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RADIOLOGICAL PHYSICS

FAST-PULSE AVERAGING—W. E.

A block diagram of the system, an
improvement of one reported earlier,(l)
used to observe scintillations is pre-
sented in Figure 1. A signal is taken
from the last dynode of the photomulti-
plier tube, amplified in wideband ampli-
fiers, and then used to trigger the
sampling scope. The anode signal is
delayed to allow for the insertion de-

lay of the trigger amplifiers and is

analyzed without prior amplification.
An emitter-follower was inserted in

the channel-advance line between the

digital oscilloscope and the sampling

oscilloscope. This then allows one

to use this same pulse for counting the

number of samples taken.

PULSE AVERAGING SYSTEM
H. V.

PHOTO TUBE [DYNODE SiGNAL ™ FAST  [7™  FAST
ASSEMBLY AMPLIFIER AMPLIFIER
anang S1GNAL

DELAY TRIGGER IN
LINE

| CHANNEL ADVANCE

RESET
SIGNAL
IN

SAMPLING » DIGITAL MEMORY CHART
OSCILLOSCOPE OSCILLOSCOPE Y | RECORDER

FIGURE 1. Pulse Averaging System

Wilson and W. C.

Roesch

It was difficult to obtain a proper
termination at the anode of the photo-
multiplier tube. This is very critical
for observing the fast signals from

stilbene, for example. The problem
was largely solved by using a tube

with a coaxial anode connection de-
signed to match the input impedance
(50 @) of the sampling oscilloscope.
Figure 2 compares the averaged anode
pulses obtained from a 56 AVP with an
XP-1021. The reduction of circuit
ringing achieved with the XP-1021 is
obvious. The rise times and widths
of these shapes agree with the manu-
facturer's specifications.

The averaged pulses from several
common scintillators excited by 60c,
were obtained and are presented in

Figures 3 through 6. The XP-1021
tube was used for all measurements

but the NaI(Tl1), for which the 56 AVP
was adequate. All crystals were thick
(= 5mm), except again for the NaI(T1)
which was very thin (~ 0.025 mm). The
signal decay times—the time required

for the photomultiplier tube response
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WW Nat (T1)
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FIGURE 6.
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M
M il

Time —

Scintillation—

Response of Thallium Activa-

ted Sodium lodide

to e ! of its initial value-observed
directly with this system are given

in Table |I. Care must be used in in-
terpreting these results for the two
faster scintillators, because the pho-
tomultiplier-tube response function
(Figure 2) is not negligible. If this
response function is unfolded to ob-
tain the natural decay time of the

crystals, estimates consistent with
other measurements are obtained.

TABLE 1. Signal Decay Times
Crystal 1 (nS)
Anthracene 30
Stilbene 8.5
Nal(Unactive) 7
NaI(T1) 240

TIME- RESOLVED SPECTROSCOPY—W. E. Wilson

It is expected that a study of the
atomic and molecular excitation produced
in matter by a radiation field will be
fruitful in understanding how and in
what form energy is transferred in ir-
radiated matter. For this study an op-
tical spectroscopy system is being assem-
bled and integrated with the pulsed-beam

Van de Graaff accelerator.

Major components of the system have
been acquired—a 500 mm Ebert-type scan-
ning spectrometer, vacuum chamber for
target holders, and various parts of
the quartz optical system, and plans
have been completed for a semipermanent
beam port facility on the accelerator.

The pulse-averaging system(z) was
attached to the spectrometer as the de-
tector and preliminary tests were made.
Light emitted from a high-pressure xenon



flash lamp was focussed on the entrance
slit of the spectrometer and the
spectrum recorded. The spectrum was

a continuum through the region 400

m < A < 600 M (1 mMm = 10 A) with
several broad lines between 450 and

490 M superimposed on it. To test

the principle of the pulse-averaging
system, the time dependence of two

BNWL-235 2

of these lines was measured. Figure 7
shows the emission at 472.9 mm and

at 468.2 mM as a function of time.

The time scale was not accurately cali-
brated, but the full width of the pul-
ses i s approximately 1.5 usec. With-
in the accuracy of the measurements,
the two lines decay with the same time
dependence.

472.9 nm
) 468.2 nm
vy
o
(o]
e
vy
5]
>3
Lol
()
o
—
=
e
-
-
—
=
£
o
o
=]
<
~
Time

FIGURE 7. Light Pulse from a Xenon
Flash Lamp at Two Different Wavel engths

SPECI FLC | ONI ZATI ON OF MONOENERGETI C PROTONS IN TISSUE- EQUI VALENT GAS—

DO N Samsky and W A Glass

A mxture of 64.4% CH,, 32.4% CO, and 3.2% ¥, was used as tissue gas.
The sanmple was | em thick and under a pressure of 37.2 torr thus cor-
responding to a 0.51 u foil of unit material. The results indicated
a maxi mum specific ionization of 105 keV/u.

The study of the distribution of
absorbed neutron dose in microscopic
absorption sites has indicated the
the need for more detailed informa-
tion than is currently available re-
garding the specific ionization of

protons in tissue-like materials.
Absorption sites of interest in neu-
tron dosimetry are so small that the
statistical nature of the specific
ionization and the inferred energy
loss becomes important. Due to the



the number of
the ions formed in a given path length
If the average number of
ionizations is large, then the vari-

nature of ionization,

can vary.

ation in that number can be approxi-
mated by a Gaussian distribution, and
no distinction need be made between
the average and the most probable
values. in keeping with
the usual sense of specific ionization,
average values will be used even in

Therefore,

cases where the Gaussian approxima-
tion no longer holds. Another common
practice i s the assignment of a con-
stant value to the ratio of energy loss
and ionization. Although this proce-
dure is not defensible for proton ener-
gies below the onset of charge exchange,
the specific ionization will be report-
ed in terms of keV/u. |t must be
stressed, however, that for low ener-
gy protons, the specific ionization

is not a good indication of energy
loss. Further, a distinction must

be made between the energy lost by

BNWL-235 2

the proton and that gained by the gas.
Proton energy lost through coulomb
interaction will occasionally produce
electrons with sufficient energy to
contribute to the observed ionization.
These s-rays may contribute to the
measured ionization even though the
proton lost the energy outside the re-
gion of interest. This experiment
was desighed to measure the energy
transferred to the medium under
charged particle equilibrium condi-
tions; that is, the protons were re-
quired to pass through sufficient gas
to establish equilibrium with the
most energetic 6-rays.

The specific ionization measurements
were made with a thin-foil proportion-
al counter; the construction details
The thin foil
is defined by a 1 an window in a shield
tube that surrounds the proportional
counter anode. The voltage on the
tube was adjusted to match the equipo-
tential surface in the cylindrical

are shown in Figure 8.

Solid
State Detector
12 u 7N
Hole Shield Tube aoannG
\ \

/RN

Collimator

Insulator 3 mil
and Counter Wire
Support Insulator
Spacer

FI GURE 8.

ﬂ\] u\\ mﬁf[ 3

t

Gas Flow

The Thin Foil Pro-
portional Counter



counter action was not disturbed, and
the region of ion collection was well
defined.

The proton beam of the Van de Graaff
accelerator was magnetically analyzed
and collimated by a 12 y diam hole be-
fore entering the chamber. Except at
very low energies, the protons traversed
the entire length of the chamber and
stopped in a solid state detector. The
responses of the latter with various
gas pressures in the chamber were used
to calibrate the proportional counter.
Signals from this detector were also
used to gate the signals from the pro-
portional counter,
tional collimation.

thus providing addi-

The apparatus was
operated under constant gas flow condi-
tions at a pressure of 37.2 torr. At
this pressure and at 20 °c, the 1 an
sample of gas represents a unit density
foil of 0.51 .

A block diagram of the electronic
system is shown in Figure 9. The
charge-sensitive preamplifier was
chosen to be compatible with the act-
ion of the proportional counter. The
discriminator was set to accept for

Solid

State Charge Serls_ltlve | Amplifier
Detector Preamplifier

BNWL-235 2

analysis only those protons that pass-
ed through the foil parallel with the
anode wire.

The data for this experiment were
taken as a function of proton energy
before they entered the chamber. Figure
10 shows the uncalibrated response of
the proportional counter at 37.2 torr
and responses of the detector at 37.2
torr, at calibration pressure (PC), and
at 0.0 torr. The calibration pressure,
approximately 19 torr, is that pressure
which simulates the positioning of the
detector at the front edge of the sensi-
tive volume at the operating pressure.
For machine energies above about 1.0 MeV,
the slope of the proportional counter is
nearly constant, and an energy calibra-
tion of it can be made. The average
energy lost in the sensitive volume can
be taken as the ratio of the length of
the sensitive volume to the length of
the chamber, times the energy lost in
the chamber as measured by the detector.
The result, a calibrated response curve
of the proportional counter, is shown in
Figure 11. The peak of the ionization
curve occurs at 100 keV and reaches a
maximum of 105 keV/u.

/q 100:1
\,' o | Attenuation
!
!
[

Discriminator

T 1
100V Gate
| Generator
I
|
]
v
1
X \ Pulse
Egil?l Charge Sensitive 1ov Heilght
Proportional Preamplifier Amplifier [———O Analyzer
Counter
FIGURE 9. The Electronic

System for the Thin Foil

portional Counter

Pro-
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FIGURE 10. Response of the
Solid State Detector and
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1.2 1.4

Energy o Proton, MeV

FIGURE 11. AE/AX of Protons
in a Tissue Equivalent Gas

Sample Corresponding to a Unit

Density Foil of 0.51



GRID-WALLED PROPORTIONAL COUNTER—W. A.
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Glass

A miniature proportional counter was developed for studies of the
effect of wall-scattered radiation on measured local-energy-density

distributions.
approximately transparent.
diam and 1 em long.

Proportional counters make possible
the measurement of the distribution of
energy deposited in microscopic sites
by ionizing radiation. It is usually
assumed that the distribution of ener-
gies deposited in such a counter by
ionizing radiation is the same as that
in the equivalent microscopic site.

Rossi(s) has given an example that shows
that the assumption is not rigorously

true. A particle, particularly an elec-
tron, may cross the counter, undergo
multiple scattering in the wall, and
come back through the counter; whereas,
a similar electron going through the
equivalent solid would have missed the
volume after being scattered.

To investigate just how much this
phenomenon influences the energy dis-
tributions measured, it was decided to
compare distributions measured with a
conventional solid-wall counter with

One Centimeter
Diameter Grid-walled Counter
with Field Shaping Electrodes

FIGURE 12.

It has a helical-grid cathode structure that is
The sensitive volume is a cylinder I om

those measured in a counter of the
same size but whose walls were of the
same density as the gas in the counter.
Scattering in the latter should be sim-
ilar to that in the equivalent solid.

A counter with essentially transparent
walls would be placed in a very large
tank that contained the counting gas.
The investigation would be made with

a beta-ray emitter dispersed in the
gas and whose range was less than the
distance from the counter to the wall
of the tank.
system of uniform density in which

This would simulate a

there was charged particle equilibrium.
The similar situation will be simulated
in the conventional counter by incorp-
orating the same beta-emitter in its
walls and counting gas.

The counter has been completed and
tested and is illustrated in Figure 12.
It is acircular cylinder 1 an diam and
1 an long. The transparent wall is
made of 0.127 mm wire wound as a helix
with spacing of 1.6 mm between adja-
cent turns. This construction pro-
vides greater than 90%transparency
to incident beta particles, yet pro-
vides a satisfactory cathode and def-
inition of the counting volume for
the cylindrical counter. The helix
is supported by two wires running the
length of the structure. These also
provide support for a solid wall that
can be added without disturbing the
internal parts of the counter to make
the corresponding conventional counter
Since the length of the counter is
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the same as its diameter, field-shaping
electrodes were necessary. They are
thin-walled tubes 1.6 mm diam. The
field-shaping electrodes are insulated
from the anode supports by Teflon bush-
ings which also center the anode.

In operation, the potential on the
field-shaping electrodes is adjusted
to minimize distortion of the cylindri-
cal electric field over the length of
the anode. The anode is a stainless
steel wire 0.076 mm diam. The counter
is designed to operate at the center
of a 122 an diam spherical tank con-
taining 14C—1abe11ed ethylene at a pres-
sure of about 200 torr, which is just
adequate to assure beta-ray equilibri-
un. At this pressure the counter will
simulate a unit density site of ap-
proximately 3 u.

The counter was tested for resolu-
tion and uniformity of response by dir-
ecting collimated monoenergetic alpha
particles across the counter normal
to its axis. Figure 13 shows the re-
sponse of the counter to these parti-
cles as they enter at different loca-
tions along the axis of the counter.

The response is essentially the same
at all points.

IN SCINTILLATION CRYSTALS-0. N. Samsky

Self-absorption in scintillators implies that there is partial

overlapping of their emission and absorption spectra.
tensity of

lator increases.
absorption.

A study was undertaken to measure
self-absorption in scintillation crys-
The amount of self-absorption

tals.

The in-

as measured by a photomultiplier tube, de-
creases as the path traveled by the light through the scintii-
Optical filters enhance the effect of self-

depended upon the scintillator and

the distance the light traveled in the
scintillator before being detected by
a photomultiplier tube. A well collimat-
ed beam of protons entered the scintilla-



tor at various distances (P) from its
optically coupled surface. An optical
filter, placed between the scintillator
and the photomultiplier tube, enhanced
the effect of the self-absorption.

The experimental apparatus is shown
in Figure 14.

Foil Holder

Scattering Foil

Energy
Control ==
Collimator

Beam Stop

Scatlered Proton Beam

Posititomng Slit
Slit Assembly Control

High voltage
~

High Voltage
/

- . v ~
Normal Signal 1) Filtered Signal
. Pilter \
Photomuliiplier Svintillator o L
Tubes Photomultiplier
Tubes
FIGURE 14. Experimental Ap-

paratus for Determining
Self-absorption in Seintil-
lation Crystals

and the analyzing magnet of the 2 Me&/
Van de Graaff generator were used to
define unique proton energies ranging
from 0.3 to 1.8 MeV. A thin (1.3 u)
nickel scattering foil was used to re-
duce the intensity of the beam to 1/10
of the original. The foil, mounted so
that it could be rotated in and removed
from the path of the beam, was chosen
to minimize energy loss and energy
spread in the scattered beam.

The energy lost in the foil inits
normal position was found by rotating
the foil and by using a solid state
detector to measure differences in
pulse height. Figure 15 defines the
normal position A and the rotated
position B of the scattering foil.

With the foil in position B,
imum response of the detector was used
as a calibration of the machine energy

6

the max-

The energy control slits
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Foil Toil

Beam —b\\
o rm\

Channel

Beam ————=

Numbe

Channel

FIGURE 15. Scattering Foil

Positions for Proton Energy

Loss Measurements

With the foil
tor was used to measure the average
energy of the proton after scattering.
Figure 16 gives the relationship between
the machine energy and the energy of

the protons used.

in position W, the detec-

2.0
1.8 | Calibration Curve 7
1.3u Nickel Foil /
1.6 | at 45° to the Beam /-
L4 | /
< .
> T L2 //
= 2 7
= o 1.0
S k /
=% 0.8 /.
< .
T 0.6 | ./,
0.4 — /.
0.2 /'
o [0 N TN U N N N N
0 0.2 0,406 0,81,01.21,41.61.8 2,0
E!VI in MeV
(Before Scattering)
FIGURE 156. Energy Relationship for

Proton Scattering at 90° Through a
1.3 wu Nickel Fotl

The scattered beam passed through
a positioning slit. The width of the
slit was adjustable and was set at
0.13 mm with a feeler gage. The slit
assembly, controlled by rotating a



hexagonal nut on a 0.7874 thread per
mm (20 threads/in.) bolt, gave a posi-
tion reproducible to within 0.05 mm.
The beam was allowed to enter the scin-
tillator at positions (P) ranging from
0.13 to 13.0 mm away from its face.

The beam intensity, variable from a
few to several thousand protons per
second, was controlled by the energy
slit separation and the intensity of

the beam current.

A scintillator and a filter were op-
tically coupled to the two Amperex 56
WP photomultiplier tubes by silicone
grease. The scintillators, anthracene
and NE102, were polished discs 19 mm
thick and 38 mm diam. The optical fil-
ters* have transmission curves as given
in Figure 17. Figure 18 is a schematic
of the electronics. The linear pulses
from the photomultiplier tubes were
fed into their respective preamplifiers
and discriminator-amplifiers. All but
the smallest noise pulses caused discrim
inator pulses to be fed into the coinci-

dence unit. One of the linear pulses

100

90 —

80
Filter #7-59
70 —

Filter #7-51

Transmission,Percent

B I B

240 280 320 360 400 440 480 520

Wavelength, Nanometers

FIGURE 17. Transmission Curves
for the Optical Filters

*Corning glass filters #7-51
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Generator
I L]
|
Slow-Double
Slawciaenele
Coincidence
D)scrmur&r Pulses DTS riminator Pulse = -

FIGURE 18. Electronic Scheme
for Self-absorption in Seintil-
lation Crystals

was accepted for analysis by the pulse
height analyzer if accompanied by a gate
pulse from the coincidence unit. This
coincidence gating greatly reduced the
effect of photomultiplier noise.

The shift in the pulse height was
measured by recording the average chan-
nel number for each position of the
positioning collimator. Each measure-
ment—a response versus position curve-—
was made with two scans in opposite
directions so that the last points tak-
en checked the first points for drifts
in gain. Any run with a gain shift
was not used. In addition,
fixed positions, a response versus
energy curve was generated by varying
the accelerator energy of the Van de

Graaf f .
The results are shown in Figures

19 through 25. Figures 19 and 22,

response versus energy curves, show
that as the transmission of the fil-
ters decreases,

for various

the minimum detectable
energy increases. The general shape
however, indicates that
the response of the filtered photo-

multiplier tube can be related to the

of the curves,
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energy of the foil scattered protons.
The remaining figures show self-ab-
sorption effects for anthracene and
NE102, with filters #7-59 and #7-51
at energies of 1.67, 0.82, and 0.48
MeV. As the position (P) increases
from zero, the response reaches a
mexi mum value. In this region, the
effect of photonultiplier tube coup-
ling predom nates. As the point of
scintillation approaches the photo-
multiplier tube scintillator interface
the effective area of coupling de-
creases, and hence the |ight reaching
the photonultiplier tube also de-
creases. After the maxinum the re-
sponse curves are seen to drop off,
first
This decrease in pul se height anplitude
can be attributed to self-absorption
in the scintillator. The effect

rapidly and then at a slower rate.
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can be explained by realizing that

when ionizing radiation passes through
ascintillator, it excites a primry
enm ssion spectrum that in nost cases
partially overlaps the absorption
spectrumfor that scintillator. Thus,
for a given wave length the intensity
of the initial light will fall off ex-
potentially with distance. The absorp-
tion coefficient is determ ned from
the absorption spectrum of the scin-
tillator. The final transmtted |ight
is a summation of all the exponentia
terms. This relation has been put in
approxi mate anal ytical form by Kaiser
and deVilliers.(4) Thei r measurenents,
however, were nade using scintillators
thicker than 8 nm and using 244 cn

al phas as a source. No attenpt has
been made here to forman anal yti cal
expression of the self-absorption

The effect of the filters was to re-
duce the anount of |ight that reached
the photonultiplier tube that was non-
absorbable in the scintillator. For
NE102, filter #7-51 was not used since
the intensity of light that it passed
was not sufficient for analysis.

The sel f-absorption in a scintilla-
tor can be neasured in a single cry-
stal using protons. The absorption
effect is a function of path length to
the photonultiplier tube and can be en-
hanced by appropriate use of optica
filters. The effect seems to be ener-
gy independent.

PULSED X-RAY MACHINE—L. A. Braby

Eval uation of the 600 kv, 12 kJ
pul sed X-ray nechi ne* was continued.(s)

*Field Emission Corporation,

MeMinnville, Oregon.

A problemin early tests of the pul ser
was the inconsistency of current and
vol tage measurenents using the load re-
sistors provided. The value of these



resistors seemed to change both with
voltage and time. W learned that they

were made up of high power, low-value

carbon film resistors connected in series

and that others had experienced similar
deterioration under pulse use.
suggested that resistive elements of
copper sulphate in aqueous solution be
used between copper electrodes. Such
resistors were known to work reliably
with very short pulses, but they hau not

It was

been used for pulses longer than 1 usec.
They have a relatively high temperature
coefficient of resistance; therefore,
the volume and resistivity of the solu-
tion must be adjusted to provide suf-
ficient thermal capacity so that the
temperature change caused by power
dissipation will be less than a frac-
tion of a degree. A Lucite cylinder

9 an diam and 1 m long, containing
approximately 0,05M CuSO4, makes a

300 @ resistor which increased in

BNWL-235 2

temperature about 1/3 °C with a 12
kJ pulse. Tests showed no problem
with 10 usec pulses,
current measurements agreed within

the accuracy of the oscilloscope
readout. From these tests, it appears
that the power supply is performing
satisfactorily; however, no lifetime
or endurance tests have been made.

and successive

Experiments with this device would
involve the operation of photomultiplier
tubes and other circuitry placed near
the pulser. Since the spark gaps are
unshielded, the device radiates a large
amount of RF noise. To keep this noise
from the data signals, a photomultiplier
and preamplifier were shielded with a
1 an thick aluminum can and connected
to display equipment by a single cable
thus avoiding any possibility of ground
loops. Tests indicated that these pre-
cautions reduced the noise on the out-
put signal to a reasonable level for
preliminary experiments.

LOCAL ENERGY DENSITY AND HIT THEORY-W. C.

Cl assi cal
for difference
sensitivity of different

Roesch

hit theory can be generalized to permt allowance
in effectiveness of different
biological entities.

hits or in
Exploitation

of the generalization requires the assunption of connections

bet ween bi ol ogi cal

as |ocal energy density.

