P E BROWN 
L B FARABEE 
L C HENLEY 

- 
0 R NELSON' 

H H ABEE' 
T 1 BURNETT' 
T G CLARK' 1 
C E EASTERLY' 
s v LAYE' 4 M J KELLY? 

~ p s  RoHWER' 

WECTRDMETRIC 
WGIMETRY i 

1 H THORNGATE 
0 J CHRISTIAN 
P T PERDUE I 

M EL RAZEKI1 
j w H SHINPAUGH. 1R 

w R R  AND 
ACCEL. WERATIONS 

C F HAYWOOD' 
0 R W&R" 

H W OICKSDN' 
C P LITTLETON'. 
J W PDSTDN'I 
R L SHOW 

! 
'DUAL CAPACITY 
'RADIATION CDNTRDLOFF'CER D'VISIDN SAFETY DFFICER 
1 ENVIRONMENTAL SClErrCES 
'REACTOR DIVISION 
%ONSULTANT. OHIO WESLEYAN UNIVERSITY 
.CONSULTANT. GEORGIA INSTITUTE OF TECHNOLOGY 
SON LOAN FROM MATHEMATICS UlVlSlON 
'POXDOCTORAL FELLOW 
'ON LDANTD LNVIRONMFNTAI IMPACTSTUDIES 

'VISITING PROFESSOR 
'STUDENT 

'OILSO EDUCATION AN0 INFORMATION SECTION 
"DRAUSUMMER FELLOW 
"CONSULTANT. UNlVERSlTY OF TENNESSSCE 
'3t.LIEN GUCST 
"CONSULTANT 
"MEOICAL PHYSICS AND INTERNAL ODSIMETRV 
'*TENNESSEE Ah1 
"PLANT AND EWIPNENT DlVlSlON 
'81NSTRUMENTATION AND CONTROLS DIVISION 
"NEUTRON PHYSICS DIVISION 

G S HURST 
1 E PARKS'. 
M G PAYNE 
T STEWART" 

E 8 WAGNER 
I T A L M A G E ~  

R A MaoRAE 
1 NEUFELD 
L R PAINTER 
S Y SWIEH 