Hit "theory" is a hypothesis to ex-
plain the observed forms of dose-effect
curves by relating them to elementary
quantized radiation absorption events
(hits) distributed according to Poisson
statistics. For example, if a single
hit within a biological entity is suf-
ficient to kill it, then the fraction

surviving a dose D is

(D

sensitivity and a physical

quantity such

where m i s the average number of hits
expected in a biological entity and
A = (m/D) = constant is the average
number expected per unit dose. Zimmer
recently reviewed the subject of hit
theory(é). Among the criticisms he
noted that had been made of the theory
were that the mathematical analysis
had not been developed to allow for



the difference in efficiency of dif-
ferent interactions or for the dif-
ference in radiosensitivity of dif-
erent biological entities. This paper
supplies the necessary mathematics.
In the first part of the paper the
necessary formal changes are made to
classical hit theory. In the second
part a connection with local energy
density is assumed in order to exploit
the developments in the first part;
some other way of associating biologi-
cal and physical events on the micro-
scopic scale might do equally well or
better.
Hit Theory

It is assumed that each hit produces
its effects on the biological entity
independently of every other hit. Then
there must be a probability of survival,
This Sl
is determined by the range of effective-
ness of individual hits and by the dif-
ferences in radiosensitivity of differ-
ent entities in the irradiated popula-
tion. Because of the assumed indepen-
dence of the effects of different hits,
the probability of surviving n hits is
gh The probability of n hits, when
the mean number expected is m, is
e’mmn/(n!). Therefore, the probability
of surviving such a dose is

S1» following a single hit.

S =§ e ™ n” S?/(nlj = e - 8y)

n=0
L (2)

From local-energy-density theory(7)
D=m <aZ>». This can be introduced
in Equation (2) as a physical relation-
ship without any implication regarding
a connection of effectiveness or sensi-
tivity with local energy density.

(3a)
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with

(l-Sl)
k= —=azy

At this point any of the usual more
elaborate forms of hit theory can be
built up from Equations (2) or (3).

For example, if each of N entities in
a system must be destroyed to kill the
system, then the probability of survival
of a system is 1 - “kD)N \yith eKD.

(L-¢e™7)
from Equation (3). |If destruction of

(3b)

any one of the N will kill the system,
then the probability of survival
e'kDN, etc.

The Relative Biological Effectiveness

is

(RBE) of a radiation, denoted by h, rel-
ative to x rays, denoted by x, is
RBE = kh/kX (4)

whether the survival curve is a simple
exponential such as Equation (3a) or
one of the more complicated functions
just considered.

If a specific radiobiological phenom-
enon is to be described by the above
equations, a single type of survival
curve [Equation (3), one of the N-entity
equations, or others] must fit the data
for all types of radiation by changing
only the value of k. There is no dif-
ficulty in seeing how this is possible
if the curves are all simple exponen-
tial ~.Another type of family of sur-
vival curves often seen is that of
exponential curves for high LET radi-
ation with more complex curves, similar
to multi-hit curves, for low LET. How
this might arise is shown in Figure 26.
Here 1 - (k - e'kD)2
in the ratio 1:4:8.
the same shape, but,

is shown for k's
All the curves are
one the scale cho-
sen, the higher RBE curves look exponen-
tial.
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FI GURE 26.
RBE

Survival Curve for
Val ues
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Di fferent

A remaining question, then, is, if
Equation (3b) will give the necessary
variation of k with LET. To answer
this question requires additional
assumptions about Sl' It must be as-
sumed to vary with some quantity that
describes the radiation. We will
sume for the moment that the local
energy density introduced by Rossi,

(8) is the necessary

as-

Biavati, and Gross

quantity.

Local Energy Density

Assume that in a hit in which there
is an increment AZ to the local energy
density there is a probability of sur-
vival s(az). Then

S, =/ s(aZ) P(aZ) daz (5)

0
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unity for small
monotonically with increasing AZ.

AZ and that it decreases
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Taking

S(AZ) — e-AAZ

(6)

corresponds to the classical single-hit

theory. Equations (5) and (3b) give
k= (1- e M)y <)
where the notation is that of reference

If XAZ << 1 over most of the aZ
distribution, the exponential
(7) can be replaced by the first two

terms of its power series expansion.
This gives k = » = constant. The sur-
vival curves are exponential, and the

RBE's are the same for all radiations.

()

in Equation

Keeping another term in the series shows

that the RBE of high LET radiations is
slightly less than that for low LET;
this is what is observed in single-hit
phenomena. |f xaZ >> 1, the exponen-
tial in Equation (7) can be neglected
and k = <AZ> L This gives very low
RBE's for high LET radiations and is
seldom of interest in radiobiology.
Calculations with other possible
functions for s(AZ) indicate that
much of the shape of RBE curves can be
understood from the behavior of s(aZ)

for small az. |1f, for example, with
n>1

s(az) = 1 - az" (8)
for small AZ, Equation (3b) gives

k= &)/ (o) . (9
Then k will be small for low LET, risi

to a maximum, and decrease as Qb
for high LET. This is how many RBE
curves behave.
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LONG TERM CHANGE OF Pu-Be NEUTRON SOURCES—L.L. Nichols

The change in neutron yZeld of two Pu-Be neutron sources with

time was determined to be 1.0 # 0.3% per year.
of result i s dependent on the stability of the BF

sitivity.

The flux from Pu-Be neutron sources
changes as a function of time. This
is caused primarily by the build-up of
241Am from the original 241Pu in the
source. Since these sources are used
as flux standards in neutron experi-
ments, it is importnat to know how the
output changes with time.

A previous attempt(g) to measure
this change by comparing the unknown

238

source with a known Pu-Be source

was unsuccessful. The change in
neutron emission rate was calculated
using the known isotopic composition
and the known number of neutrons per
alpha. The source was made from a
powdered mixture of PuO2 and beryllium

instead of the more stable PuBe com-

plex, and it failed to yield rerl)foduc—
ible results. Previous attempts to
measure secular changes using a BF3
tube as a standard were hampered by
radiation damage effects. (10) More
recently, however, tubes have been

obtained that are considerably less

The accuracy
3 tube sen-

sensitive to this damage.*

The sources were positioned inside
a precision long counter(ll) and the
count rate for each source was meas-
ured periodically over a 2 yr period.
The data were fitted with a straight
line and the percent change per year
For our two standard
sources {M-246', M-710') the neutron

was calculated.

flux increases by 1.0¢0.3%/year.

The uncertainty in this value was
determined by estimating the magnitude
of the known sources of error. These
errors include the standard deviation
due to counting statistics, a small
error in the technique used to set
the gain of the BF3 tube counting
system, and an error caused by den-
sity changes in the polyethylene in
the long counter brought about by
variations in room temperature.

*Twentieth Century Electronics,
New Addington, Croyden, Surrey,
England

LOCAL-ENERGY-DENSITY DISTRIBUTIONS— W. C.

Roesch

The labor of determining the Zocal-energy-density distribution
can often be avoided by reducing the desired quantity to an

expression involving only moments of the single-event distri-
bution or by making use of the Gaussian approximation when the

expected number of events i s large.

(8)

Rossi, Biavati, and Gross intro-

and biological effects of ionizing radi-

duced the quantity "local energy density', ation at the microscopic level. The

Z, to assist in relating the physical

3

local energy density is the energy ab-



sorbed in a small spherical volume of
matter divided by the mass of the mat-
ter in that volume.
enough to be of radiobiological inter-
est, a few microns and less in diameter,
a given absorbed dose will produce dif-
ferent values of the local energy den-
sity in different spheres because the

particle nature of radiation results
in concentration of absorbed energy

along particle tracks rather than in
uniform distributions throughout the
irradiated material.

For spheres small

Determining the
local-energy-density distribution, P(Z)
is the first task. One or more events
may contribute to Z. Determining P(AZ)
the distribution of increments aAZ to
Z in single events, is easier than de-
termining P(Z). The purpose of this
paper is to demonstrate mathematical
relations between P(AZ) and P(Z) that
frequently permit avo+-ding the deter-
mination of P(Z).

Rossi (12) has given a formula for
calculating P(Z) from P(aZ):

@

P(z) =3 ™" mnte 2y (D)
n=0
where
Z

P (Z) = j' P(aZ')P_ . (Z - aZ')daz’

? 0 n-1 ... (2)
and

Po(Z) = 8(2), (3)

the Dirac delta function. Pn(Z) is the
probability of a local energy density
Zinn events: e ™" (n) ! is the
Poisson probability of n events when

the average number is m. Equations(1)
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through (3) give P(Z) when P(aZ)
known,

is
but usually much computational
labor is involved.

Let us use the notation

r

We will calculate <e'>‘7‘> . This is
the Laplace transform of P(Z); if the
sign of x» were changed, it would be
what is known in probability theory as
the moment-generating function. Putting
f(2) = e in Equation (4), substituting
P(Z) from Equation (1), and using the
Laplace transform convolution theorem n

times in the nt—h term gives

(f(2)) = £(z)P(2)dz (4)

ey - M € *H)

where the brackets in <e'>‘AZ> denote
the same operation as in equation (4),
but the presence of the A indicates
that the integration is over the dis-
tribution P(aZ) rather than P(Z).

It is readily shown that

<Zne—z _ ('1)2?2 <e->‘2> (6)

(5)

From this and Equation (5)

{2y« o - e8]

(7 = m(aze 02y em !
D)

R
o (az2e02)] oua
)

(7a)

(7b)

(7c)
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3D - [m3(AZe'“Z>3 6% = <zz>* - {z)"?
2 -AAZ 2 -AAZ
+ 3 z Y<{nz ) » 2 2 -m
m” {aZe € _m <A22 o m (AZ)_:?1 - (11)
+m (AZ?’e_)‘AZ )] e ™ [1 1-e (1 -e™)
) (e-xAz>] 00

For m much less than one, (z)* approaches

etc., and, by letting 4 =0, <A2>an'd o? approaches <A22> - (AZ>2 y 1.e., ",

<Z0> _ (8a) P*(z)/(1 - ¢ ™) approaches P(aZ) or P*(Z)
. - (8b) essentially equals mP(AZ). For m much
L2z Q= (A7) larger than one (Z)* approaches m<AZ>
<ZZ) - m? (a2 4 m(AZ (8¢c) 2 :

AN
m3 (AZ>3 Y AZ> <A22> and ¢ approaches m<AZ > ; higher odd

central moments approach zero. This
+m <A23> (8d) indicates that P*(Z) [or P(Z)] approaches

(z%)
a Gaussian distribution

etc. P*(Z) = [2HD<AZ%/<AZ>]_1/2

The mean value of Z, (Z) , equals 5 2
the absorbed dose;(®) therefore, from exp [(z - D) <AZ>/2D<AZ >] .
Equation (8b) e (12)

D = m<AZ> . (9) Applications seldom require P(Z) it-

self; they often require some expression
Equation (8a) says that the P(z) dis- ©of the form of Equation (4). For ex-

tribution is normalized to unity. 1t is ample, Biavati(13) used f (=) equal to
so normalized because it includes the one for Z < Z_ and equal to zero for
term e Ms(Z) for the probability of 'no Z > Z,. This can be evaluated )
energy deposition event taking place ) Z - D -
(the probability of an event taking 7 {1 + erf —° .

. L . &GO \1/2 (13)
place but with no energy deposition is <2D < z> .
PAZ = 0)daZ). Determinations of P(Z) 32

do not include this term but give in-
stead P*(Z) = P(z) - e Ms(z). P*(Z)
is normalized to 1 - e " rather than
unity. Using * to denote the operation
of Equation (4) but with P*(z)/(1 - e ™

for large m.

More generally, £(Z) can be ap-
proximated by a power series. Or, an
expression of the form

gives £(2) = e_AZ(aO +agZ o+ azZ2 +...) (14
)* _m{az) may be a better approximation. 1In.
<Z ] . M (10) this case
-xL v/
and @) = a, €2y« 4z )

. (15)



21

and the terms on the right can be

evaluated by Equations (8).
Sometimes one wants just the
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event frequency
1 - eD/{az)

from Equation (9).

1 - e-m =

210

CALORIMETRIC MEASUREMENT OF Po*-D. M.

A calorimeter of the twin type(14)
was used for cylindrical samples as
large as 24 an long and 5 an diam.
Thermal insulation was obtained by a
1.3 an layer of styrofoam. The cal-
orimeter relied on the high thermal
conductivity of a 3.2 mm thick cop-
per jacket to provide the same temp-
erature environment for each side.
Temperature rise of the system was 4.2
Oc/w. A 12-junction,
tan thermopile was used to detect any
temperature difference between cells.

iron-constan-

Thermopile output was fed to an am-
plifier which in turn supplied a sig-
nal to a proportional control system.
The controller provided the calibration
side of the calorimeter with the elec-
trical power necessary to keep the

two sides at the same temperature.

At equilibrium the heat output of the
to the power suppli-

A clock-

sample i s equal
ed to the calibration heater.

Fleming

controlled readout system recorded
the voltage on the heater at pred-
etermined The system was
therefore completely automated.

intervals.

Maximum measurable source power
is 10 W and the minimum detectable
power is about 10 mW. Accur-
acy required for the measurement
was 1%owvhich was easily obtained.

level

Sixteen irradiated bismuth elements
were measured. The first element to
be measured was remeasured at the

end of the experiment to obtain the
decay rate of the heat output. The
measured value differed from the ac-
cepted half-life of 210Po by less than
the estimated experimental error;
this supports the assumption that the
heat contribution from radioactive
contaminants was negligible.

*This work was not funded by the
Division of Biology and Medicine.

AFPARATUS FOR LOCAL-ENERGY-DENSTY MEASUREMENTS-W. A.

A proportional

of evzef‘%ges deposited i n microscopic spherical

5 x 20° g) by ionizing radiation.

Glass

counter i s described capable of measuring the distribution

sites (of the order of
Distributions of the dose as a func-

tion of event size for monoenergetic neutrons are compared with similar

results obtained at the Radiological

University.

Investigation of the energy deposited
by ionizing radiation in microscopic
absorption sites (sites of the order of

Research Laboratory,

Columbia

5 X 10'12g) is made possible by measur-

ing the energy deposited in cavities
filled with a gas having the same atomic



composition as the wall material.
Theories advanced by U. Fano(ls),

G. Failla(lé), and others show that
when such a cavity is surrounded by
sufficient material to establish
charged particle equilibrium, the
cavity experiences the same energy
absorption per unit mass as the sur-
rounding wall. Rossi, et al.(8’17’18)
have shown that except for a possible
effect due to electron scattering, the
energy spectrum of ionizing events in
such a cavity is the same as the spec-
trum in microscopic sites of higher
density material. The dimensional
scaling factor is the ratio of the den-
sity of the gas to the density of the
material being simulated.

Techniques for producing proportional
counters in spherical cavities have
been developed at the Radiological Re-
search laboratory at Columbia University
Our Laboratory recently obtained one of
these spherical proportional counters
with tissue equivalent walls.* The
following is a description of the equip-
ment necessary for making local-energy-
density measurements and of the general
performance characteristics of the
counter.

The proportional counter is a spher-
ical cavity 10 an diam surrounded by
about 6 mm of tissue equivalent plastic.
A cylindrical electric field about the
anode, necessary to produce uniform gas
multiplication for ionizing events in-
dependent of their location within the
cavity,

*The counter was made available to us
through the kindness of H. H. Rossi

and his co-workers at Columbia Univer-
sity. 1t was fabricated by Mr. Rudolph
Gand and Mr. Robert Lee.
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i s maintained by a tenuous spiral

BNWL-235 2

0.2 that of
This voltage is sufficient

grid held at a potential
the anode.
to collect electrons from ionizing
events within the spherical cavity.

The collected electrons pass through
the transparent grid and into the cylin-

drical electric field between the grid
and anode where the gas multiplication

process takes place to produce a sig-
nal proportional to the initial
zation.
details.
collected from all

ioni-
Figure 27 shows construction
Evidence that electrons are
regions of the spher-
ical volume and are subject to uniform
multiplication is given in Figure 28.
This figure displays the pulse height
distribution resulting from a mono-
energetic alpha particle source mounted
flush with the counter wall. It
assumed that the alpha particles lose
a sufficiently small amount of energy
in traversing the cavity that their

is

__GAS LINE

ELECTROSTATIC SHIELD,

TISSUE EQUIVALENT
PLASTIC WALL

FIGURE 27.

The Spherical Proportion-

al Counter
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FIGURE 28. Event Spectrum Re-
sulting from a Monoenergetic
Alpha-Particle Source Mounted
Flush with Counter Wall
stopping power is constant. Hence,

the resulting energy loss distribution
distribution of chords drawn, with equal
probability in all directions, from a
point on the wall of the sphere. That
is, all energy losses should be equally
probable from zero to a maximum value
which represents a traversal along the
diameter; larger events obviously have
zero probability.

It was necessary to provide addi-
tional electrostatic shielding of the
counter against noise pick-up. An ad-
equate conductor was produced by vacu-
un deposition of about 10 u of silver
onto the outside wall of the counter.
This shield was then electrically con-
nected to the counter base and the
common ground.

Signals from proportional counters

typically display a rather slow and
variable rise time primarily due to

the finite drift velocity of electrons
in the gas. This is particularly true
for this counter since the radial
tent of ionizing events can be as great
Signals of this type are best
amplified with a charge-sensitive pre-
amplifier followed by an RC amplifier

with relatively long differentiation

ex-

as 5 cm.

BNWL-235 2

and integration time constants. Figure

29 shows the effect of amplifier time
constants on resolution. The reso-
lution is taken as the fractional full-
width-at-half-maximum for events pro-
duced by collimated alpha particles
directed across a diameter of the
counter. These results indicate lit-
tle or no improvement in resolution
by increasing the time constants be-

yond 3.2 usec.
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FIGURE 29. Resolution of the Spheri-
cal Proportional Counter as a Function
of Amplifier Time Constants

Figure 30 shows the wide range of
over which this counter will
satisfactorily. Stable oper-

gas gain
function

ation at
ant when
produced

very high gas gain is import-
measuring ionizing events
by high energy electrons.

These events may contain only a few

14

B 1 tv gagain

[ | | | |

FIGURE 30.
Proportional Counter as a Function of
Gas Pressure

pressure, mm ot Hg

Gas Gain of the Spherical



initial ion pairs, and gas gains of
103 or more are necessary to raise the
signal above the inherent electronic
noise.

Simulation of spherical absorp-
tion sites of the order of 1 u diam in
tissue requires operation of the coun-
ter at gas pressures of a few torr.
The gas gain of proportional counters
is a very sensitive function of pres-
sure, particularly at pressures be-
low 20 torr, as shown in Figure 31.
Thus, for ultimate resolution, the
gas flow system used with the spheric-
al proportional counter must maintain
a constant pressure for the period of

500

200 |

o
S
o
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P
g
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z
:10 =
S
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.
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l —
[ [ [ [ [ [ [
500 600 700 800 900 1000 1100 1200
Anode potential, V
FIGURE 32. Gas Gain of the
Spherical Proportional Counter

as a Function of Anode Potential
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time required to accumulate a spec-
trum. Our gas handling system, simi-
lar to that reported by M. H. Biavati
et al.(lg) has shown some difficulty
with long term stability of gas pres-
sure. Work has begun on an electroni-
cally controlled feedback device to
regulate gas pressure with an error
signal derived from gain shifts in an-
other proportional counter operating
from the same pressure system.

A comparison of our results with
those obtained by the group at Colum-
bia University, who pioneered this
type of measurement, seems appropriate.
A good result to compare is the dose
distribution
energetic neutrons.
been defined as the energy (measured
in KeV) deposited in a spherical site
divided by the equivalent diameter of
that site in unit density material.
Figure 32 compares the normalized dose
distributions obtained for monoener-

in event size for mono-
Event size has

getic neutrons in our laboratory with
those reported by M. H. Biavati et
.(20) The general features of these

0.0
z rBNW

0.0177 0.01

al

RRL, CU

.0
En = 480 keV0 En = 430 keV
1u S

D(v)

0.02 [~
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D(y)

0.01

I I B | LNy
40 60 80 100 20 30 60 80 T00

| |
20 40 60 80 100 200 40 60 80 100
v (keV/u) v (keV/u)

FIGURE 32. Comparison of the
Dose Distribution in Y of
Monoenergetic Neutrons (Distri-
butions at Right from Radio-
logical Research Laboratory,
Columbia University)
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distributions show the expected agree-
ment. The difference in energy scale
reflects a difference in calibration
techniques. The Columbia group uses
the stopping power of monoenergetic al-
pha particles to determine the max-
imum energy lost by protons to the
spherical counter. Our energy scale
has been made to agree with an experi-
ment recently performed in our labora-
tory(ZI) that measures the maximum en-
ergy lost (ionization) by protons pas-
sing through the gas used in the spheri-
cal counter. This experiment indicates
that the maximum energy a proton can

BNWL-235 2

lose to a 1 u site is about 100 KeV.

I f one makes certain assumptions re-
garding the behavior of the ionizing
events in the counter, the instrument
can be used to determine experimentally
the dose distribution in linear energy
transfer. Figure 33 shows an experi-
mentally measured dose distribution in
linear energy transfer for a Pu-Be neu-
tron source (Hanford source #M-1221),
compared with a theoretical dose dis-
tribution for neutrons from Pu-Be sources
The curves have been normalized to equal
areas and maximum linear energy trans-
fer of 100 keV/u.

Pu-Be Source

=

mn

—

a

0.
I ! ! | | | 1
10 20 30 40 50 60 70 80 90 100 110
LET, keV/u
FIGURE 33. Dose Distribution in LET for a
Pu-Be Neutron Source Compared with the theo-
retical Distribution [Theoretical Curve from
Reference (25)])
PROGRESS IN ABSORBED-DOSE CALORIMETRY-— D. M. Fleming

Calorimetry studies were continued

with the goal of developing a calorimeter

for use in the measurement of absorbed
neutron dose. The dose rate which must

be measured is about 1 rad/hr which is
extremely low for calorimetric tech-

nigues. |If isothermal calorimetry is
employed and the measurement extended
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over an 8 hr period, accurate measure-
ment of this dose rate will require the
ability to detect temperature changes
as low as 10'7 °C. Extreme temperature
stability of the calorimeter will also
be required for the 8 hr experiment.
Calculations indicate that the required
temperature stability and sensitivity
may be achieved by using a twin calor-

imeter.
An important characteristic of the

twin calorimeter i s the reduced depen-
dence on temperature stability, because
temperature changes in the thermal
shield affect each cell identically in
the ideal Also, the twin calor-
imeter technique is not dependent upon
an absolute temperature measurement but
reuires only differential measurement
which

case.

i's much easier to obtain.

To apply the twin calorimeter to the
measurement of absorbed dose, some means
must be incorporated to differentiate
between the dose supplied to each side
The technique in use is to provide a
mass difference between the two ab-
sorbers. The outsides of the absorbers
are identical to provide the same heat
transfer properties, but one is hollow.
The absorber with the lower mass ab-
sorbs less radiation and as a result
has a lower temperature rise.

As a preliminary to the neutron
calorimetry, a y-ray calorimeter (Fig-
ure 34) is partially assembled. This

FI GURE 34.
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calorimeter will be used as a tool to

develop the sensitivity and stability
desired for the neutron calorimeter.

1 - Styrofoam Insulation

2 - Copper Thermal Shield
3 - Graphite Liner
8

- SolidwAkksobeer

Absorbed Dose Cal -
orimeter with Lids Removed

Later this technique will be adapted
for use with neutrons.

Studies are also in progress in the
area of sensitive temperature measure-
ment. Although several thermometry
systems are available which may be
pushed to the limit of 1077 °C, most

have serious drawbacks. Of the several
systems that have been studied, thermo-

electric materials and gas thermometry
show promise of greater sensitivity.

FAST NEUTRON MEDICAL RESEARCH FACILITY -

A shield and irradiation facility
were set of for the University of
Washington medical research
ratory in Walla Walla. Major modi-
fications to the shielding were made

labo-

K. L.

Swinth

by replacing paraffin with water
tanks and concrete bricks. A peri-
scope and ventilation tunnel were
included in the shield to alleviate
the feeling of closeness for the



subject. An uneven floor made

necessary a slight modification of
the tracks on which the bed,
and neutron generator move.

spacer,

After optimization of the per-
formance of the neutron generator,
an estimate of the average dose rate
available to the volume of
using the D(d,n)
with air-filled,

interest
reaction was made
tissue-equivalent,
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ionization chambers. The average
dose rate was found to be 1.2 rads/hr.
Similar chambers, but flushed with
tissue-equivalent gas were designed

and are being assembled (22).
Although the T(d,n) reaction will
used for most experiments, the
effects of neutrons of lower energy
from the D(d,n) reaction are being
investigated because of their greater
biological interest.

be

TISSUE EQUIVALENT ION CHAMBER DEVELOPMENT—

The desirability of tissue equi-
valence for absorbed-dose measuring
devices is well In addition,
a gamma-only device i s needed when
mixed fields are encountered. The
Al50 tissue equivalent plastic(23)
was chosen for total dose measure-
ments and graphite for the ganma
determinations.

The program needs for ion chambers
are a miniature chamber to be used
with a pulse pencil reader(24) for
depth-dose studies and a small ion
chamber for neutron dosimetry to
assist the University of Washington
spermatogenesis studies.

known.

Since this latter project requires
dose distribution measurements and
because tissue equivalent gas filling
would be inconvenient, a miniature
chamber with a small cavity and thick
walls was designed. When a desired
sensitivity D/(V0 —Vl) in rads per
volt, has been determined, the neces-
sary ratio of volume to capacitance
can be calculated from

e (S/o)7 oy
wie x 1017 (8704

fgv = f

L. A. Braby

and

0 -

where f

c:(V0 - Vl)

is the collection efficiency,
q is the charge produced in coulombs

per cm3 of air, e is the charge of

an electron in coulombs. D is the
t t
ose in rads, mw e stopping

power ratio of air to wall material,

w is the energy in electron volts ab-
sorbed per ion pair,
of air,

p is the density

c is the chamber capacitance,
and VO—Vl is the change in potential
on the chamber due to the charge col-
lected.

For the desired V/c value a con-
venient combination of T,,
radius of the cavity, and r
radius of the electrode,
tained from

the inner
1’ the
can be ob-

+ ZﬂeoL/ln(rz/rl)

3
= 2/3 n(r23 - ) o+ n(r22 - r12)L

by successive approximation where L



28 BNWL-235 2

is the length of a cylindrical cavity in gas volumes other than the intended
with one hemispherical end. The Type cavity. Even the small air gaps
A chamber (Figure 35) was designed intended to lengthen the surface
for 4 pF and 0.5 rad/V. |Its total leakage path over insulators can
volume is 18.5 mm> and Ty is 1.375mm. cause major errors. The chamber con-
Experience with machining and tacts, if left uncovered, can collect
cleaning small insulators soon indi- ions from a very large volume. The
cated that Teflon was the best choice, configuration illustrated for the A
unless polystyrene could be molded to and B chambers proved to be adequate.
the finished shape. Normally, a new In the spermatogenesis project the
insulator leaks quite badly until it need arose for more sensitivity and
has been cleaned several times. In the Type B chambers resulted. These
small chambers dust particles in the have a sensitivity of 7 V/rad (as
gap between electrodes is also a determined from neutron flux measure-

ments) which is somewhat |ess than

expected. To improve sensitivity
ﬂ without increasing size, these cham-
bers will have to be adapted to the
pulse pencil reader.

A 100 cm3 flow chamber using
tissue equivalent gas and with 6.5mm

0.33 tissue equivalent plastic walls was
—> . . .
q mm designed for calibrating the small
chambers. In this chamber,
(Figure 36) insulation is provided by
l0.2
_* mm E

rllllllllll
[
—

—

! l ~———1 I ! M pafsasa:ge~hii

Chamber A Chamber B 5 [ © !
volume 18.5 mm volume 203 mm o

FIGURE 35. Small Tissue- - I
Equivalent lon Chamber Dos?- i

meters i i Ring
i s
problem. However, it is usually pos- L 5 an
sible to reduce leakage to less than
2%/week.
i i i Modified MV

A difficult problem with small O haior

cavities is extra cameral collection, Chamber M

volume 100 cm

FIGURE 36. Calibrating Chamber Employ-
ing Tissue Equivalence and Gas Flow

that is, collection of ions formed
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is measured with a vacuum tube elec-
trometer.

a modified MHV connector and leakage
resistance is >1016n. Chamber current

CALCULATION OF THE DISTRIBUTION OF DOSE IN LINEAR ENERGY TRANSFER FROM SPHERICAL
PROPORTIONAL COUNTER DATA—D. N. Samsky and W. A. Glass

A computer program was written to calculate neutron dose distributions
in linear energy transfer from spherical proportional counter data. A
flow diagram i s given and sample calculations for several monocenergetic
neutron energies are presented. Comparisons with theoretical calcula-
tion shows that calculated linear energy transfer distributions are

probably valid for neutrons having energies greater than 1 MeV.

In radiation fields where the
charged particles have greatly dif-
ferent linear energy transfers it is

difficult to assign a dose equivalent.

For radiation protection purposes it
would be desirable to measure the
absorbed dose for each linear energy
transfer, multiply by the corres-
ponding quality factor, and sum the
products to arrive at a dose equi-
valent. Approximate methods have
been developed for determining D(L),
the dose distribution in linear
energy transfer. (25) This method re-
quires knowledge of N(Y), the event-
size distribution. Event size is
related to the response observed in
a spherical proportional counter and
is defined as the energy lost by an
ionizing event in a site divided by
the equivalent diameter of that site.

Then, if it is assumed that the
secondaries comprising the events

cross the sphere in straight lines,
along which their linear energy
transfer is constant and, if
secondaries starting or stopping in
the counter can be neglected,

D(L) = — [YN(Y) - y? T—dN)EY)J -
Y =1

27T

where r is the equivalent radius of
the sphere. These assumptions are
reasonably well satisfied for
neutrons above about 1.0 MeV, high
energy charged particle beams, etc.
It is convenient to note that
D(Y)=Y N(Y); then

K'
D) = =7
[2 D(Y) - YL?I\EY_)—] (2)

The data for N(Y) are obtained as a
histogram pulse-height distribution
from a multichannel analyzer. A
computer program was written to
produce D(L) from such pulse-height
spectra.

The program was written in
Fortran IV for the Univac 1107
computer. Figure 37 is a brief flow
diagram of the code. The necessary
input parameters, in addition to the
N(Y) distribution, are the counter
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Input
Data Cards
One or
More Cases
Y
sart Test for Calculates Fits an CgerLi”na;fd
Star > Zero Next Case a D(Y) Histogram Orthonormal Y
P> Machine i > . > . r . Polynomial
Terminate and Normalizes Polynomial - s
X : A Coefficients for
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Errorin
Input Data
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Between D(Y) Histogram
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Function
Calculates D(Y)
= and D(L) at > Graphs
1 KeV/u Intervals D(Y) and D(L)
FIGURE 37. Flow Diagram for the Cal-

culation of the Distribution of Dose

in LET from Spherical

Counter Data

size and input energy calibration.
The date, run number,
any other additional information can
be associated with each computation.

energy and

A plotting option is available so
that either D(L) or D(Y) and D(L)
are graphed. Only the statistically
significant data of the multichannel
analyzer output were included for
analysis.

The input was the Hanford standard
LISTIV subroutine. First a D(Y)
histogram was calculated from the data

This cal-
others, was
performed in double precision so that
each number had 21 significant digits
thus insuring that round off errors

and normalized to unity.
culation as well as all

in divisions and subtractions would

not affect the results. A set of

Proportional

orthonormal polynomials was then
found to represent the normalized
D(Y) histogram. The order of the
polynomial, less than 16, was chosen
to minimize the residue. From this,
a set of ordinary polynomial coef-
ficients was constructed. A point by
point comparison between the D(Y)
histogram and the calculated fit
reflected no more than the statistical
fluctuation of the data. Adjustments
were made so that computer calcu-
lations of the D(Y) and D(L) function
were made at 1 keV/u intervals. The
code returns the normalized D(Y)
histogram, the matching D(Y) function,
the percent difference between the
two, the ordinary polynomial coef-
ficients, and the adjusted D(Y) and
D(L) functions. |In addition it can
supply plots for D(Y) and D(L).
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The operation of the code was
checked by comparison with a few
points calculated by hand and was
satisfactory. Figures 38 and 39
show the results of representative
cases that have been normalized so
that the high linear energy transfer
peak in the D(L) spectrum falls in
Channel 100. It should be noted
that even though results for 0.5 Me/
neutrons have been presented, the D(L)
distribution is not correct due to
the high percentage of secondaries
stopping within the counter. It has
been included to show that its general
shape above 40 keV/u is similar to
that from the theoretical calcu-
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FIGURE 38. Dose Distribution

inyY for Monoenergetic Neutrons
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lations by Rossi. (25) A comparison
of the N(Y) distribution with the

theoretical distribution calculated
by Cas;well(26 is shown in Figure 40.
It shows that for neutron energies
above 1.0 Me/ a D(L) distribution

can be constructed. A D(Y) distri-
bution (Figure 41a) for a Pu-Be
neutron source indicates that it would
be correct to calculate a D(L) dis-
tribution (Figure 41b). |If the ac-
cepted values for quality factors at
various linear energy transfer values
(Handbook 59) are used, a quality
factor of 7 can be assigned to the
neutrons from a Pu-Be neutron source
on the basis of its linear energy
transfer dose distribution.

0,028

0.024 —

0,020 - /

0.012 —

0.008 [~

0.004 |—

I | | |
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FIGURE 39. Dose Distribution
in LET for Monoenergetic Neu-
trons
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LOW ENERGY FAST NEUTRON SFECTROMETER-W. A. Glass

A He3—filled proportional counter
was developed to aid in the evalu-
ation of neutron spectra in the
energy range 0.1 to 1.0 MeV. The

counter is characterized by its wall-
less construction and isotropic res-
ponse to neutron flux. Resolution
is approximately 40 keV f.w.h.m. for
125 keV neutrons.

TRANSITION ZONE DOSMETRY-K. G. Pailthorp

The distribution of the dose near
the interface between a beta-emitting
half-space and another medium is
influenced by the atomic composition
of the backscattering medium as well
as that of the emitting medium. For
half-spaces with dissimilar atomic
compositions, the dose distribution
is discontinuous at the interface, a
phenomenon known as the stopping
power jump, since the discontinuity
results from the difference in the
mass stopping powers of the materials.
In this stuay, dose distributions
were studied for two metallic emitting
media in combination with three
metallic backscattering media--a total
of six distinct cases.

A calibrated solution of 3P was
mixed with 250 mesh powders of alumi-
nun and lead. The mixtures were
allowed to dry and then compacted on
a 300 ton press. (2 The result was
two metal disks 3 in. diam and thicker
than the maximum range of 32P beta
particles. The densities achieved
were 100 and 93%of theoretical
density for aluminum and lead res-
pectively.

Auctoradiographs were made of the
sources to determine the uniformity
of the activity. Figure 42 is a

histogram display of optical density
readings at a number of random sites
in the collecting region of the faces
of the emitting disks. The aperture
of the optical densitometer used was
1/16 by 3/16 in., so some averaging

is inherent in the readings.
The dose rate at the interface for

an example in which the two media are
of the same atomic composition is
equal to one half of the dose rate at
the center of an infinite emitting
medium, R_, which is just (29)

R_= 2.13 EC rad/hr

where E is the average energy in Mg/
of the electrons emitted, and C is
the concentration of emitter in uCi/g.
If the activity was uniformly distri-
buted, the measured interface dose
rate would agree with that calcu-
lated from the above relationship.
The calculated and measured interface
dose rates for the aluminum emitter
half-space were respectively 10.20
and 10.36 rad/hr. The calculated

and measured interface dose rates for
the lead emitter half-space were res-
pectively 10.21 and 10.18 rad/hr.

The agreement is within the range of
the experimental uncertainty.
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FI GURE 42.
Uniformity

The extrapolation chamber is shown
in Figure 43. The emitter half-spaces
were mounted to Lucite disks through
which extended electrical leads.

This assembly served as the accele-
rating electrode within the extra-
polation chamber.

In opposition to this electrode
within the extrapolation chamber was
one of three collector-guard ring
assemblies--one of aluminum, one of
copper, and one of lead. Each as-
sembly consisted of a disk 1 in.
surrounded by an annulus of 1.010
ID and 3 in. OD. These were cemented
to a disk of cast electrical epoxy
resin in such a way as to maintain

diam
in.

Histograms of Source

the 0.005 in. air gap between the
collector and the guard ring. The
front surface of this assembly was
subsequently faced off on a lathe
to insure the coplanarity of the
collector and guard ring. Elect-
rical leads extending through the
resin maintained the guard ring at
ground potential and conducted the
ionization current from the collec-
ting electrode to the input of a
vibrating reed electrometer. The
electrometer was used in the rate-of-
charge mode, and the output was dis-
played on a strip chart recorder.
The entire extrapolation chamber
assembly was mounted directly on the
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head of the preamplifier unit of the
electrometer. The case of the extra-
polation chamber consisted of two
threaded aluminum cylinders. The
threads were 16/in. and the circum-
ference of the outer cylinder was
divided into degrees, providing posi-
tioning of 1.736 x 10 %in./°. An

T
--1 l
Preamplifier
Head

Extrapolation Cham-

aluminum frame consisting of two
annuli was used to clamp foils of
aluminum, copper, or lead and to
stretch them over the accelerating
electrode within the chamber for
the purpose of examining the dose
rates at positions within the back-
scattering medium.



JW, rad/hr

An independent determination was
made of the position corresponding
zero plate separation. Capacitance
was read with an L-C meter as the
chamber setting was varied. A plot
of (capacitance) ~ versus chamber
setting gave a straight line which
when extrapolated to the abscissa
indicated the chamber setting
corresponding to zero plate sepa-
ration.

Six configurations were investi-
gated--three backscattering half -
spaces for each of the two emitter
half-spaces. The results are shown
in graphic form in Figures 44 through
47. The gquantity JW plotted in
Figures 43 and 44 and referred to
as chamber response is related to
dose rate through the Bragg-Gray
relationship, (30)

R = sJW

where s is the ratio of the mass

stopping power of the wall material

100 200 300

X, mg/cm2

FIGURE 44. Chamber Response
for 41(%2pP) Emitter Half-Spaces

JW, rad/hr
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— .l 1
100 200 300
X, mg/cm2
FIGURE 45. Chamber Response

for Pb(32P) Emitter Half-Spaces

for electrons to that of the gas with
in the ionization cavity, and R is
the dose rate within the wall
material. Note that the chamber
response at the interface increases
with increasing Z of the backscat-
tering material. This results from
the fact that the mean square angle
of the scattering is proportional to
(Z)z. That is, more energy is
reflected back to the interface.

This same consideration accounts for
the more rapid decrease with depth
(mg/cmz) of chamber response for the
higher Z materials which causes the
three chamber response curves to
cross. Due to the greater range
(mg/cmz) of electrons in the higher Z
materials as well as the greater
bremsstrahlung production (since the
ratio of the energy lost by electrons
through radiative processes to that
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lost in collisions is proportional (32) that the average electron energy, E,

to Z,) the curves will cross again at
a depth beyond those attainable with
this apparatus.

The values of dose rates plotted
in Figures 45 and 46 depend on the
stopping power ratios (33) for the
materials used and also on the energy
spectrum of electrons at a given
position, since stopping power ratios
are functions, albeit slowly varying,
of electron energy. The simplifying
assumption adopted in this report is

was 0.4 Me/ at all points in the
materials. This is a reasonable
approximation in the region of most
practical interest (i.e. near the
interface) ; however, the approxi-
mation deteriorates as points are
considered deeper within the back-
scattering medium.

When stopping power jumps occur
at the interface, two dose rates
were obtained from successive appli-
cations of the stopping power ratios
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for the two materials to the chamber
response reading at the interface.
The dashed curves to the left of
the interface in Figures 46 and 47
are intended only to suggest the way
in which the dose rate curves app-
roach the interface. No data were
taken in this region. However, the
data taken in the backscattering
medium afford some information
about dose rate curves in the
emitting medium. Energy conservation
dictates that the area under the
curve to the right of the interface

be equal to the area to the left of
the interface bounded above by

2.13 EC and below by the dose rate
curve. That is, the energy absorbed
in the backscattering medium must
equal the energy escaping the emit-
ting medium. Also the dose rate
curves must converge to 2.13 EC for
depths greater than the maximum
range of the most energetic electron
emitted. These considerations
provide an index to the nature of
the dose rate curves within the
emitting medium.
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WHOLE BODY COUNTING OF PLUTONIUM IN DOGS*-K. L.
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Swinth

Experiments were performed with dogs to learn more about the problems

associated with in vive counting of plutonium.

a continuation of previous work.

Physical differences in dogs,
which affect plutonium counter sensi-
tivity, were further investigated.
The effect of the skeleton on
counting was determined both by
counting sources in a dog skeleton
and by measuring rib width and spac-
ing on X-ray films. By measuring width
and spacing of ribs on X-ray films of
dogs we estimated that 28%of the chest
area was covered by ribs. This value
ignores the effect of the scapula, ster-
Counting a
source placed at the lymph node loca-
tion in the skeleton gave a decrease
of 46%from the rates with the source
in the same location but without the
skeleton.

num, and spinal column.

Previous investigations deter-
mined the attenuation of 17 keV
photons in the chest wall of diffe-
rent dogs by inserting a plutonium
source down the trachea to the bifur-
cation,
in the bronchial

thus approximating plutonium
lymph nodes.. (34)
Combining these results with the
skeleton data we obtain a half value
layer of 1.3 an for 17 keV photons
in the tissue of the chest wall.
Sources of the same isotopic com-
position as the exposure material
were obtained and used to study the
effects of different distributions
in the dog phantom.
sensitivity with distribution are

The changes in

*

Work done in cooperation with
J.F. Park of the Biology Department.

These experiments are

The new sources
gave counting rates almost identical
to those of exposed dogs. This
confirms our earlier prediction that
the previously observed difference

shown in Figure 48.

in sensitivity between phantom and
real dogs (34) was due to different
plutonium isotopic composition.

Changes in distribution seem to
account for the major differences in
sensitivity noted with different dogs.
Table 2.2 shows the sensitivities
obtained for different dogs compared
with those predicted from the phantom.
the determination of the body burden
and the real distribution within the
dog were obtained by alpha counting
of the tissues.

I f one assumes that counting rates
of background dogs and contaminated
dogs are normally distributed statis-
tically, one can state a lower
for detection of plutonium contami-

limit

nation. The background counting rate
as determined from 20 uncontaminated
dogs was 116 * 10.7 (standard devi-
ation of the counts) counts/min for
the 17 keV X-ray region and 607 & 53
counts/min when the 60 keV gamma ray
was included. The sensitivities
determined from the eight dogs in
Table IT were 2.28 * 0.16 and

13.28 + 1.09 counts/min-nCi respec-
tive energy regions. With a 5%
chance of judging a background
animal contaminated and a 50%chance
of calling a dog with the limiting
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amount uncontaminated, the lower and Pasternack(ss) if we assume that
l[imit for the X ray region is 7.7nCi, the background rate is well known.
and for the 17 keV X ray plus 60 KeV If we reduce the possibility of cal-
ganma the limit is 6.6 nCi. This is ling a contaminated dog uncontami-
the "minimum significant measured nated (Type | error) from 50% to 5%
activity”™ in the notation of Altshuler ("minimum detectable true activity™(35)),
TABLE 11. Effect of Organ Distribution on Calibration
Dog Percent Plutonium in Tissue Sensitivity, counts/min-nCi
Bronchial Predicted
Lung Lymph Nodes Liver Other M easured Fom Phantom
76 47 45 3 5 2.1 2.14
183 52 38 6 4 2.1 2.19
213 49 27 15 8 2.3 2.35
272 63 17 14 6 2.45 2.42
85 36 30 21 13 2.41 2.38
216 51 26 15 8 2.40 2.35
257 41 32 21 6 2.02 2.37

268 43 26 21 10 2.47 2.40




we get 17.3 and 13.5 nCi for the
respective energy groups.

A means of predicting the sensitiv-
ity would be valuable in increasing
the accuracy of our counting results.
One easily obtained variable that is
sensitive to changes in the internal
distribution of plutonium is the ratio
of the counts in the X-ray channels to
those in the X-ray channels plus those
in the 60 keV ganma ray channels,

2 counts, channels 13.6 to 25.6 keV)
> counts, channels 13.6 to 66.4 keV

Results obtained for sensitivity
versus ratio with the phantom are
shown in Figure 49. This ratio de-
pends on the plutonium isotopic com-
position and the position of the dog
in the counter in addition to the
distribution of the plutonium within
the dog. The physical characteris-
tics of the dog can also affect this
relationship. Adding fat or tissue
pads to the phantom produced a
parallel but lower line. A similar
relation is found for the 17 keV
X ray plus 60 keV gamma versus the
ratio.

The feasibility of counting

tissues from sacrificed dogs has
been explored. Counting thin sec-

tions (3mm) inclosed in plastic bags
and placed on top of one counting

41
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unit gave good agreement with the

results from alpha counting.

Two

standard deviations of the back-
ground rate correspond to about

0.33 nCi.

Sandwiching the samples

between two units should provide
greater sensitivity than the 23
counts/min-nCi obtained.
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FIGURE 49. Sensitivity in X-Ray Ratio
for Dog Phantom in Plutonium Counter




SHORT-TERM RETENTION OF PLUTONIUM IN DOGS*—K. L.
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Swinth

The short term retention of plutonium i n dogs was studied by whole body

counting.
rapidly eliminated portion.

After an exposure to plutonium, a
large fraction of the initially
deposited material is eliminated by
the body. Recently 13 dogs were ex-
posed to four differently-prepared
plutonium oxides and the retention
of plutonium studied by whole body
counting.

The dogs inhaled aerosols pro-
duced with a vibrating type generator
containing dry plutonium oxide dust.
The oxides were prepared in four
different manners from two isotopi-
cally different plutonium sources:

e0xalate calcined at 300°C
(Isotope A)

eAbove recalcined at 1000°C
(Isotope A)

@Deltaform of plutonium
metal oxidized at 123°C
(Isotope B)

@Deltaform of plutonium
metal oxidized at 450°C

(I'sotope B)

After the dogs were exposed to the
plutonium aerosol, they were cleaned of
contamination, wrapped in a thin
polyethylene sheet and counted with
a whole-body counter. Counting
generally started within 1 hr after
exposure and continued on a daily
schedule for 2 weeks. When possible,
the dogs were counted twice daily for
the first few days. After 2 weeks the

*The cooperation and assistance of the
Biology Department (Inhalation Toxi-
cology) is gratefully acknowledged.

A half-time for retention of about I day was obtained for the

counts were made weekly and, finally,
biweekly after 2 months.

The dogs were counted unanesthe-
tized and on their backs in the center
of four plutonium counter units. (34)
One unit was below the back, one
above the chest, and one on each side
of the chest.
anesthetized,

Since the dogs were not
it was necessary to have
someone remain in the counter and
restrain them. Backgrounds were
measured for all dogs and handlers be-
fore the experiment started. Counting
was performed in a cave made of old
steel and lined with lead.

For analysis of the counting
results, two energy bands were used.
One band covered the 17 keV X ray
from plutonium and the other covered
the 60 keV y ray from 241Am.

The average empty background rate
in the shield for ten background runs
taken through the 2 months was
41.4 + 6.9 counts/min in the X-ray
region compared to 55 + 2.7 counts/min
ina4in. lead shield. 3*%)  The back-
ground in the region of the 60 keV
ganma from 241Am was 65.9 x 7.1

counts/min. When a dog phantom
(Alderson Research Co.) was in the

counter the count rate increased to
91 and 185 counts/min for the X-ray
and y-ray regions respectively. Back-
grounds for the dogs were about the
same as for the phantom but were not
important due to the high count rates
obtained. The presence of the
handler increased the background rate



by about 20% over the empty back-
ground.

Controlling the horizontal position
of the dog was a major difficulty.
A line traversing the chest at the
forepaws was used as reference for
horizontal positioning in relation
to the counter. Figure 50 shows cali-
bration results for the phantom
and the effect of small displacements
on the sensitivity. Dogs do not like
to be restrained on their backs and
their movement was the greatest
cause of errors.

2.0 Isotope A

Isotope B

Sensitivity, counts/min/nCi

4‘ | ! | |

1 0 1 2 3 4 5
Di splacement, cm

FIGURE 50. Change in Sensi-
tivity with Horizontal Dis-
placement

Figure 51 shows results obtained
for a typical dog. The high count
rates obtained can be seen and the
rapid decrease in initial count rate
is obvious. An exponential elimi-
nation of the plutonium was assumed
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and the best straight line was used
to fit the points. This was done for
all the results. A half-time for
retention of the rapidly eliminated
portion and the ratio of initial
count rate to that when the elimi-
nation rate leveled off was calcu-
lated from each curve. Table III.
summarizes the results for 12 of the
dogs. One dog was not included in the
analysis because he was exposed a
second time to increase his body
burden, but his count rates remained
near background.

Only general statements can be
made about the results between the
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TABLE II1. Summary of Results
Ratio: Initial Retention Final Body
Initial Count Rate Half-Time, Burden,
Group Dog Final Count Rate days uCi
X _ray y ray X _ray y ray X ray y-ray
| 306 5.4 5.25 0.90 0.85 1.53 1.77
I 311 2.94 3.79 0.85 0.86 3.71 3.93
I 313 2.92 4.10 1.00 0.95 7.27 7.09
IT 307 2.42 3.52 1.04 0.95 80.7 62.3
II 308 2.8 3.24 1.41 1.46 22.4 23.2
II 316 1.00 1.00 o o 6.47 6.45
IT 339 4,74 5.28 1.16 1.12 21.9 27.2
I11I 317 2.42 3.10 0.76 0.79 8.56 7.85
I1I 323 13.5 13.5 0.31 0.31 6.23 5.51
Iv 318 18.4 18.4 2.67 3.24 1.63 1.49
Iv 334 10.2 8.03 0.48 0.69 7.88 7.40
IV 352 5.4 7.25 0.44 0.53 25.4 23.3
_AVERAGES 6.0 z 5.1 6.4 + 4.7 1.00 + 0.62 1.07 * 0.85

groups because of the small group
sizes. The dogs exposed to the oxides
made from the metal had a shorter re-
tention time and in general seemed to
lose a greater proportion of the ini-
tial burden. Only one dog retained
all of its initial burden.

The averages and standard devi-
ations were calculated for the half-
time of retention and the ratio of
initial burden to that remaining
after the initial rapid decline.
Values of 1.00 # 0.62 days and
1.07 z 0.85 days were obtained for
the half-time of retention for the

X-ray and y-ray counting results res-
pectively. The ratios obtained for
the respective results were
6.0 + 5.1 and 6.4 = 4.7. This shows
the large variation in the percent
retained and the
after inhalation
The long term

elimination rate
exposure.
retention half-time
was on the order of hundreds of days.
Results are not tabulated for this
portion of the counting because of
the large uncertainties due to the
variability of the data.

Body burdens listed were deter-

mined from counts of the anesthe-
tized dog as done in previous



experiments. (34)  The counts were per-
formed shortly before the dogs were
sacrificed at the conclusion of the

experiment. Calibration factors

BNWL-235 2

were taken from Figure 50 as measured
with the phantom. Comparison of the
results with bioassay data has not
been done.

PROGRESS IN PLUTONIUM WHOLE BODY COUNTING— K. L. Swinth

Calibration was conpl eted of the plutoniumwhole body counter for plu-
toniumin the lungs 10.385 counts/min-nCi). The background conponent
due to degradation of higher energy photons was studied and correl ated

wi th the nunmber of high energy photons present.
various isotopic compositions were studied.

subj ects are described.

In vivo plutonium counting involves

problems of accurate background
measurement and control and correc-
tion for isotopic composition. Pro-
gress in the study of these problems
is presented along with calibration
results and a discussion of results
from counting some subjects.

Calibration

A calibration of the plutonium
counter for deposition of plutonium
in the lungs, liver, and bronchial
lymph nodes gave sensitivities for
the respective organs of 0.385,
0.505, and 0.349 counts/min-nCi when
the 17 keV X-rays were counted. In-
cluding the 60 keV americium gamma
ray increased the respective sensi-
tivities to 2.63, 3.60, and 2.78
counts/min-nCi. Calibrations were
made for these organs because experi-
ence with animals (3%) indicates that
the major portion of inhaled plu-
tonium can be expected in these
organs.

The calibrations were performed
with two counting units over the
chest and one on each side under the
arms with the top edge of the upper

The errors caused by
The measurenents on a few

counters 2 in. below the top of the
sternum of the reclining subject.
This is referred to as the standard
position. A counting unit contains
13 phototubes optically coupled to
thin Nal crystals. (36) Although sen-
sitivity for liver-deposited plutonium
increases as the counter i s moved
lower over the body, for other organs
this will not be so. Unless greater
than 20%of the body burden of plu-
tonium is in the liver, the total
sensitivity will continuously de-
crease as the counters are moved
below the standard position.

The calibrations were made using
an Alderson Research Remab phantom.
For the lung calibration, the plu-
tonium was mixed in a lung equivalent
material and placed in the lung
cavities of the phantom. For the liver
calibration a radioactive solution
was used, and a small source was used
for the bronchial lymph node cali-
bration. The sources were all of the
same isotopic composition.

Background Variation

Plutonium must be detected with
high efficiency because of the weak
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radiations and low levels involved.
A maximum permissible body burden
based on bone is 40 nCi (NBS Handbook
69) whereas one can calculate a
maximum permissible lung burden of
16 nCi based on dose to the lungs.
These low limits coupled with the
high absorption and low abundance of
the measurable radiations makes it
necessary to keep the background as
low and predictable as possible.
Anticoincidence techniques(37)
with a plastic phosphor have been
tried; but, although this reduces
the background, it is not effective
in eliminating contributions from
radionuclides in the subject's body.
Other anticoincidence methods have
been investigated with little or no
improvement. This included trying a
thin proportional counter over the
face of one unit and using it in

anticoincidence.

The major problem in background
control arises from the fact that
individuals have distinct and varying
amounts of radionuclides in their
bodies which leads to different back-
ground rates for individuals and for
the same individual at various times.
Differences as great as a factor of
two are obtained in the background
rate for unexposed individuals. The
anticoincidence methods do not signi-
ficantly reduce the differences in
the background.

I't was decided that the best
approach would be to find an inde-
pendent measure of the background
contribution of an individual and
correlate this with his background
in the plutonium counter. The most
desirable correlation will have an

BNWL-235 2

equal or greater sensitivity to
changes in the background rate.

Whole body counts, (37) chest scans,
and simultaneous chest counts have
been tried but have not proved to be
any better or as simple as using a
higher energy region in the plutonium
counter spectrum. The region from
136 to 176 keV is used because no sig-
nificant contribution from a plu-
tonium source was obtained
area.

in this

Figure 52 shows data obtained for
the high energy region (136 to 176
keV) versus the background rate in
the 17 keV X-ray channels. Figure 53
shows the correlation for the channels
including the X ray plus the 60 keV
241p, ganma ray. Also shown on both
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FIGURE 52. Count Rate of Unexposed
People (17 keV X Ray)
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FIGURE 53. Count Rate of Un-
exposed People (17 keV X Ray
Plus 60 keV y Ray)

figures is a least squares fit to the
points which is bordered by two
dotted lines at twice the standard
error of estimate. The solid circles
are not included in the least squares
analysis. Correlation coefficients
were calculated for both cases and
indicated that the correlation was
highly significant. The least
squares fit for the X ray channels
isy = 0.92x — 39.7; when the “*lam
ganma is included it isy =
The standard errors of estimate are
3.8 and 29.6 counts/min for the res-
pective cases. Including the solid
circles for the X rays changes the

| east squares equation to

y = 0.82x — 19.5 and the standard

4.80x-123.
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error of estimate increases to 9.5
These two points will be
ignored in the subsequent analysis

counts/min.

since they are attributable to the
poor counter geometry resulting from
the sizes and shapes of the indivi-

duals.
It

limit of detection for the counter.

is desirable to state a lower

If we assume that the data points are
normally distributed about the |east
squares line and use the standard
error of estimate rather than the
square root of background-rate as a
measure of the standard deviation,
one can estimate the limits of detec-
tion.

From the work of Altshuler and
Pastefnack(ss) one calculates for the
"minimum significant measurable
activity,”™ 19 nCi for the X-ray
channels and 22 nCi for the X-ray
plus 241Am ganma-ray channels. These
correspond to two standard deviations
of the background. Only plutonium
deposited in the lungs is considered
here. The "minimum detectable true
activity™ is 49 nCi for the X-ray
region and 46 nCi when the higher
In the

calculations the probabilities of

energy region is included.

judging true activity as background
and true background as activity have
been set at 2.5%.

The limits of detection do vary
with distribution of the isotope and
isotopic composition. These features
are discussed elsewhere in this
report.

Measurements on Subjects

The counter has had limited use in
evaluating internal exposure to plu-

tonium. Personnel exposed in glove



box incidents at Rocky Flats and
Hanford were counted.

Two subjects from Rocky Flats
were counted; only one of these cases
will be described. A complete des-
cription of the accident and treat-
ment was given by Putzier et al.(38)
At the time of the counts, background
estimation by correlation with count
rate from 136 to 176 keV in the plu-
tonium counter was not being per-
formed. The only data available to
estimate the individual 's background
rate were his whole body counts.

The data from the X-ray region
indicated a body burden of 520 nCi
while a body burden of 410 nCi was
indicated when the 241Am ganma ray
was included. Putzier's data give
a body burden of 610 nCi about 2 1/2
month previous to our counts. |t
should be noted that a correction for
isotopic composition was not made and
could account for the difference. A
correction was made for distribution.
The distribution was measured by
using one counter unit over the in-
dividual lungs and liver. The self-
collimating property of low energy
radiation was assumed, and a distri-
bution similar to that assumed by
Putzier was obtained. In that work
the activity ratio (right lung to
left lung to liver) was 1:1.3:1.1
while in the present case it was

1:1.4:1.
Eleven people at Hanford were in-

volved in a glove box incident with
possible exposure to an aerosol of
uranium enriched with plutonium. All
of these individuals were screened
for possible lung burdens. The
results were negative for all but
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two individuals, and one of these was
at background levels one day later.

The positive individual had a
count rate indicating a possible body
burden of 250 nCi 24 hr after the
incident. The activity disappeared
rapidly with half of it gone in 38 hr
indicating removal by ciliary action.
Counting results indicated that the
individual reached background levels
5 to 6 days after the incident.
Bioassay results indicated a retained
body burden below the Iimits of de-
tection of the counter. Correction
was not made for isotopic composi-
tion of the exposure material.

Isotopic Composition

In the section on calibration it
was noted that the same isotope was
This is
significant since the X-ray emission
rate changes with the isotopic com-
position. Calculations were made of
this effect. Figure 54 shows the
calculated number of 17 keV X-rays
emitted per alpha emitted for four
different isotopic compositions and
how this number changes with time.
For dosimetry purposes, it is the
X-ray/alpha ratio that is of interest,
but it must be remembered that the
alpha emission rate increases with
time, so the change in total X-ray
emission with time is greater than
indicated by the figure.

Due to the large differences in
X-ray /alpha ratios possible, it is
desirable to know this ratio when
interpreting whole body gounting re-
suits. A summer student worked on

used in all of the cases.

*J. Schultz, AEC Health Physics
Fellow, University of Washington
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the assenbly and eval uation of a coun-
ter for the determination of this ratio.
The counter is a gas flow proportiona
counter containing the source and de-
signed to detect the al pha particles.

A thin Nal crystal makes up one wall of
the counter and detects the X rays asso-
ciated with the decay of the plutonium
Fi gure 55 shows the general schene of
the detection system
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FIGURE 55. Schematic Diagram of X Ray
to Alpha Ratio Experiment

55Fe IN THE MARINE ENVIRONMENT AND IN PEOPLE WHO CONSUME OCEAN FISH-—
H. E. Palmer and T. M. Beasley

A concentration process for Fe exists in the marine environment which
far exceeds the concentration that occurs in the

lichen-caribou-Eskimo
foog5ch|ain. In salmon and northern tuna this process leads to amounts
of Fe that are 20 to 30 times the amount in the Alaskan caribou musecle

and as much as 100 times those in United States beef muscle. Body bur-

dens of ®%Fe approaching 1.5 uc< have been measured in people who eat
large amounts of salmon.

The levels of SSFe in humans and

their food both in Alaska and in the
State of Washington were recently

reported. During this investigation,
it was found that ocean fish had
higher concentrations of this radio-
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nuclide than did the Alaskan caribou. before the last series of atmospheric
This finding suggested that indivi- nuclear tests. The levels in salmon
duals whose diet contained large and tuna fish are now 100 to 200 times
quantities of ocean fish could have the levels reported for these earlier
body burdens several times higher measurements. We have analyzed a
than those of the caribou-eating number of marine samples in an
Eskimos and perhaps several orders attempt to indicate the 55pe concen-
of magnitude higher than those of the trations in the various trophic
Richland, Washington, residents levels of the marine environment and
measured. This report details the to point out the relative concen-
measurements that have been made on trations of °°Fe in those marine
samples from the marine environment organisms that serve as foodstuffs
and includes the estimated 55Fe body for human beings.
burdens of individuals who derive a Table IV contains the result of
major portion of their diet from the analysis of a variety of ocean
ocean fish. fish using the methods previously
5 . . i : (41) . .
5Fe concentrations in ocean fish described. Several interesting
have been reported previously; (39, 40) points are evident from these data.
however, the measurements were made First, it is seen that salmon, tuna,
and saury fish have the highest
TABLE IV. °°Fe in Ocean Fish Duri ng Last 6 Months of 1965
Average
Number of Samples Stable Iron .. Average
Type of Fish in Average Origin Content, Fe Content,
(Flesh) mg/kg nCi/kg
Salmon 1 Ocean at Kotzebue, Alaska 12.0 93.0
Salmon 1 Ocean at Kotzebue, Alaska 4.6 48.0
Salmon 3 Yukon River in Alaska 13.2 37.0
Salmon 1 Cook Inlet, Alaska 14.2 34.0
Salmon 1 Washington Coast 5.8 14.0
Albacore Tuna 1 Northern Pacific Ocean 19.1 42.0
Albacore Tuna 1 Southern Pacific Ocean 16.3 1.6
Albacore Tuna 1 Northern Atlantic 11.1 8.
Albacore Tuna 1 Southern Atlantic 4.5 0.78
Ocean Perch 1 Pacific 1.9 0.85
Cod 1 Pacific - 0.20
Whitefish 3 Northern Alaskan Coast 11.0 0.10
Shee Fish 2 Northwestern Alaskan Coast - 0.48
Sea Bass 1 Washington Coast 63.7 0.27
Swordfish 1 Pacific - 0.33
Herring 2 Packed in Norway -- 20.0
Herring 3 Canadian West Coast 11.2 0.79
Sardines 2 Packed in Norway -- 15.0
Sardines 2 Packed in Maine -- 2.6
Smelt 2 Washington Coast 18.2 0.41

Saury Several Oregon Coast 52.3 106.0
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content of 55Fe.

cessed in Japan
consumption but
amount compared
salmon and tuna.

Saury fish is pro-
and sold for human
only in a very small
to the amount of

The saury fish that
we analyzed were taken in the plume
of the Columbia River outlet,
some of the 55Fe in these fish pro-
bably comes from the spent cooling

and

water of the Hanford nuclear reactors
which empties into the river. More
studies are needed to determine the frac-
tion of 55Fe, from the Columbia River,
in these saury fish. The concentra-
tions of 55Fe in herring and sardines
canned in Norway are relatively high
at about 15 nCi/kg; whereas,the same
type of fish from the U.S. and Canada
are one tenth of that. We have not
measured enough samples to determine if
this difference is consistent or why
the difference exists. Secondly,

caught in the northern oceans have more
55

tuna

Fe than those caught in the southern
oceans, and those in the Pacific Ocean
have more 55Fe than those in the Atlan-
tic Ocean. These differences in 55]Ee
concentrations of ocean fish from dif-
ferent geological locations are consis-
tent with those found in measuring
13’7Cs,(42) 60Co, and 110Ag;(43) however,
the interesting observation is that

the 5SFe concentrations are approxi-
mately 1000 times higher than the
reported values of the other three

isotopes.
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The relatively high levels of 55Fe

in the marine species measured is due
in large part to the low concentration
of stable iron
(1 gl it e Also most of these
marine species are iron deficient
compared to land animals. Further-
more, radioactive iron falling on
land surfaces will be diluted by
the large amount of stable iron
existing there; and, as a result,
the uptake of 55Fe by plants and
animals will be greatly reduced be-
cause of this dilution. Salmon and
tuna fish, however,
fish and,
ronment, probably take up and retain
most of the iron available to them.
The slower-growing fish such as sea
bass, perch, and whitefish contain
much less 55Fe. The lower 55Fe to
stable iron ratio which was measured
in these fish confirms the lower
uptake and slower growth.

Table V contains data showing
the relative concentrations of 55Fe
in the liver, roe, and muscle of two
chum salmon caught at Kotzebue, Alaska.
The livers of these salmon contain al-
most 2 uCi of 5Fe per kilogram of
liver (wet weight)and represent the
highest concentrations we have measured

in sea water

are fast growing
living in a low iron envi-

in any organism or tissue. It is also
interesting to note the rather uniform
labelling of the salmon as evidence by

the ratio of radioactive to stable iron

TABLE V. °Fe ana Stable Iron in Salmon Caught at XKotzebue, Alaska
Muscl e Liver Roe
55Fe, lron, nCi 55Fe 55Fe, lron, nCi 55Fe 55Fe, lron, nCi 55Fe
Sample nCi/kg mg/kg _ mg Fe nCi/kg mg/kg mg Fe nCi/kg mg/kg mg Fe
1 93 12 7.8 1620 175 9.3 275 32 8.6
2 48 4.6 9.6 1860 205 9.1 222 23 9.6
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in the various tissues.

Since salnon are known to feed on a
variety of marine orgaisms (plankton ,
euphausi ds, herring, squid, etc.) it is
difficult to attribute their high > Fe
concentrations to the consunption of a
specific species. Indeed, their high
I evel s probably result fromthe intake
of both the relatively high activity of
smal | fish such as herring or saury and
the | ower activity plankton, euphausids,
and squid. Table VI lists sone represen-
tative values of the °>Ee concentrations
in these tropic levels. The barnacles
are surface-living organisns that were
taken fromglass floats off the Califor-
nia coast, and their high 55Fe cont ent
indicates a large uptake fromfresh fall-
out on the ocean surface. The higher
availability of the °°Fe at the surface
may be the reason for the high levels
in saury fish since they also live close
to the surface. The sea cucunbers
are mud scavengers and these sanples
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were taken from the Colunbia River plume
whi ch probably accounts for their high
>Fe content. Agai n additional studies
are needed to determne the fraction of
>Spe coming fram the Colunbia River

Ot her marine organi sms such as oysters,
scal l ops, clanms, shrinp, and crab are
very lowin >Spe (41} and probably do
not contribute much to the >°Fe body
burdens of either other marine species
or humans.

As m ght be expected, these high lev-
el's of °°Fe in the sal mon produce hi gher
than average |evels of > Fe in popu-
[ations that eat substantial quantities
of these fish. As was reported, (41)
the caribou-eating Eskinm of Anaktuvuk,
Al aska had an average >Ope body burden
of 61 nCi in January, 1965. |In Novem-
ber, 1965, this same group of people
had an average >Ope body burden of 81
nCi, an increase of some 13 %. In con-
trast, adult male Eskinmos from Tanana,

Al aska, who eat large quantities of sal-
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TABLE VI. Concentration of

Speci es

Sea Water
Phyt opl ankt on (di nof| agel | at a)

Euphausi ds

Mussel (Mtil us)

Kel p (Nacrystis)

Bar nacl es (Lepas)

Squi d Muscl e (Lol ego)

Squi d Liver

Purpl e Sea Cucunbers (whol e)
Sea Urchins (whol e)

Fe in Some Marine Organisms

Location nCi/kg
Cal i fornia Coast <0.00004
Cal i fornia Coast 0.5
Oregon Coast 1.5
Gul f of Al aska 0.16
Cal i fornia Coast 0.36
Cal i fornia Coast 0.03
Cal i fornia Coast 140.0
Cal i fornia Coast 0.76
Cal i fornia Coast 8.6
Oregon Coast 76.0
Oregon Coast 0.48




mon in addition to caribou and moose
meat, showed an average 55Fe body bur-
den of 252 nCi. Furthermore, recent
blood samples received from natives
near Bethel,
mon than the Tanana natives show that
their average 55Fe body burden is
700 nCi with one individual having a
body burden of 1440 nCi,

In the analysis of the blood speci-
mens obtained from the Bethel natives,
it was found that the average 55Fe body

Alaska, who eat more sal -

burden of the females was twice that of
the males. The opposite is true for
137Cs in the Alaskan natives where the
content in women i s consistently two
thirds that in the males(44) due to
their lower dietary intake. Since the
food intake of women is generally lower
than that of men, the higher 55Fe body
burdens observed probably reflect the
more rapid turnover of iron by females.
This is probably due to the iron loss
through the menstrual blood with the
result that their body burdens are

55Fe

closer to an equilibrium with the
in their diet than are the males.
Despite the fact that some of the
Alaskan natives have body burdens ap-
proaching 1.5 uCi, which is about
100 times the average level of resi-
dents of the State of Washington, it
must be emphasized that these levels

are far below the maximum permissible
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body burden of 100 uCi for members of
the general population who are not ex-
posed to Fe in the course of their
occupations. (45) The radiation dose to
the red blood cells of a person with a
constant SSFe body burden of 1000 nCi
would be about 30 mrad/yr. This esti-
mate is calculated using both the X-ray
and Auger electron dose to the erythro-
cyte fraction of the blood. This dose
i s about 30%of the yearly dose to the
body from natural sources such as cos-
mic rays and internally deposited 40K
and radium.

As a result of these investigations
one might predict that populations in
the northern countries such as Japan
and the Scandinavian countries who eat
large quantities of ocean fish probably
have relatively high 55Fe body burdens
as do the Alaskan natives. In our pres-
ent investigations, we are measuring the
SSFe content in various populations of
the world.

We thank R. M. Bernard and T. A.
Jokela for their assistance in analy-
zing the many samples, Dr. J. M. Aase
and Dr. H. D. Miller of the U.S. Public
Health Service in Alaska for obtaining
blood samples from Alaskan natives, and
Mr. Max Brewer, Director of the Arctic
Research Laboratory, for the support in
obtaining the many Alaskan samples.

SEASONAL CYCLE OF 137(25 IN ALASKAN NATIVES
W. C. Hanson* and L. A. Braby
137 .
The seasonal cycle of Cs in the

Anaktuvuk Pass natives which was
started in January, 1964, was con-
tinued until April, 1965. Maximum

*Biology Department

AT ANAKTUVUK PASS—H. E. Palmer

burdens occurred during spring and
summer months and then decreased
steadily until the following spring.
This seasonal cycle is primarily
dependent upon the availability of
caribou which forms the food base
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for the village and which showed a variation of the body burden in the
different seasonal cycle of 137¢s in adult Eskimos from January, 1964, to
the meat. Figure 56 shows the seasonal April, 1965. The details of this
study are published elsewhere. (46)
1.5
» 1.0
K\LJ
5
:
I
=
[2e}
%
&
0.5T
S S S Sy '
J F M A M J J A S 0O N DD J F M A MJ
1964 1965
. 137
FIGURE 56. Seasonal Variation of Cs

in Eskimos at Anaktuvuk, Alaska

THE APPLICATION OF SIMPLIFIED WHOLE BODY COUNTING IN ALASKA— H. E. Palmer

The development of the simplified The crystal, instrumentation, and
whole body counting method, which scales for weighing the people can be
uses a 3 by 3 in. NalI crystal in con- carried in a medium-sized suitcase.
junction with a battery-powered, This method was successfully used
transistorized, single channel in the past year to measure the body
analyzer with a built-in high voltage burdens of adults at the remote

supply, was described previously.(47,48)  villages of Ambler, Arctic Village,
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and Anaktuvuk Pass in Alaska.
average 137
in April,

nCi,

The
Cs burdens of adult males
1964, were 834, 1218, 734
respectively. With this simp-
lified method we were able to reach
a village, count about 20 people,
and return to a central point within

a few hours. Our past methods would
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have taken about a week at each
village (plus much higher transpor-
tation costs) to obtain the same
information.

Because of the convenience of this
method, it has entirely replaced the
use of the shadow shield whole body
counter in the studies of 137Cs in
Alaskan natives.
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RADIATION CHEMISTRY

DETERMINATION OF ERYTHROCYTE SIZE DISTRIBUTION-W. D.

Electronic instruments are now com-
monly used to count particle concentra-
tions in electrically conducting suspen-
sions. The Coulter Counter counts par-
ticles by sensing the changes in resis-
tivity between two conduction liquid
bodies connected by a small orifice.
The volume of a particle is related to
the change in resistance detected across
the orifice as a particle passes from
one chamber to another through the ori-
fice. By using a pulse-height analyzer,
the volume distribution of particles
flowing through the orifice can be
automatically stored and recorded.

Many variables, which may have neg-
ligible effect on the determination of
absolute numbers of cells present in
a saline suspension, significantly af-
fect the determination of volume dis-
tribution. Reported here are the ob-
servations of the effects of electronic
resolution, pH, counting rate, and di-
lution time. The results were used to
establish standard procedures for vol-
ume distribution studies in this lab-
oratory.

Experimental

Erythrocytes were diluted in normal,
buffered saline (phosphate buffer,
H 7.4). Signals generated by cells
passing through the orifice were re-
corded on a 256-channel analyzer. Ap-
erture current setting on the Model B
Coulter Counter was 0.354 corresponding

to a nominal current of 1.41 mA; gain,

Felix

1/A, was 1/2.
100,000 cells were counted in 90 sec
| ess

Unless otherwise noted,

corresponding to a dead time of
than 10%on the 256-channel analyzer.

Aperture Effects

Resolution of the distribution spec-
trum can be improved by prolonging the
time the instrument has to sense the
electrical signal resulting from a
particle passing through the orifice.
This increase in time for sensing may
be gained by decreasing the rate through
the orifice, by increasing the effect-
ive measurement volume by elongation
of the aperture, or by increasing the
critical volume of the electrical field
around the aperture by the use of large
aperture currents. Lushbaugh et al.(49)
investigated the latter effect and found
an apparent increase in resolution.
Their further findings were considered
as biological evidence for the exis-
tence of two distinct subpopulations
of erythrocytes in mammalian blood.

This subpopulation due to "mature" cells
as opposed to "immature'cells was mani-
fest in electronic measurements as a
shoulder in the size distribution

curve. (50)

Kubitschek(sn, in examining the
distribution analysis of erythrocytes,
approached the problem by using elon-
gated apertures whose lengths were two
or three times the diameter. Resolu-
tion was increased by about 20%and the
coefficient of variation was decreased

by about 50%.
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Several aperture tubes were construct-
ed from precision bore, 100 u diam capil-
lary tubing, sliced into wafers 200 to
300 u thick and cemented over an open-
ing in a tube similar in dimension to
that supplied with the Coulter Counter.

The distribution of human erythro-
cytes obtained from the elongated ap-
erture is compared with that obtained
from the commercial aperture in Figure
57. 1t was necessary to use a larger
current across the elongated aperture
than across the short aperture since
the effective field was much larger.

It is readily obvious that the shoulder
which had been present in the distri-
bution from the commercial aperture
tube is not present in the distribution
curve from the elongated aperture tube.
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In fact, the latter curve is nearly
symmetrical. This finding is in contra-
diction to the proposal of Lushbaugh,
et al.,(so) of a two component erythro-
cyte system.

Counting Rate Effect

Increasing the counting rate beyond
the optimum rate results in a shift of
the distribution peak to larger vol-
umes due to coincident passage of
cells. Decreasing the cells per unit
volume results in inconveniently long
counting times. A convenient indicator
during operation for the number of cells
counted per unit time is given by the
percent dead time on the analog to

digital conversion unit. Two curves

1.0

0.8

0.6

0.4

0.2
0 = | 1 } L L | 1 L ! ! |
0 500 1000 1500

Dose (in Minutes Exposure)

FIGURE 57.

Comparison of Cell Distri-

butions Obtained from ¥ormal and Elong-

ated Apertures
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resulting from counts made at two dif-
ferent dead times are shown in Figure

58. The distribution given by the 11%6
dead time count has been noticeably
shifted to a larger volume. Our findings
with a 256-channel analyzer indicate

that distributions made with 10%dead
times, or less, give reproducible peak
Using 200 p aperture tubes

and under the pressure differential

volumes.
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obtained with the "fish tank' vacuum
pump supplied with the Coulter Counter,
a 10%dead time corresponded to a live
counting time for 100,000 cells of ap-
proximately 90 sec.

Dilution Time and pH Effects

For procedures using the Coulter
Counter, one normally attempts to save
time by diluting all of the samples to

— e — — 11% Dead Time

7%

Number of Cells Counted

Channel Number

FI GURE 58.

Effect of Counting Rate on

Cell Size Distribution
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be counted at once. The question arises

whether erythrocytes undergo enough
volume change during the time between
dilution and counting to affect the
sizing of the cells. Concentrated cell
suspensions were diluted in normal,
filtered saline (0.9% NaCl) and in nor-
mal, buffered saline (phosphate buffer,
pH 7.4). Figures 59 and 60 show the

BNWL-235 2

size distributions made at times up to
26 min following initial dilution. The
26 min sizing in buffered solution was
not significantly different from that
at 18 min and is consequently not shown.
One must conclude that distribution
counts must be taken immediately on di-
lution. In fact, during 90 sec counts,
there will undoubtedly be some broaden-

ing of the distribution curves due to
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FIGURE 59.

Effect of Delay Between D{Zlu-

tion and Counting on Cell Size Distri-

bution Determination.

Normal Saline
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Number of Cells Counted

Channel Numbe1

FIGURE 60. Effect of Delay Between Dilu-
tion and Counting on Cell Size Distri-

bution Determination.

swel ling during the counting interval
even in suspensions counted imediately
upon dilution. The rate of swelling

is also noted to be greater in norma
saline than in saline buffered to phys-
iologic pH Qur work agrees with that
of Lushbaugh, et a1.(32) jq enphasi z-
ing the inmportance of pH on the erythro
cyte size distribution

Buffered Saline

These results denonstrate the prob-
lems inherent in conparison of distri-
bution curves obtained at one site
with those obtained at another. In
fact, reproducibility is difficult to
maintain fromday to day using the same
instrument. It is obviously necessary
that to allow quantitative correlation
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with results from Coulter Counter stud-
ies, the conditions of the experiment,
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pH, salinity, dilutions, counting times,
aperture dimensions, and Coulter Counter
settings, must be recorded and reported.

RADI ATI ON- | NDUCED HEMOLYSI'S OF ERYTHROCYTES- W. D. Felix

Previous reports on the effect of
ionizing radiation on erythrocytes in
physiological saline have described the
general kinetic scheme(—53’54) and have
attempted to formulate equations to
describe the diffusion-controlled pro-
cesses leading to cell swelling.(ss)
These reports indicated the value of
techniques developed in demonstrating
the effects of radiation on a model
biological system. Further efforts
have now been applied to improve the
analytical techniques used to follow
the radiation-induced hemolysis of red
cells. The techniques were utilized
to examine the application of the kin-
etic formulations to cells having re-
ceived higher radiation doses than used
previously.

Blood was obtained by venipuncture
of selected control anaimals. Heparin
was used as anticoagulant. Cells were
washed three times in buffered saline
and stored at 4 °C. Sample tubes for
irradiation studies were thoroughly
cleaned, filled with doubly distilled
water and irradiated and finally flamed
to remove organic residues. Tempera-
ture control during irradiation was ef;
fected by a Dewar flask containing 37 C
water. Since most irradiations were for
times long enough for cell settling to
occur, it was found necessary to mix
the cell suspension by oxygen bubbling.
The volume ratio of red blood cells to

buffered saline was usually about 1:100.
Following irradiation in the Gammacell
60Co source, 0.1 ml1 of the 3 ml suspen-
sion was removed with a micro-syringe,
diluted with up to 20 parts buffered
saline, and centrifuged in a micro-
centrifuge. Hemoglobin concentration
in the supernatant solution was deter-
mined at 409 mu, using a Beckman DU
spectrophotometer with a micro-cell
attachment.

The radiation-induced hemolysis of
sheep erythrocytes in buffered saline
at various dosages is characterized
by the curves shown in Figure 61. The
vertical lines indicate the variation
between replicate samples of this par-
ticular set. In suspensions in which
mixing was not complete, the variation
between samples was large; however, in

the set shown, where mixing was complete,

the variation between samples is within
the limits of the spectrophotometric
method.

Reproducibility of hemoglobin analy-
ses made concurrently from the same
sample depended on the type of centri-
fuge cup used. Intact cells adhered
to the sides of polystyrene and poly-
ethylene tubes. Celluloid tubes were
found to be most satisfactory in use
but are apparently no longer available
in the size required for micro-centri-
fugation. The erratic behavior of the

experimental points noticeable in Fig-
ure 61 for hemoglobin concentrations
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Comrnercial Aperture

= — — — Improved Aperture

Number of Cells Counted

Channel Number

FIGURE 61.

Representative Example of
Erythrocyte Hemolysis Techniques.

Post

Irradiation-Induced Hemolysis of Sheep

Cells Irradiated at 37 °C.

2500 Rads/min)

near zero can be attributed to cells
adhering to the sides of the tubes dur-
ing centrifugation.

Cell settling during irradiation was
a major factor with respect to reprodu-
cibility among samples irradiated at
the same dose level. As the cells re-
packed in the bottom of the tube during

irradiation, the effective free radical
attacks received by each cell in the
packed region was less than that re-
ceived by the cells remaining in suspen-
sion. Other investigators have also
observed this and have attributed a

20% protection effect to the close pack-
ing of cells. They also showed that
the observed protection was due only to
a decrease in the volume of water around
the erythrocytes and not to inhibition
of metabolic processes. (56) Although
contributing to frothing, oxygen bub-
bling was found to be an effective means

( Dose Rate

of maintaining a uniform cell suspension
during irradiation.

The realtionship between absorbed
dose and 1, the time required for half
hemolysis, is presented in Figure 62.

As expected from earlier results, (53)

LB B

20 t+—

Time, hr

T T T T

T

Dose (in Minutes Exposure)

FIGURE 62. Time to Half Hemolysis as
a Function of Dose Received (Dose Rate
2500 Rads/min)



A HGB (Absorbance)

64

the relationship may be described by the
exponential function:

Dose = B 1n(K/t)

where B and K are experinmental
The result denonstrates the validity

of the equation at higher dosages than
used previously. (53,54)

It was noted in this set of sanples,
as in others, that at the high dosages
an anor phous precipitate appeared. Con
currently, as the dose increased, the
henogl obi n present in the supernatant
at conplete henolysis decreased. This
is denonstrated in Figure63 where the

Dose (in Minutes Exposure)

FIGURE 63. Irreversible Denaturation
of Hemoglobin expressed as a Function
of Difference in Absorbance Units of
Completely Hemolyzed Control and Ir-
radiated Samples (Dose Rate 2500 Fads/
min)

di fference between henogl obin absorb-
ance of totally hemolyzed control and
irradiated sanples is plotted against

paraneters
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dose received by the irradiated sanpl es.
The difference as plotted is a neasure
of the henogl obin precipitated by
irradiations. The residue which is
formed may occur as a result of:
reaction of henoglobin with irradiation
deconposition products of the intra-
or-extra-cel lul ar constituents; decom
position of free henoglobin by free
radical attack or by direct hit; or,
free radical attack on henogl obin

foll owed by pol ynerization. For

valid determnation of the effect of

bi ol ogi cal protective agents it is
necessary to control the dosage to

cell concentration ratios such that

the systemis in the |lower flat portion
of the curve in Figure 63.

Wth the techni ques devel oped to
follow the henolysis of irradiated
erythrocytes, a quick, convenient,
and quantitative biological testing
ground for radiation protective agents
is available. Erythrocytes are read-
ily learned by skilled technicians.
Thus a conpl ete evaluation of protect-
ive proficiency can be made in a
few days. Dose to cell concentration
rati os should be sufficient to allow
conpl ete henolysis in about 36 to 48 hr
while not leading to excessive deposi -
tion of henogl obi n-bearing sedinment.

EFFECT OF CHLORIDE ION ON THE RADIOLYSIS OF ERIOGLAUCINE SOLUTIONS—

W. D. Felix

The radiation chem stry of chloride
solutions at pHfrom 0 to 7 has been
the subject of two recent articles
It has been suggested that the overal
reaction,

oH + 2c1° - OH + C1,

2 (D

is highly pH dependent and is rate lim-
ited by a reaction step(>1) i nvol vi ng
a singly charged negative ion.
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The rate of production of Clé isin-
dependent of oxygen concentration and
is first order in hydrogen ion, chlor-
ide ion, and hydroxyl radical
trations. From the observation that
addition of hydrogen peroxide, and elec-
tron scavenger, had no effect on the
production of Cl,, Anbar and Thomas(57)
concluded that Clé was generated only
in the spur regions.

Anbar and Thomas considered three
plausible mechanisms involving first

order dependence on chloride ion, hy-

concen-

drogen ion, and hydroxyl radical con-
centrations:
Ho 0"+ C17 > HC1 + HOH
HC1 + OH' - CI' + HOH (2a)
- - -
OH'" + C1 HOC1®
HOC1®+ H® > C1'+ HOH (2b)

OH* + H.0% - Hzof + HOH

3
H,0¥+ C1~ - C1" + HOH

2 (2¢)

None of the three mechanisms discussed
was found free from objection. Ward
and Myers(ss) assumed that in the pres-
ence of NaCl in acid solution, the hy-
droxyl radical was converted to a dif-
ferent species which reacted preferen-
tially with the double bonds of thymine
Utilizing the OH scavenging properties
of ethanol, and by varying pH and chlor-
ide ion concentration, they obtained
results which they felt indicated a
third order mechanism:

H + H" +C17 » Cl° + HOH (3)
with a rate constant of 7.6 x lO9 Iiter2
mole ¢ sec™ 1.

The radiation chemistry of chloride
ion was examined by competitive reac-
tion techniques using erioglaucine as
the competitive indicator. The pro-
posed termolecular mechanism of Ward
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8) was imposed and the re-
pH were compared with
their results at low pH. The pH of
the solutions was determined with a
Beckman Model G pH-meter before and
after irradiation. No changes in pH
of these unbuffered systems were de-

and Myers(5
sults at neutral

tected beyond the normal instrumental
error limits.

Solutions 6 x 10'6M in erioglaucine
in doubly distilled water were made up
with various NaCl concentrations from
0 to 1.0M. The solutions were irradi-
ated for 1.5 min in a Gammacell 90c,
source delivering 2680 rads/min. Ra-
diation-induced bleaching of the erio-
glaucine was determined by spectro-
photometric absorbance measurements
at 631 mu. The results are displayed
in Figure 64 where the absorbance dif-
ferences (A, - A) between the nonirradi-
ated and the irradiated solutions are

O [C17]

o (a3

Abs (Dye) = Abs (Dyeg)

(cl‘/ERGZ)ln(uz/uo)

FIGURE 64. Dependence of Radiation In-
duced Bleaching of Ericglaucine on
€l Concentration

plotted against [C1 ] and [C1']1/3.
Data were corrected for the increase
in absorbed dose due to the high sodium
chloride concentration.

Allen(sg)
radiation chemistry of water,

in his review work on the
discussed
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the enpirical relationship whereby hy-
drogen and hydrogen peroxide yields in
salt solutions could be plotted agai nst
the cube root of the concentration of
the anion concentration to yield a
straight line. This relationship was
shown to hold until the yield fell to
about 0.6 of its Ilimting value. Anbar
and Thomas noted a dependence of Clé for-
mation on the cube root of the C1™ con-
centration. In Figure 64 the cube root
curve is not l|inear beyond about O0.85
of its limting value. However, the
first order dependence of erioglaucine
bl eaching is linear.

Under the termolecul ar hypothesis,
the reactions of erioglaucine and chlor-
ide ion in conpetition for hydroxyl
radicals are witten,

OH + ERG ~» ERG_products

(ky) (4)
OH' + C1~ + H¥

C1® + HOH(k,) (5)

At the high concentration of Cl1 used,
the reaction

cCl + Cl° - Cl2
is assumed to renove al
i ne atons.

Assuming a steady state concentration
of OH radicals and a constant Cl1 con-
centration, consideration of the com
petition kinetics leads to the equation
k (D,)

+ 2 1 (6)
K “(DO)

of the chlor-

)

L=

2

(C1 ) (H+)
(ERG,)

where the optical densities of e}iéélau—
cine before irradiation, following ir-
radi ation, and following irradiation in
the presence of NaCl are D,» D, D, re-
spectively, and (ERQ? is the concentra-
tion of erioglaucine after irradiation

in the presence of NaCl. Plotting (C17)/
(ERG,) 1n (D,/D_) VS D,/D, results in
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the linear curve shown in Figure 65 hav-
ing a slope of 0.42. The pH of the doub-
ly distilled water used for the irradi-
ation was 6.2 corresponding to a hydrogen

(D, /Dy)

- Slope = 0.42

0.4 ™

(C17/ERG,) In (Dy/Dg)

FI GURE 65. Kinetic Plot of Radiation
Induced Bleaching of Ericglaucine in
the Presence of Chloride

ion concentration of 6.3 X 10_7M. Usi ng
a reported value for k, of 4.7 x 109
ML sec™ (09 and with an absorptiv-
ity coefficient for erioglaucine of
1.1 x 105, the overall rate constant
for c1, formation is 2.8 x 1010, This
result is higher than that of Ward and
wers, (°8) 7.6 x 1o9y? sec™!, ob-
tained at | ow pH

Anbar and Thomas (°7) thought it un-
likely that an activated conpl ex of

the conposition C1'-OH—H30+ coul d be

formed by a random three body collision
at a high enough rate to explain the
rapid Cl, formation. The results pre-
sented here are not sufficient to refute
their argument nor definitely to pre-
clude one of the three binolecular mech-
ani sns presented earlier.
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The dependence of the formation of

Clé on the cube root of the chloride
ion concentration has been well esta-
blished. (37239 The failure of the cube
root test in this experiment may indi-

cate the assumption to be incorrect that
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Clé does not react with erioglaucine.
Correction for C1, lead
to the calculation of a greater initial
Clé yield and would also cause an
increase in the calculated termolecu-

lar rate constant.

reaction would

ELECTRON SPI'N RESONANCE DETECTI ON

| NSTRUMENTS- R. N. Di ebel

Back-diode microwave detectos are recommended for use at 400 Hz modulation.
They provide about a 10-fold improvement in signhal-to-noise ratio over

IN23E point cpntact detectors.
(ESR) signal
v=8.98 (y = radio frequency).
provide a 50-fold increase in signal
increase only 32-fold.

Comparison of Microwave Detectors

Our ER instrumentation is being
used to study radicals in water so-
Since the observed signals
are often only a few times the noise
level, we are always striving to im-
prove the signal-to-noise ratio. For
the past 2 years we have used low noise
back diode detectors. (61) These are

a varieant of the Esaki or tunnel diode
(62)

lution.

junction-type structure.
of the back diode with 1N23E and 1N23F
point contact diodes has consistently
demonstrated superior performance for
the back diode when using a 400 Hz mod-
ulation frequency with the 9.5 GHz micro-
wave frequency. About a 10-fold improve-
ment in signal-to-noise ratio is obtained
by use of back diodes at 400 Hz. When
the modulation frequency i s changed to
100 kHz, the back diode gives a ratio
very similar to that of selected 1N23E
or 1N23F detectors. The back diode is
much more rugged and gives consistent
performance unmatched by the point con-
tact diodes over periods of a year or
longer.

Comparison

Very recently we have used

Calculation of electron spin resonance
amplitude increases at lower
Thus a 3-fold decrease of frequency could
amplitude while sample volume need

frequencies in proportion to

some 1N23G point contact diodes and
find them superior to their predeces-
sors in the 1N23 series when tested at
100 kHz. No test has been made with the
1N23G at 400 Hz

The lower intermediate frequency im-
pedance of the back diode, 100 @ as con-
trasted with 500 to 800 @ for point con-
tact types, may necessitate some changes
in the coupling transformer between the
microwave detector and audio ampli-
fier. The basic theory has been pub-
lished(®3) and it will suffice to say
that if one assumes that the trans-
former is perfect, that the amplifier
has an equivalent noise input of 800
(as might be available from a good
pentode amplifying stage), and that
the amplifier input impedance is about
105 ¢ , then the input transformer
should have a turns ratio of about 1:18.
The Varian V4500 Electron Spin Reson-
ance spectrometer, which serves as the
basis for our equipment used a 1:10
ratio for the input transformer. We
have modified this transformer (after
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sawing open the copper case) by center
tapping the input winding (it is only
11 turns and hence easily rewound).
This gives a 1:20 ratio on each side
of the center tap.

To simultaneously retrieve the 100
kHz signal along with 10 kHz and 400
Hz (or lower frequencies) we have used
two transformers in series as shown in
Figure 66. A balanced homodyne detec-
tion system has been used since it
The
split primary windings of the low fre-

greatly reduces klystron AV noise.

quency transformer are connected to each
end of the 100 kHz transformer. Low
impedance, low noise detectors require
a low resistance dc return, typically
10 @ or less, to prevent excess noise.
The turns ratio of the low frequency
transformer can also be larger, between
1:50 and 1:100 since the audio frequency
vacuum tube amplifier will have an input
impedance of around 107 Q.

T1
Detector 1
20 to 10.000 Hz
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One important detail in maintaining
good signal-to-noise ratio in these
high-gain detection systems is to pro-
vide a break in the dc path between
the microwave detector mounts and the
rest of the microwave system. This
prevents formation of ground loops be-
tween the receiver and transmitter sec-
tions of the spectrometer.

A very recent development worthy
of note is the introduction of a new
type of noise microwave detector diode,
the "hot carrier" diode. (64) We hope
that the manufacturer will soon find
it possible to make a diode package
which performs as well at 9 GHz as do
the prototypes operating at 1 to 2 GHz.

Dependence of Electron Spin Resonance
Signal Amplitude Upon Radio Frequency

In our studies of radicals induced
in aqueous solutions, we often have

available quantities of material of

T2
100 KHz

Detector 2

FIGURE 66.

Transformer Connections for

Preamplifier Input of ESR Spectrometer



69

the order of 100 ml. We can therefore
provide sample enough to fill a rather
large microwave cavity. This has led
us to re-examine the relationships be-
tween electron spin resonance signal
amplitude, cavity configuration, and
the radio frequency for spin resonance.
The factors which determine the

signal amplitude operate as follows: (65)

Amplitude = ><"nP0'5DVS

where x" = rf magnetic susceptibility
per gram
n = filling factor, i.e.,

fraction of radiofrequency
magnetic field in cavity
which is occupied by sample

cavity quality factor

= radiofrequency power ab-
sorbed in the cavity

density of sample (it is
1.0 for most agueous so-
lutions of interest and
hence will be ignored in
our discussion)

VS = volume of sample.

T O
I

o
1

For radicals in dilute, low viscosity
solutions, and in the absence of line
broadening due to chemical reactions,
these factors are related to the radio

frequency, v, as detailed below: (65-67)
X” & v
Q = v 1/2
= v 1% is the result of
n o« (e")_l/3 W70 55 4

rectangular TE102 cavity
and of ¢" « v in the fre-
quency range from about
60 MHz up to 9 GHz ("

is the loss portion of
dielectric constant. (66)
This applies only for a
thin slab of sample in a
rectangular TE102 cavity.)
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n = VS/VC where VC (volume
of the cavity and sample)
is athin slab placed at
a node of microwave mag-
netic field in the cavity.

Combining these last two relations yields

= = '16
i nVc \' / VC,

s however
V. = v—s soOV,_ « v_3'16
C S

pl/2 « 7374 for samples exhib-

iting power saturation,

as is the case for most
organic radicals, and

we choose to operate at

the brink of saturation. (66)

Combining all these terms leaves v with
an exponent having the sum

1-%-5-7-3.16 = -3.58,

or ESR Signal Amplitude = y~3:58

This expression indicates that if
the radio frequency electron spin
resonance were to be reduced from
the commonly used 9 GHz region

down to 3 GHz, the signal ampli-

tude would increase about 50 fold.
Such a tremendous increase in signal
amplitude would be a real breakthrough
in examination of radiation-induced
free radicals and of other paramag-
netic materials where sufficient vol-
ume of sample is available. Table
VI presents a comparison of the op-
erating parameters calculated for
three different frequencies on the
basis of the theory.

Performance of electron spin
resonance studies at frequencies
lower than the 9 GHz now commonly
used could run into some problems in
spectral resolution when the operat-
ing frequency is not much larger than
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TABLE VI. Calculated Variation
for Aqueous Samples

of Electron Spin Resonance with Radio Frequency

Frequency GHZ 9.51 3.17 1.90
Magnetic field, Oe 3370 1230 740
Cavity Dimensions, (a) an 2.2 x 1.0 x 4.1 6.7 x 3.0 x 12 11 x 5 x 21
Sample Volume, (b) ml 0.5 16 82
Relative ESR Signal Amplitude 1 51 318
Relative Sensitivity,

spins per unit volume 1 1.6 1.9
Relative Modulation (c)

Driving Power 1 9 25
Optimum Sample Thickness, mm 0.25 0.90 1.64

(a) Height times width times length for rectangular TE102.

(b) Sample could be smaller; in fact, reduction of height to occupy central 50%
of cavity would reduce filling factor for radio frequency magnetic field
by only 30%.

(c) Assumed to be proportional to area of broad side of cavity.

the magnetic energy separations in-
volved in the fine structure. For or-
ganic radicals in solution these fine
structure interactions are usually
around 25 gauss or less and so one
might suppose that operation at 250
gauss or higher, i.e., 650 MHz or
higher, would still enable resolution
of the larger nuclear hyperfine inter-
actions.

In conclusion, it appears that the
amplitude increase available by op-
erating with a larger cavity at a
lower frequency merits immediate
attention. The theory, as exempli-
fied in Table VI, indicates that de-

tection of radicals with unpaired elec-
trons could be achieved at concentra-
tions one-fiftieth or less than pres-
ently achieved. Problems would un-
doubtedly arise in obtaining materials
of construction of sufficient purity

to meet the demands of a 100 fold
reduction in detection limit. W

need this decrease in detection limit
to be able to search for radicals pro-
duced in living systems by non-lethal
doses of radiation. No means of achiev-
ing such a large increase in electron
spin resonance signal seems conceivable
other than this one of using larger
samples at lower radio frequencies.

6OCO IRRADIATOR FLOW SYSTEM FOR ELECTRON SPIN RESONANCE— R. N. Diebel

and D. R. Kalkwarf

Considerable alteration of the ex-
isting flow/irradiation system(68)
has been made to provide greater free-
dom from contamination and better con-

trol over the rate of flow (Figure 67).
Connections and valving are now con-
structed of glass. A glass irradiation
coil was assembled which can be moved
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Teflon-coated
nEall Joints

Gear J

Pump Cooling

Flow Meter

as Auxiliary

Vacuum

5 g

Glass
Coil

S.S.
Coil

Co

///// 0000
<

/]

Auxiliary or
Reference Solution

FIGURE 67. %%co

Llevator
Mechanism

Irradiator Flow System

for ESR and Kinetic Studies

in and out of the irradiation zone as
needed. The flow is controlled by a
stainless steel gear pump equipped

with external mechanical seal and ex-
tended stuffing box to provide high

vacuum seal for the shaft. The pump
is driven from a constant speed motor

through a variable ratio gear box, and
an electrically controlled magnetic
clutch is used in a manner which limits
the torque transmission, thus protect-
ing the gear pump. The system is being
evaluated in connection with our con-
tinuing studies on irradiation-produced
free radicals.

LONG-LIVED ORGANIC RADICALS FORMED IN IRRADIATED AQUEOUS SOLUTION— D. R.

Kalkwarf and R. N. Diebel

Although many free-radical reactions
proceed rapidly in the liquid phase,
the significant effect which chemical
structure has upon reaction rates leads

one to suspect the existence of radicals

which are relatively stable even when

rapid diffusion is possible. Such rad-
icals would be of particular importance
in radiobiology, since if their pre-
CUrsors were naturally present in an
organism or introduced before irradia-
tion they could slow down the rate of
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radiation damage and thus provide more
opportunity for repair and postirradi-
ation therapy. The present study shows
that several radiation-induced radicals
are relatively stable in aqueous solu-
tion and indicates how they are formed.
Solutions of the organic compounds
were irradiated at room temperature
in Pyrex containers placed within the
sample compartment of a Gammacell 200.
The absorbed dose rate was 3000 rads/
min as determined by chemical dosimet-
ry. When molecular oxygen was to be
excluded from a solution, argon was
bubbled through it for 20 min with the
solution in a glove box filled contin-
uously with a nitrogen atmosphere.
The containers were then closed with
ground-glass stoppers lightly sealed
with silicone grease and transferred
to the irradiation zone. Following
irradiation, the solutions were re-
turned to the inert atmosphere of the
glove box where samples were prepared
for examination with a Varian V-4500
Electron Spin Resonance spectrometer.
The cells used were prepared by replac-
ing the standard side-arms of Varian
V-4548 aqueous sample cells with 1 mm
I.D. vitreous silica tubing. The ends
of this tubing were polished flat and
the cells were made air tight by cov-
ering them with a polished silica disc,
lightly greased at the edges and kept
in place with a Teflon cap.

N,N,N',N'-Tetramethylphenylenediamine
(TMPD) Solutions

Irradiation of air-saturated, aqueous
solutions of TMAD at H 4 to 8 produced
a blue solution with an electron spin
resonance signal which was observable
for weeks after irradiation. The meas-
ured optical absorption spectrum of the
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solution corresponded to that for Wurs-
ter's Blue radical cation (69)

HSd/ \EH3
but more positive identification was
obtained by electron spin resonance
spectrometry.
parison of the center portions of the
spectrum for the radiation-induced
radical and for Wurster's Blue synthe- .
sized by oxidation of TMAD with bro-
mine. Both spectra correspond closely
to published measurements on Wurster's
(70,71) and the congruence of their
center portions is evidence that the

irradiated solution does not contain a
mixture of two or more radiation-induced

Figure 68 shows a com-

Blue

radicals.

Flavin Mononucleotide (FVIN)

Some radiation-induced radicals
were detected in aqueous solutions of
this coenzyme whose ESR spectra de-
pended on pH. All of these radicals
reacted rapidly with molecular oxygen
to give nonparamagnetic products so
that oxygen was excluded during the
irradiation and measurements. Figure
69 shows the spectrum of 107°M AN
irradiated in 2N H,S0,. The 32-line
spectrum is very similar to those
reported for AYN solutions which were
chemically reduced in dilute acid, (72,73)
and there is no evidence that it arises
from radicals with different chemical
structure. Although there are many
lines in these spectra, they are poorly
resolved so that a precise formulation
of the chemical structure of the rad-
ical is not yet possible. The spectrum
could be detected for days after irradi-
ation.
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y 1 Gauss,

(b)

FIGURE 68. ESR Spectra of fa) Bromine-
Oxidized N,N,N , N = TetramethyZphenylene-
diamine Solution (b) Gamma-Irradiated

N,N,N',N'- TetramethyZphenylenediamine
Solution
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Due to incomplete resolution of the
spectral lines, it is not possible to
determine whether the number of lines
or their spacings differ from those
for the acid-stable radical. Addition
of hydroxyl radical scavengers such
as ethanol or erioglaucine increased
the yield of radicals significantly,
suggesting that this radical was also
formed by the reducing action of
species formed during water radiolysis.
Figure 71 shows the electron spin

resonance spectrum of the radiation-
1

induced radical formed in 10 "M NaOH.
FIGURE 69. ESR Spectrum of Solution 10 Gausg o

Obtained by Irradiating 0.001M Flavin
Mononucleotide in Aqueous 2§ HzS04 Con-
taining 0.54 Ethanol.

Figure 70 shows the electron spin
resonance spectrum of the radiation-
induced radical formed in phosphate
buffer at pH 5.8.  The spectrum is dif- FIGURE 71. ESR Spectrum of Solution
ferent from that for the radical stable Obtained by Irradiating 0.0IM Flavin
in acid solutions and it disappeared Mononucleotide in Aqueous 0.1 NaOH

much more rapidly following irradiation.
This is quite similar to the spectrum

published for FMN after reduction with
dithionite in alkaline solution.(”)
Again, however, the exact structure
of the radical is in doubt. The rad-

_Me ical was quite stable when protected
from oxygen and could be detected for
weeks following irradiation.

10 Gauss
—_—

Chlorpromazine (CPZ)

Air-saturated aqueous solutions of

FIGURE 70. ESR Spectrum of Solution CPzZ, the phenothiazine drug, in 1M HC1
Obtained by lIrradiating 0.001M4 Flavin . . . .
Mononucleotide in Aqueous Phosphate turned pink during irradiation and were

Buffer at pH5.8 Containing 0.5M Ethanol
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found to exhibit the electron spin res-
onance spectrum in Figure 72. A similar
spectrum has been published”s) for the

Ho

S5 Gauss

FIGURE 72. ESR Spectrum of Solution
Obtained by Irradiating 0.002M Chlor-
promazine in Aqueous 1M HC1

product of electrolytic oxidation of
CZ and it was concluded that the radi-
ation-induced radical is a product of
the reaction involving GZ with the
oxidizing radicals formed during water
radiolysis. The 16-line spectrum can

be detected for several days in the
solution and is most probably attrib-

utable to the chemical structure

<ory

CHZCHZCHZN(CHS) 2

No ESR signals were observed in neutral
solutions.

Methylene Blue (MEB)

Irradiation of MEB in 23N H,S0,,
from which molecular oxygen had been
removed, produced a solution with the
4-line electron spin resonance spectrum
published previously. (76) Of more bio-
chemical interest, however, was the
discovery that a stable radical derived
from MEB could be detected even in so-
lutions at pH 7 if they were saturated
with sodium sulfate. The electron spin
resonance spectrum of this radical is
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shown in Figure 73; and, while the

5 Gauss Ho
p—

FIGURE 73. ESR Spectrum of Solution
Obtained by Irradiating 0.001¥ Methyl-
ene Blue in Saturated Aqueous Sodium
Sulfate Containing 0.5M Ethanol

lines are incompletely resolved, far
more than 4 lines are present. A sig-
nal can be detected for several days
if the solution is not exposed to air,
suggesting that the radical is a re-
duced form of methylene blue. Because
of the broad spectrum, the unpaired
electron is probably smeared over the
entire ring system.

p-Nitrobenzoate (PNB)

Reexamination of oxygen-free irradi-
ated solutions of PNB in 0.1M NaOH failed
to show the electron spin resonance
spectrum previously reported(”) for the
radiation-induced radical formed in this
solution. Instead, the 27-line spectrum
shown in Figure 74 was obtained which
corresponds exactly to the chemical
structure:

NO2

Co,
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The electron spin resonance signal from
this radical can be detected for about

an hour after irradiation, and its for-

|

\‘qmwwxw
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BT
|

|

.

1

10 Gauss

FIGURE 74.

R/K | !& ‘
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mation seems to be well explained by
addition of a radiation-induced hydrated
electron to the aromatic ring system.

"o

ESR Spectrum of Solution

Obtained by Irradiating 0.0024 Sodium
p-Nitrobenzoate i n Aqueous 0.1M¥ NaOH

REACTION KINETICS OF FREE RADICALS
R. N. Diebel

The discovery that long-lived organic
radicals can form in several irradiated
) suggests that relatively
stable, yet mobile, free radicals also
occur during irradiation of biological
systems. Their effect on the amount
of radiobiological damage is unknown
as yet for while they would slow down
the chain of chemical

solutions(78

reactions initi-
ated by irradiation and allow more time
for repair mechanisms to operate, their
long lifetime would also give them more
opportunity to diffuse to cell sites

at which critical reactions could take
place. In the present study, the re-
action kinetics for some of these rad-
icals were examined in search for gen-
eral principles governing their formation

and disappearance so that the course of

IN AQUEOUS SOLUTION— D. R.

Kalwarf and

organic-radical reactions in irradiated
tissue can be predicted.

Electron spin resonance spectra were
used to measure the concentration of
radiation-induced, organic radicals as
a function of time and to detect any
change in their chemical structure as
reflected in the hyperfine splitting
of the spectral lines. The radicals
were generated either in static(78)
(68)

or flowing solutions by exposure

to 60Co ganma radiation from a Gamma-
cell 200 at a dose rate of 3000 rads/
min. Using the flow system, these

solutions could be examined within 1

sec after irradiation, utilizing a Varian
V-4500 spectrometer with 100 kHz modula-
tion. Radical concentrations were
evaluated by recording the first-
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derivative electron spin resonance
spectra at modulation amplitudes high
enough to smooth out any hyperfine
lines, cutting out the recorded spec-
tra with a sharp knife, and measur-
ing the first moments of the spectra
about their centers on a moment bal-

ance. (79)

These first moments, when
corrected to standard settings of

the instrument, were taken to be pro-
portional to radical concentration,
and the proportionality constant was
obtained by measuring analogous mo-
ments for standard solutions of
Wurster's Blue in water and diphenyl-
The con-

picrylhydrazyl in benzene.

centrations of radicals in these ref-

erence solutions were obtained from

their measured optical absorbances
using A56mu - 1.24 x 100 Im L

. (80) _
for Wurster's Blue and A520mu

1.15 x 10 temt

crylhydrazyl. (81)

for diphenylpi-

One of the general principles found
to govern the formation of radiation-
induced organic radicals in dilute aque-
ous solution is that the presence of
reagents that readily capture just one
of the radicals formed by water radio-
lysiswill greatly affect the radia-
tion yield. This is due to the pre-
ponderant fraction of the radiation
energy being absorbed by the water and
to the conflicting chemical reactions
of the resulting water radicals, some of
which act as oxidizing agents and oth-
ers as reducing agents. Numerous illus-
trations of this principle were obser-
ved but only two are described below.

The electron spin resonance spectra
of the radical derived from p-nitroben-
zoate ion indicated that it was the

addition product of a hydrated electron
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the sub-

concentra-

to the a-electron system of
strate.(78) Increasing the
tion of hydrogen ion in the
ated solution increased the

irradi-
rate of
the diversionary reaction:

e;q + H30+ > H + H,0
so that the radiation yield of the or-
ganic radical fell with decreasing pH
as shown in Table VII. Whereas the
radiation yield of the organic radical,
in the absence of a hydroxyl-radical
scavenger such as ethanol, is far be-
low that of the hydrated electron it-
sel f, Ge = 2.8/100 eV absorbed, the
yield approaches this value in the pres-
ence of the scavenger.

The irradiation product of N,N,N' N'-
tetramethyl-p-phenylenediamine was a
radical-cation formed by removal of an
electron from the a-electron system of
the substrate, probably by reaction with
hydroxyl radicals. The availability of
hydrated electrons for reversing this
process rose as the fH of the solution
was increased during irradiation, and

the yield of radical-cations fell as
shown in Table VII.
A general principle found to affect

the disappearance of radiation-induced
radicals is that high ionic charge on
the radicals inhibits their disappearance
by radical-radical reactions. Since (H
governs both this effect and the avail-
ability of hydrated electrons, the sig-
nificance of ionic charge on the life-
times of the radicals can be seen most
clearly in their disappearance rates
following irradiation.

During irradiation, solutions of
p-nitrobenzoate ion and of p-nitroaniline
show the production of similar radicals
in which a hydrated electron has been
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TABLE VII.
Free Radicals
Precur sor

—_— _
1.0 x 10 "M p-nitrobenzoate

tt
"

"plus 3 x 10 °M ethano
M tetramethylphenylenediamine

3

1.0 x 10°°

Effect of Hydrogen lon and Ethanol on the Radiation YZelds of Organic

pH G(radicals/100 eV absorbed)
13 0.9
12 0.6
11 0.3
10 0.1
9 0.0
13 2.0
7.4 1.4
5.8 3.3

added to the n-el ectron system of the
substrate. The di sappearance rates of
both radicals in oxygen-free solutions
at pH 13 following irradiation are also
simlar, neither being represented by

a pure first- or second-order process
in terns of radical concentration. But,
while an enpirical separation of the
decay for the p-nitroaniline radical-
anion into two exponential terms gives
hal f-life values of 20 + 5 and 90 : 15

sec, a simlar treatment for decay of
the p-nitrobenzoate radical- anion gives
hal f-life values of 5 + 2 and 60 * 15
mn. A possible explanation for the
strikingly greater stability of the p-
nitrobenzoate radical-anion is that it
is doubly charged at this pH whereas
the p-nitroaniline radical-anion is
only singly charged, i.e.,

N

C00 NH,
and that the electrostatic repulsion
between |ike-charged radicals lints
their rate of disappearance

Anot her illustration of this prin-
ciple is shown by the radical formed

when chl orpronazi ne was irradiated

in aqueous solution. In 1.0M HC1, the
radi cal was formed readily and was
stable for days outside of a radiation
field. In the field, it was not only
formed by oxidation of chlorpronmazine
probably with hydroxyl radicals, but
was itself further oxidized as sug-
gested by the data in Figure 75

4 28
"3
r.?§

G, radicals/100 eV absorbed
=)
-

\o

o ' 7 * TH
ABSORBED DOSE, Mrads
FIGURE 75. Variation of Yield for the

Chlorpromazine Radical with Absorbed
Radiation Dose in 1.0 HCl Solution

At that acidity, the radical was prob-.
ably in the formof the doubly charged

cation:
Ni:[::::[c1

\ +
CH,CH, CH,NH (CH,) ,
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However, at pH 5.5, where the singly
charged cation would be expected to

form, i.e.,

©
: N
c1

CH,CH

2 CH,CH,N(CHZ)

no electron spin resonance signal
could be obtained after irradiation,

suggesting a faster dismutation rate

for this radical.

A further principle concerning the
stability of radiation-induced radicals
in aqueous solutions is that the pres-
ence of supposedly radiation-inert
substances in the solution can signifi-
cantly lengthen the lifetimes of some
radicals. This principle is illustrated
by the effect of sodium sulfate on the
stability of
ated, oxygen-free methylene blue solu-
tions. Radiation-induced radicals de-
rived from methvliene blue were first
noted in 23N HZSO4 solutions(34)

b

radicals formed in irradi-

and
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the lack of a signal at higher pH may
be due to either or both of the prin-
If the solu-
tion is saturated with sodium sulfate
before irradiation, however, a sig-
nificant and well-resolved spectrum
was obtained even at H 7 and was
stable for days.(78) The irradiated
sample was passed through a Millipore
HA filter to determine whether the
signal was due to suspended solids;
but, while a portion of the signal
intensity was lost, it was not un-
reasonable to attribute this to reaction
with the filter.

Sodium sulfate has no known reactions
with the radiolysis products of water,
so other explanations of its effect must
be sought. One possibility is that it
raises the viscosity of the solution
to a value where the rates of radical-
radical reactions are inhibited. At
the present, however, it seems more
likelv that the intense ionic field in
such solutions exerts a stabilizing

ciples mentioned above.

influence on the radicals, and this

will be explored in future experiments.

CHEMICAL PROTECTION OF AGAROSE JELLIES FROM RADIATION DAMAGE-—

D. R. Kalkwarf

The physical state of matter in many
regions of living tissue is that of an
aqueous jelly whose properties provide
control of rigidity and the diffusion
rates of metabolites within the tissues.
Using aqueous jellies of agarose as
tissue prototypes, it was shown earlier
that addition of the artificial food
coloring, erioglaucine (FD§C Blue No. 1),
allowed these polysaccharide jellies to
remain firm even after absorbing up to

11 times the radiation dose which would
liquefy an unprotected jelly. (83) The
large protective effect of this dye as
well as its relatively low toxicity
to humans prompted the search des-
cribed here for other protective agents
among the dyestuffs authorized as food
additives.

Jellies containing 0.20% agarose by
weight and one of various artificial
food colorings were prepared and
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irradiated. Precise control of concen-
tration was obtained by melting together
weighed quantities of a 1.00% agarose
stock jelly and a standard solution of
the dye in a screw-capped Pyrex test
tube, tightening the cap, and then
cooling the mixture rapidly to room
temperature. Irradiation of these
samples was accomplished in a Gammacell
200 at a dose rate of 3000 rads/min.
If after irradiation the sample could
flow from one end of the tube to the
other during gentle agitation,
considered to be liquefied.
Several dyes were found to protect
agarose jellies from radiation-induced
liguefaction as shown in Table VIII,
where protection is expressed quan-
titatively by the dose extension fac-
tor, i.e., the ratio of the liquefac-
tion dose in the presence of the pro-
tective agent to that in its absence.
The triphenylmethane dye, FDGC Blue
No. 1 (erioglaucine) and the indigo
dye, FD&C Blue No. 2 were found to be
the most effective although they may
protect by different mechanisms. Both
dyes are bleached irreversibly in ir-
radiated aqueous solutions saturated
with oxygen; but whereas ethanol, a

it was
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selective hydroxyl-radical scavenger,
protects FDGC Blue No. 1 from radiation-
induced bleaching, it sensitizes FD§C
Blue No. 2.

The critical role played by the
detailed chemical structure of an
additive in determining its protect-
ive ability is well
these results.
protective agent,

illustrated by
The relatively poor
FOAC Green No. 2,
and the relatively good protective
agent, FD&GC Blue No. 1, are both
triphenylmethane dyes which differ
only in the position at which a sul-
fonic acid group is substituted in
analogous aromatic rings. Similarly,
FDQC Green No. 1 and FDGC Green No. 3
differ from these only in the presence
or absence of ring substituents.
Practicable chemical protection of
irradiated living tissue, whether it
be preventing human death or prevent-
ing textural changes in radiation-
pasteurized food, must be possible not
only with nontoxic compounds but also
at concentrations of additive which
can be conveniently incorporated in
the system. It is thus interesting
to report in Figure 76 that both FD§C
Blue No. 1 and FD&C Blue No. 2 provide

TABLE VIII.
Concentrations of Various Additives

3

Liquefaction Dose for 0.20% Agarose Jellies Containing 8 x 10 "M

Additive Liquefaction Dose, Mrad Dose Extension Factor
None 0.63 1.0
FDGC Green No. 1 1.1 1.5
FDEC Green No. 2 1.1 1.5
FD§C Yellow No. 5 1.1 1.5
FDGC Green No. 3 1.5 2.4
FDGAC Yellow No. 6 2.0 3.2
FD§C Re? No. 3 2.8 4.4
FD§C Violet No. 1 2.8 4.4
FD§C Blue No. 1 9.1 14
FD§C Blue No. 2 9.3 16
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DYE CONCENTRATTON,

FI GURE 76.

10

m/moles/liter

Extension to Liquefaction

Dose of 0.20% Agarose Jellies Provided

by Dye Additives

significant extensions to the radiation
stabilities of the jellies even at milli-

molar concentrations. This feature to-

gether with their low toxicity to humans
makes them good candidates for further
research on the chemical protection of
living tissue.
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RADI OLOGI CAL CHEMI STRY

ALPHA- EMI TTERS IN THE COLUMBI A RIVER- C.

Long-lived actinides would represent
a potential hazard i f some means of
concentrating them in the environment
were to exist. Although their speci-
fic activities are low, their long
half-lives dictate an extended resi-
dence in the environment. It is of
interest, therefore, to determine
which actinides are present in the
Columbia River and at what concentra-
tion levels they exist there.

The identification of the alpha-
emitting isotope measured was ac-
complished both by large area alpha-
ray spectrometry(Bs) and by specific
radiochemical separation techniques.
Since large area alpha spectrometry
requires a minimum of source material
to obtain good resolution and since
the levels of the alpha activity were
expected to be small, it was necessary
to concentrate the actinides from the
ashed residues of relatively large
biological samples. Following disso-
lution of the latter in concentrated
nitric and perchloric acids, the ac-
tinides were coprecipitated on Fe(OH)s,
the precipitate was isolated and dis-
solved in dilute nitric acid, and the
actinides were extracted from a heav-
ily salted Al(N03)3 solution into
20% solution of alamine-336 in xylene.
All tetravalent and hexavalent actin-
ides are extracted essentially quan-
titatively under these conditions.
The actinides were then removed from

*AEC Richland Graduate Fellow,
June-September, 1965

D.

Jennings* and T. M. Beasley

the organic layer by stripping the
solution with 1M HC10, and the actin-
ides again concentrated by coprecipi-
tation on Fe(OH)S. This latter pre-
cipitate was then dissolved in

1M CHSCOOH, and the resulting solution
aspirated onto aluminized cellulose
acetate sheets for alpha-energy anal-
ysis. |t must be pointed out that the
isotopes of radium and the trivalent
actinides are not carried through this
particular separation.

Water samples were made acidic by
the addition of nitric acid, reduced
in volume by boiling, and the actin-
ides concentrated by coprecipitation
on Fe(OH)S. This precipitate was then
processed as described above.

Table IX contains the qualitative
results obtained from alpha spectro-
metric analysis of the variety of

TABLE IX. Qualitative Spectrometry
Results of Sample Analysis

Sample Isotope Detected

Columbia River sucker none
Columbia River squaw fish none
. 238
River algae u

. . 2
Columbia River water 3:U
Reactor Effluent water 238y

. . 23
Chinook Point zooplankton 8

234
234
234
234

, 210?0

U

U 210p0

u, 210p,
U u,
U
U
U

ZSSU

238U

238U
ZlUPo
ZIOPO
210

Po
238U

Astoria zooplankton and detritus
McNary sediment

X 234
Marine copepods

Euphausids

Salmon eggs

Salmon stomach and contents

Sea cucumbers

samples listed, while Table X contains
the quantitative results obtained in
verifying both the identity of the



TABLE X. Quantitative Results of
Specific Radiochemical Analyses

Sanpl e

Sample Size Analytical Results
dis/min/kg
Reactor effluent water 10 liters 0.051 210p,
Reactor effluent water 10 liters 0.30 238 . 234,
Columbia River water 15.5 liters 0.033 2105,
McNary sediment 20 g 1.9 x 103 210Po
Salmon eggs 28.0 g{dry) 3.95 x 10% 210p
Salmon stomach 3.5 g(dry) 13.89 x 105 210p,
Sea cucumbers 69.0 g(wet) 68.1 2105,

238
238

Sea cucumbers 234y

234U

8.65 x 10°
452 x 10°

70.7 g(wet)
69.0 g(wet)

U +

Sea cucumbers U+

radionuclides detected and the quan-

tities present.

ters detected were
210P

The only alpha emit-
234U, 238U and
0. Cherry(gé) has measured the
alpha radioactivity of plankton from
the sea and reports that 210Po con-
tributes a substantial portion of the
alpha activity to these samples. A
certain portion of the alpha activity
of the plankton was unidentified (no
spectrometry employed) and was assumed

to be due to either uranium or radium.
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The data of Tables IX and X suggest
that indeed such activity could be due
to uranium. The surprisingly high

uranium content of sea cucumbers was
verified by specific uranium analysis(87)
as was the high 21OPo content of the
salmon and sediment samples. (88)

The values of 210Po concentration
for both reactor effluent water and
river water are in general agreement
with 210Po and 21OPb concentration
measured in ocean water(sg) and other
areas,('go)although secular equilibrium
between these two isotopes should not
be assumed.

The data presented here and else-
where(gl) would tend to substantiate
the suggestion of Cherry(86) that the
concentration of 21%po (and possibly
of 210Pb) in the marine environment
may be large. MNo artificially pro-
duced alpha-emitters were evidenced;
i f present they were below the de-
tection limit of the instruments used.
Alpha emitters were present only in
low concentration in the Columbia

River.

THE REDUCTION OF REACTOR EFFLUENT WATER RADIONUCLIDE CONCENTRATIONS BY

THE ADDITION OF SODIUM SILICATE TO PROCESS WATER— D. E.

Robertson

Significant reductions in the concentrations of many reactor effluent
water radionuclides by the addition of 10 to 20 ppm of sodium silicate
The experiment involved a half-
plant evaluation at D-reactor which started in January of 1995 and_con-

to process water was demonstrated.

tinued into 1966.

The concentrations of the radionuclides

as, °ler, 32p,

289yp, and 124sp were reduced in the effluent water from the test side

to about 1/9.5,
trol

1/7, 1/5,
side of the reactor.

trations of 24Na and 140Lq

1/3 and 1/4 respectivez% relative to the con-

The concentrations of ©6

were essentially unchan%ed by the silicate treatment,
4 land probably of the other rare earth radio-

640y and 6°2n
while the concen-

Mn,

nuclides) were increased by about 25 to 35%and by a factor of 2 to 3

respectively.

A constant effort is being main-

tained at Hanford to reduce the amounts

The behavior of ¢9%¢o and

Se was more erratic.

of radioactive material discharged to
the Columbia River in reactor effluent
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water. (92) The radioisotopes and

their interactions with the environment
are continuously being monitored to
determine the levels at communities
which use Columbia River water for
drinking purposes or for irrigation

or which use its fish as food.

The radionuclides of major
are 76As, 32P,
64Cu, and 6SZn.

The majority of the radionuclides
present in reactor effluent water
originate when their parent elements
in process water become adsorbed on
the corrosion film surface of the
reactor process tubes and fuel ele-
ment jackets and reside long enough
to become neutron activated. Their
radioactive daughters are then sub-
sequently released to the effluent
stream. (94)

c interest
np, 2ler, 24Na,

Minimizing the adsorp-
tion of these parent elements has
reduced the concentrations of the
radioactive daughters. Laboratory
and in-reactor studies have been con-
ducted to evaluate the effects of
various chemical
ing
ors.

additives and coat-
gast_99r7ijals as adsorptipn inhil?i_t—
O the chemical additives
tested in the laboratory, sodium sil -
icate was, by far, the most effect-
ive adsorption inhibitor. The lab-
oratory tests were followed by an
in-reactor experiment in which sodium
silicate, at 20 to 40 ppm (as SiOZ)
was added to the process water flowing
through a single reactor process tube.
ZP,
51Cr, 64Cu, 76As, and 239Np were re-
duced in the effluent water by fac-
tors to about 1/2, 1/1.4, 1/1.8,
1/2.2 and 1/3, respectively, relative
to their concentrations in the efflu-
ent water of a nearby control tube.

In that test the radionuclides 3
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PP
—

. 5
The concentration of 6SZn and 1Cr . !

remained essentially unchanged, while

those of 24Na and 31Si were increased

by factors of 2 to 3. The favorable

results from this test prompted a pro-

duction-scale experiment in which sodium !

silicate was added to the process water

supplying one-half of a reactor while '

the other half, supplied with normal

process water, was used as a control.

This paper is a summary of the data

obtained during this half-reactor test.
The half-plant silicate addition

was conducted at the D Reactor. The

“N'' grade silicate (Philadelphia

Quartz Company) was selected because

of its higher purity and higher silica

content (Si0, to Na,O ratio of 3.2:1) !

relative to other available sodium !

silicates. The sodium silicate was

added (as a 1:5 dilution of the "N"

silicate) to the process water sup-

plying the test side of the reactor

at a point following the water treat-

ment process. Final pH adjustment

was made in large storage tanks be-

fore pumping the water to the reactor.

The addition was started on January

17, 1965 at a concentration of 5 ppm

Sioz. The concentration was grad- o

ually increased to 10 to 20 ppm SiO2 g

over a period of 9 days. The con-

centration throughout the remainder

of the test averaged about 12 to 15

ppm Sioz. During reactor shutdowns

the silicate addition was continued
but at a reduced concentration of
5 to 10 ppm SiOZ. Daily samples of
500 m1 of effluent water from the
test side and from the control side
of the reactor were collected for
radiochemical

analysis from sampling
lines continuously carrying a flow.

The radionuclides 24Na, 32P, 51Cr,



85

BNWL-235 2

TABLE XI.

Reduction Factors Obtained for Reactor Effluent Water Radio-

nuclide Concentrations by the Addition of Sodium Silicate to Process Water

Ratio of Control Effluent Activity/Silicate Treated Effluent Activity (Monthly Averages)

Jan. Feb. Mar. Apr. May(b)

. . Dec.
Radionuclide (1964)@)(1965)

24y, 1.0 0.77  0.56 0.50 0.67 1.0
32p 0.77 0.26 0.70 1.5 1.7 2.4
465 -- - -- -- 2.6 0.93
Slep .0 1.0 1.5 1.7 2.2 1.8
50yn 1.0 0.87 0.56 0.59 0.77 0.67
60¢q -- -- -- -- 1.01  0.76
64cy 1.0 1.1  0.88 0.94 1.0 1.6
552n 1.0 0.83 0.77 0.77 1.0  0.83
76 ps 1.0 0.77 1.4 2.2 3.2 3.0
124gy - - - -- 3.9 3.9
239y, 1.0 0.90 1.7 2.3 4.0 2.5
140

La -- -- -- -- --

(a)Background data prior to addition
(b)Silicate was not added from Mgy 11 to May 19, 1965

.6
.6
.6

June  July  Aug. Sept. Oct. Nov. Dec. Jan.
- (1960}
3 0.69 0.67 0.71 0.77 0.77 0.71 0.77
3.2 2.6 2.8 2.5 1.5 2.6 3.2
8 3.1 0.24 -- -- -- -- 12
3. 4.6 4.8 4.8 4.3 7.0 6.8
1 0.91 0.80 0.74 0.63 0.80 0.80 0.83
2 0.56 0.91 -~ -- -- -- 0.75
1.4 1.1 1.8 -- -- -- --
1.0 1.0 0.90 1.0 0.90 1.4 1.9
5.0 6.2 7.4 9.0 5.4 9.0 9.5
4.6 4.8 -- -- -- -- 10
4.4 3.7 4.0 3.4 3.4 5.2 5.2

0
1
0
2
0
0.
1
1
3
3
3

'
'
'
'

0.27 0.58 -- -- --

S6un, 4y, S5z, 70as. and 239

were measured in the effluent water
from both sides of the reactor by stan-
dard radiochemical and instrumental
methods. The radionuclides 46Sc, 6000,
124Sb, and 140La, which are present
in much lower concentrations, were
periodically measured by directly
counting the residue from evaporated
effluent water samples using multi-
dimensional gamma-ray spectrometry. (98)
Dissolved silica was measured in the
effluent from both sides of the react-
or by a colorimetric procedure.
Background radionuclide measure-
ments were made for several weeks
prior to starting the addition and
these showed that the concentrations
of the radionuclides being studied
were essentially equal in the efflu-
ent from both sides of the reactor.
The silicate addition began on Jan-
uary 17, 1965, and continued into
1966.
to water temperature,

Thus ,any seasonal trends due

trace element

concentrations in the river water,
etc., could be observed. During

the first several weeks of the ad-
dition (at 5 to 10 ppm SiOZ) the
sodium silicate caused a slight in-
crease in most effluent water radio-
nuclides and a large increase in

the 32P concentration (see Table XI).
This was interpreted as a gradual
sloughing-off of the old corrosion
film which had the effluent water ra-
dionuclides incorporated into its
After the sloughing-off
period a reduction in most radionu-
clides was observed, which gradually
improved over a period of several
months (see Table XI). After about
8 months of sodium silicate addition
the reduction mechanism appeared to
reach an equilibrium condition until
the reactor was shut down for several

structure.

weeks in early November for mainten-
After startup the reduc-
tions in most radionuclides again were
improved. As Table Xl| indicates, the

ance work.



maximum average monthly reductions
obtained for 3’ZP, SlCr,76As and 239
during the year were to 1/3.2, 1/7,
1/9.5 and 1/5.2, respectively, of the
original values. The 24Na and 56Mn

concentrations were increased 20 to

50%throughout most of the test. The

64 6SZI1 were

Np

concentrations of Cu and

essentially unchanged. The behavior

of the trace radionuclides 468c, 60Co,
124, 140 R

Sb and La was more difficult to
interpret. These radionuclides are

associated, to an extent, with par-
ticulate matter in the water and the
variations of the 46Sc and 60Co con-
centrations were rather extreme. How-
ever, the 124Sb concentration was re-
duced to about 1/3 to 1/5. The 140La
(and probably the other |less abundant
rare earths) and 60Co were increased
by factors of about 2 to 3 and 1.3 to
2, respectively.
the 46Sc concentration were so great
that the effect of the silicate ad-

The variations in

dition on its effluent concentration
is still Several samples
showed the presence of 59Fe and 134Cs
and their concentrations in the sil-
icate-treated effluent water were about
1/6 of those in the normal effluent

water.

uncertain.

The mechanism by which sodium sil -
icate reduces reactor effluent water
radionuclide concentrations is not
fully understood. However, its role
as an adsorption inhibitor is clearly
Silicates,
whether present as ions or as micelles,
tend to deposit on metal surfaces due
forming a

part of the mechanism.

to their negative charge,

very thin, inert surface.
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Definite alum

inum silicate compounds have been repor-

ted to exist under conditions similar to
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those established in this test. Anal-
ysis, by emission spectroscopy, of the

corrosion film on rear nozzle Van Stone
flange inserts (perforated aluminum
cylinders) from both sides of the re-
actor showed a silicon concentration
about five times higher in the film

of the test side. X-ray diffraction
measurements showed this film to con-
sist mainly of an amorphous material,
probably amorphous silica, as reported
in other similar investigations. Ap-
parently, silicates react with the
hydrous aluminum oxide surface to form
the protective film. Since essentially
of the radionuclides the concentra-
tions of which were reduced by the sil-
icate treatment were in the form of
anions, it was suspected that the sil-
icated film exhibited a slightly neg-
ative charge, thereby inhibiting the
adsorption of additional anions from
the process water onto the film. Zeta
potential measurements of fresh suspen-

all

sions of the corrosion films confirmed
this to be true. The silicated film
had a zeta potential of -17 to -21 mV,
while the unsilicated film was essen-
tially at zero mV. There is, however,
large corresponding increase in the
cation radionuclides in the silicate-
treated effluent. The silicated cor-
rosion film is so inert compared with
the highly active normal corrosion film,
that a preferential adsorption of cat-
ions i s not obtained.

One of the problems encountered dur-
ing this test was an abnormal filming
in the fringe process tubes supplied
by silicate-treated process water and
a consequent hydraulic pressure in-
This occurred only when the
inlet water temperature was below 10 °C

crease.
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and only in those fringe tubes where
the water temperature was not signif-
icantly increased by the heat gener-
ated in the reactor. (99) Obviously,
these conditions created a change in
the physical and/or chemical
of the sodium silicate which allowed

greater deposition to occur. When
the water temperature increased during

nature

the summer months this differential
filming effect ceased.

Another problem which occurred dur-
ing the test was an increase in the
radiation levels on the rear face of
the test side; this averaged 2 to 4
times higher than on the control side,
thus increasing the problem
to personnel working on the

of exposure

rear face. (99)

This radiation decayed with
al2 to 15 hr half-life and
appeared to decay at nearly
rate. Corrosion film deposited on the
rear nozzle Van Stone flange inserts
from both sides of the reactor was ra-
diochemically analyzed to determine the
cause of the higher radiation readings
on the test side. |t appeared that rare
notably 140La and
Sm deposit on the downstream side
of the reactor piping.
clides were in greater abundance in
the corrosion film from the test side
by a factor of 2 to 3 . When the sili-
cated-film preferentially adsorbs the
rare earth radionuclides is, at
present, unexplained.

Sodium silicate is an effective ad-
sorption inhibitor for parents of many

of the important effluent water radio-
nuclides. The factors for and against

approximately
both sides
the same

earth radionuclides.
153

These radionu-

using sodium silicate treated process
water t— reduce radionuclide concentra-
tions in reactor effluent water must
be carefully weighed before a decision
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scale basis can

The radionuclides 76As, 239Np,
and 51Cr were reduced to about 1/9.5,
1/5.2, and 1/7, respectively, of their
original values. These radionuclides
are important because they contribute
over two-thirds of the gastrointestinal
dose to the residents of Richland,

to use it on a full
be made.

Pasco and Kennewick who use Columbia
River water for drinking purposes.
The radionuclide %P, which is con-
centrated by whitefish and waterfowl

inhabiting the Columbia River, and thus,
consumed by people, was reduced in con-
centration to about 1/3 by the sili-
cate treatment. The concentrations

of 124Sb and 64Cu were reduced to about
The ul-

1/4 and 1/1.3, respectively.

timate goal of these reactor effluent
water studies is to reduce the radio-
nuclide concentrations in the Columbia
River. |If sodium silicate were used on

a full-scale (5 reactors) basis, the
river concentrations of the above ra-
dionuclides could then be expected to

be reduced by the above amounts. The
only increases of significance found
were for 24Na (25 to 35%) and the

trace amounts of rare earth radio-
nuclides (a factor of 2 to 3). The
filming in cold tubes and the rear face
exposure problems are unfavorable

side effects; these might be elim-

inated or reduced when better under-
standing of the mechanisms involved

is obtained.

Throughout the test there existed
some cross-mixing of water from both
sides of the reactor. 1t has been
estimated that this cross-mixing amounted
to about 15%of the total reactor ef-
fluent peing interchanged. The effi-
ciency of this test could then be

expected to improve by such an amount
in full-scale practice.
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THE EFFECT OF REDUCED ALUM ADDITION ON THE REMOVAL OF 75As AT THE KW-REACTOR
WATER TREATMENT PLANT—W. A. Haller

For several months experiments were zene HC1-HI extraction method. (100)
carred out at the KW- and KE-Reactors The 76A5 was then counted with a 5 in.
to evaluate the effects of reducing NaIl crystal; the observed activity
the concentration of alum in the water is shown in Table XII,

treatment process. Of particular in-
terest were changes in the concentra-

. L . TABLE XII. Activation of Raw and
tions of radioisotopes introduced Treated Water from the K-Reactors
into the Columbia River. Reactor ef- Water Treatment Plants

fluent samples were routinely taken
and analyzed for their radionuclide

Collection \Water Treatment AdéliutTon, 70ps () ELI“Ls‘aeincoyf ;g}:s’
concentrations. pate Plant _ppn  Coums § (b)
. 12/ 1/ 65 KW ( Treat ed) 6.5 17,006 51.5
During the month of December the 12/1/65 KE (Tr eat ed) 16 4,164 88.1
12/ 1/ 65 KW (Raw Water) 0 35,021
KE-Reactor water treatment plant used 12/6/65 KW (Tr eat ed) 6.5 17,181 51.0
a 16 ppm alum addition while the 1270765 KE (Treated) 16 4182 8.2
KW-Reactor water treatment plant used
6.5 ppm. Analyses of the reactor (a) 7°As input copcentration may be mea-
76 sured by the /%As output concentra-
effluent waters showed that the ' "As tion as generated by the neutron
concentration in the KW effluent activation procedure.
water was 5 to 6 times that of KE. (b) Efficiency of removal was CaIC%at-
. 6 . . i
Since the 75As(n,y)7 As reaction is ed by comparing the raw water As
76 Sgﬁtent versus the treated water
responsible for As production, one As content produced by neutron
explanation of the observed increase activation.
of the latter isotope is that-a
decreased alum addition decreased Table XII clearly shows that the effi-
the removal of the parent isotope ciency of removal of 7°As at a reac-
73As at the water treatment plant. tor water treatment plant decreases
Neutron activation analysis was with a low alum addition. Table XII
used to determine the efficiencies and the analytical laboratory analyses
for the removal of the parent isotope also show that there is a direct re-
75As at the water treatment plant. lationship between the 75As input into
Ten milliliter samples of raw and tr61e reactor and the 76As output. The
7 . . .
alum-treated water were collected at As output of KW is 5 to 6 times higher
the KW and KE plants and these were than that of KE, while the correspond-
. : : 75 _
neutron activated for 24 hr. After ing input of parent As into these
a three day cooling period, the reactors differs by a factor of 4, being
arsenic was chemically separated from higher at KW at least for the period of

the irradiated samples using the ben- time concerned.
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ION EXCHANGE STUDIES OF THE CHEMICAL FORM OF RADIONUCLIDES

WATER AND REACTOR EFFLUENT-— JackL.

Nelson

BNWL-235 2

IN COLUMBIA RIVER

lon exchange studies with reactor effluent and Columbia River water

f{iom Hanford to Vancouver,

Nh are Largely cationie while °ICr i s mostly anionic.

Washington indicate that 69zn, 60co,

and
245p i s

anionic in reactor effluent and i s changed to an uncharged form as it

moves down the river.

One of the first steps that is nec-
essary in a study of the mechanisms
involved in reactions of radionuclides
with river sediments is to determine
the chemical and physical forms of the
nuclides in the river. Experiments
have been conducted in which samples
of river water were filtered through
0.3y membrane filters and then passed
through ion exchange resin beds. lons
found in the effluent of cation exchange
resin columns were considered to be
either anions or uncharged forms; those
in anion resin effluent were cations or

uncharged; and those passing through
the two resins in series were uncharged
species. The experiments were run im-
mediately after sampling the reactor
effluent and at four sites down the
Columbia River to Vancouver, Washington.
Series of experiments were repeated
in March, June, and September to detect
any differences due to temperatures,
light, and river discharge.

The results of the experiment are
given in Table XIII. Since there ap-
peared to be no significant differences
attributable to season, the data for
the three dates were averaged. |t can
be seen that the percentage of each ra-
dionuclide except 124Sb found to be in
particulate form increased as reactor
effluent was mixed with river water and
for some distance downstream but then

seemed to reach a dynamic equilibrium.

An equilibrium level was reached for
most of the nuclides about at McNary
Dan but, for 60Co, was reached at the
sampling point in the 300 Area of the
Hanford project. This equilibrium con-
dition is thought to be a state in
which settling out and deposition of
suspended sediment is occurring at about
the same rate as additional uptake of
nuclides by suspended sediment. For
124Sb, it would appear that the frac-
tion associated with particulates grad-
ually settled out to the river bottom
and that up-
take by particles occurred.

little or no additional

TABLE Xl1ll. Forms of Radionuclides
in Reactor Effluent and Columbia
River Water at Various Locations

Percent
Particulate

Percent in Solution

Radionuclide Location Cationic  Anpjonic

LE. 16 100 0 0

65 300 Area 51 96 1 3

Zn McNary 77 98 1 1
The Dalles 84 96 2 2
Vancouver 80 83 12 5
R.E. 2 3 96 1

51 300 Area 3 3 96 1

Cr McNary 7 3 93 3
The Dalles 10 1 99 0
Vancouver 10 1 99 0
R.E. 5 98 2 0

9.

60, A Lyea 65 8 El 2
The Dalles 64 57 30 13
Vancouver 68 81 3 16
R.E. 68 34 62 5

46 300 Area 77 13 83 4

Sc McNary 90 14 79 7
The Dalles 88 28 56 16
Vancouver 89 4 79 17
R.E. 3 97 2 0

54 300 Area 57 76 8 16

Mn McNary 70 95 2 3
The Dalles 78 92 7 1
Vancouver 70 48 43 10
R.E 9 0 100 0

124 300 Area 5 1 42 57

Sb McNary 2 1] 22 78
The Dalles 2 2 24 74
Vancouver 1 0 16 84

(@ Reactor Effluent
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65

Zn, 00

Co, and >%Mn were,

and remained, mostly cationic while
51

As expected,

46Sc had a surpris-
ingly large fraction in the anion form

Cr was anionic.

plus some uncharged species. These,
as well as the possible small amounts
of uncharged %0¢o and ®°zn are prob-

ably species complexed by biota or
organic derivatives of biota. The
124 . L

Sb was all anionic in reactor
effluent but was largely changed to

BNWL-235 2

an uncharged form as it moved down
che river.

These data agree well with deple-
tion data(wl) which indicate that

51Cr and 124Sb move down the river with

little depletion while °°zn, *®sc, ®Cco,
and 54Mn have a higher natural depletion
from the river water. 1t will be of
interest and importance to determine
some of the chemical species and how

they are taken up and held by sedi-
ments

DETERMINATION OF SEASONAL VARIATIONS
RESERVOIR OF THE COLUMBIA RIVER— JackL.

During 1964 and early 1965, a series
of bottom sediment cores was taken from
an area about 1000 yards upstream from
the McNary Dan on the Columbia River
under 50 ft of water. The sample site
is an area of quiescent water not in
direct line with spillways and turbine
intakes of the dam. The coring device
used was a 15 an diam free-fall apparat-
us. (102) Cores were frozen, sliced in
1 to 5 an depth sections, dried, and
analyzed with a multidimensional gamma

ray spectrometer. (103) 65
Good data were obtained for Zn,

Co, and 405¢ and these are plotted
with depth on semilog plots in Figures
77 through 82. Some less precise data
were also obtained for 54Mn, 58Co, 10()Ru,
952r—95Nb, 59Fe, and 137Cs, and these
followed a pattern similar to that in
the graphs shown.

The pattern of changes in radioac-
tivity with depth can perhaps best be
seen in the As expected

60

5Zn curves.
from radioactive decay, there is a

fairly good straight line decrease of
6SZn with depth with some notable ex-
ceptions, especially near the surface.

Nelson

IN SEDIMENT DEPOSITION RATES IN McNARY
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FIGURE 77. Variation of 65Zn, 60Co,
and 4650 with Depth in 4/27/64 McNary

Core

The majqr scouring of sediment in the

river occurred between the 5/5/64 core
(Figure 78) and the 6/23/64 core (Fig-
ure 79). The two cores taken before

the scouring period (Figures 77 and 78)
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show relatively linear decreases in
activity with depth. Immediately afterr
the major scouring period (6/23/64,
Figure 79), there was an increase in
activity with depth for about the top

8 cm, and then the expected decrease
begins. The cores taken through the
rest of the season showed patterns
grading steadily between these two
extremes.

It would appear that the sampling
site was an area in which sediment was
being steadily deposited, even during
the spring when other parts of the river
bottom were being scoured by high water.
The high water and large sediment load
evidently resulted in a relatively
rapid deposition of about 8 cm of low
activity sediments during the spring
freshet. This may be somewhat more

1000

500

100 |-

disimin/g

50

10

0 10 20 30 40 50 60
Depth (centimeters)

f 65 60

FIGURE 80. Zn, Co,
46

and Sc with Depth in 7/17/64 McNary
Core

Variation o
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FIGURE 81. Variation of 6SZn, 60Co,

and ?%sc with pepth in 8/24/64 MeNary
Core

than would be deposited during the av-
erage freshet, because the 1964 spring
water volume and suspended sediment lev-
els were unusually high. A part of the
deposited material was undoubtedly sed-
iment that was scoured from areas of
the river between Hanford and McNary.
Indications of this are shown by a
slightly sharper dip in 468c activity
(84 d) than 60Co activity (5.3 yr) in
the top 8 an of sediment.
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FI GURE 82. Co,

and 5o with Depth in 1/8/65 McNary
Core
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In comparing these data with scour-
ing data previously reported, (104) .,
situation appears to be one of slow
sediment deposition over large areas
of the river bottom during the July to
April period. Then during the high water
period of May and June, a large part of
the deposited sediment from the upriver
medium to high current areas is scoured
and carried downriver where a part of
it redeposits in low current areas such
as the sampling area described in this
report.

THE USE OF %52n,%%0 RATIOS TO DETERMINE AGE AND DEPOSITION RATE OF

RI VER BOTTOM SEDI MENTS- Jack L.

Radionuclide ratios have been used
for many years to determine ages and
deposition rates of ocean bottom sed-
iments. (105) |t is also possible under

Nel son and J.

M Nielsen

some circumstances to determine in the

same way the age and deposition rate
of river bottom or reservoir sediments

but on a much shorter time scale than
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is usually used in the oceans. (106)
The method can be applied only to areas
of a river where net accumulation of
sediment is occurring and i s most use-
ful where constant deposition is going
on. Another requirement is that the
ratio of input radionuclides be rel-
atively constant. These conditions
are met reasonably well for the past
several years in portions of the Co-
limbia River below the Hanford Plant.

A semilog plot of 65Zn/60Co concen-
tration versus sediment depth should
result in a straight line decrease
due to the difference in half-lives
of the two nuclides. This assumes that
radioactive decay is the sole or prin-
cipal change occurring and that dep-
osition i s somewhat constant. Figures
83, 84, and 85 show such plots for
bottom cores taken at three dates about

65an(’oCo

0 10 20 30 4 50 60

Depth (centimeters)

FIGURE 83. Least Squares Plot of 6SZn/

606‘0 Ratio Versus Depth i n Sediment
Core from McNary Reservoir, 4/27/64

FIGURE 85. Least Squares Plot of
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FIGURE 84. Least Squares Plot of in/
60

Co Ratio Versus Depth i n Sediment Core
from McNary Reservoir, 6/23/64

65Z nIéOCo

Depth {centimeters)

6000 Ratio Versus Depth in Sediment Core
from McNary Reservoir, 8/24/64



1000 yards upstream from McNary Dam on
the Columbia River. These are some of
the same cores for which radionuclide
data are given in an accompanying sec-
tion of this report. (107)

The points shown are actual data
points of 65Zn/60Co ratios at various
depths while the line is a calculated
least squares fit line with intercepts
evaluated at zero depth and a 65Zn/f’OCo
ratio of one. The intercept at zero
depth should be a best value for the
65Zn/()OCo ratio originally sorbed or
deposited at the sediment surface.

The slope of the line can be used to
calculate an average deposition rate
per unit of time using the 245 day
half-life of °°zn and the 5.3 yr half-
life of 60Co. The surface ratios and
average deposition rates for these and
some other cores taken at the same
location are given in Table XIV.

The 65Zn/60Co ratios found at the
surface agree well with those in Co-
lumbia River water and suspended sed-
iment at Pasco, Washington, about 36
miles upstream.(lol) Analytical data
on Hanford reactor effluent indicate
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that the 65Zn/60Co ratio added to the
river fluctuates but has not changed
appreciably over the approximately 4
years covered by the plots. The aver-
age deposition rate of about 12.5 cm/yr
is high but consistent with other evi-
dence. |t should be emphasized that
this is for one particular sampling
area and is not representative of the
whole McNary Reservoir. Sediment dep-
osition rates vary broadly with the cur-
rent and other factors. They also vary
somewhat with the season as can be
seen in Figures 83, 84, and 85. Figure
84 shows a section in the top 8 to 10
an where relatively rapid deposition
has occurred during the recent spring
freshet. The calculated line, then,

is an average of all seasons of several
years.

Attempts have been made to apply
this dating method to cores in other
areas of the Columbia River. Although
there are several other areas of the
river where a reasonably good straight
line plot is obtained, parts of the
river bottom are not applicable to
this treatment because sediment is not
being regularly deposited there.

TABLE XIV.

65Zn/6000 Ratios at the Surface and Average Sediment Deposition

Rates for One Sampling Site in the McNary Reservoir of the Columbia River

65 60 Average
Zn/ " "Co Ratio Deposition Rate,

Core Date at Surface cm/yr

4/27/64 31.9 12.7

5/5/64 37.0 10.2

6/23/64 - No. 1 53.8 13.7

6/23/64 - No. 2 35.2 15.0

7/17/64 47.3 11.7

8/24/64 51.3 14.0

1/8/65 43.5 9.9
Overall

Average 42.9 12.5
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A METHOD FOR DETERMINATION OF 32P AND OTHER RADIONUCLIDES ON FILTERS CONTAINING

USENDED RIVER SEDIMENTS—-Jack L.

It is sometimes desired to separate and determine

small

Nelson and W. B.

Silker

32? associated with

amounts of sediment on membrane filters and subsequently to be
able to determine other radionuclides in the same sample.

A procedure

found satisfactory i s described below.

Quarter up to ten 5.5 in. diam fil-
ters or the equivalent by tearing or
cutting, and place them in a 600 ml
beaker. Add 100 to 150 ml of 50%HN03,
20 m!| of 30%H202’
Cover the beaker with a watch
glass and let it stand for 20 min.

Place on a hot plate and begin heating

and a few boiling
beads.

on low heat. After it has been obser-
ved that the filters are beginning to
disintegrate, turn the heat up to high.
Before the sample goes to dryness, re-
move the beaker from the hot plate and
add an additional 150 ml| of 50%HN03
and 20 m| of SO%HZOZ' Boil on high
heat to near dryness and then decrease
heat to low. Lov heat avoids spatter-
ing while going to dryness. |If char-
ring appears, the oxidation is not
complete and it is necessary to make
additional SO%HNO3 and 30%H,0, treat-
ments.

Add 100 m!| of 1.2M HC1 to the beaker
and heat nearly to boiling. Cool and
transfer to a 500 m| separatory funnel.
Rinse with a small amount of 1.2M HC1.
Add a second 100 ml| of 1.2M HC1 to the
beaker and repeat the heating step.
Transfer this to the separatory funnel
also. Police the beaker and rinse with
1.2M HC1.
separatory funnel to 250 ml with 1.2M

HC1.

Bring total volume in the

Add 50 ml of 10% ammonium molybdate
solution and shake for 30 sec. Add
70 ml of a solution of 13%1-butanol

i n anhydrous ether, invert once and

vent to release pressure. Continue
to invert and vent until pressure stops
building up and then shake for 60 sec.
Let the phases separate and drain the
lower aqueous phase into the same 600
ml beaker in which the digestion was
performed. Rinse the organic with 25
to 30 ml of 1.2M HC1, venting as re-
quired. Shake for 30 sec, let phases
separate, and add the aqueous to that
already collected in the 600 m| beaker.
Transfer the organic to a 50 or 100 ml
beaker and let the ether evaporate over-
night. Mount the butanol on a 8 plan-

chet and rinse the beaker with a very

small amount of ethanol. Dry under an

infrared lamp and count the planchet
32

for P.

Evaporate the contents of the 600
ml| beaker to dryness under a heat lamp
When dry, place the beaker on a hot
plate on medium or high heat until
fuming stops.
water,
counting container for gamma spectros-
copy. Police and rinse the beaker into
the counting container.

With small amounts of
transfer the residue into a

Count for gam-
ma emitters.

The procedure has been tested for
recovery of gamma emitters by first
counting sectioned filters per se and
comparing the data with ganma counts
obtained following 2P removal. The
filters used were 0.30y membrane fil -

ters used on about 6 gal of Columbia
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River water. The comparisons are TABLE XV. 32Recovery of Gamma Emitters
. 3 P Removal Procedure
shown in Table XV. FOZZOZ))%VLQ Radionuclide
Although some correction may be 6800, 465 0%, Sy, Slor
desirable and occasional recover checks 1 85.2 80.3 86.6 98.6 109
. 2 94.4 81.0 84.9 95.8 92.4
should be made, the recoveries found N 049 65 5 a6 101 104

are quite good.
Average 91.5 83.3 86.4 98.5 101.8

BEHAVIOR AND TRANSPORT OF RADIONUCLIDES IN THE COLUMBIA RIVER BETWEEN HANFORD
AND VANCOUVER, WASHINGTON* —R. W. Perkins, J. L. Nelson, and W. L. Haushild**

A study of the behavior and transport by the Columbia River of the 11

radionuclides 463@, 5JCr, 54Mn, 5800, 59Fe, 600 65Z 95Zr—951\lb,

loaRu, 1245y and 1?%Ba was performed in the river reach between

Pasco, Washington and Vancouver, Washington, during the period Jan-
uary, 2965. This extensive study of radionuclide behavior was accom-
plished by direct counting of water salts and filter samples on a
multidimensional gamma-ray spectrometer and represents the first meas-
urements of the interactions of most of these radiconuclides in the
river. Through this multiple tracer technique the specific and rel-
ative behaviors of the 11 radionuclides in regard to their sorption
by and movement with suspended particulates in the Columbia River were
determined. Also, depletion of these radionuclides from the river
during transport and the radionuclide inventory in the stream bed for
the river reach between Pcsco, Washington and Vancouver, Washington
were estimated.

] >

*to be published in Limnology and Oceanography.
#xy, S. Geological Survey, Portland, Oregon

NATURAL AND ARTIFICIAL RADIONUCLIDE CONCENTRATION IN FARM PRODUCE IRRIGATED WITH
COLUMBIA RIVER WATER—R. W. Perkins

The Hanford reactors introduce small amounts of several radionuclides
into the Columbia River and some of these can be detected in farm
produce irrigated with this water. The concentration of the 14 natural
grd artificial radignuclides in(j!zl,}ding 22Nq, 40k, 465c, 5551», 54pMn, 60co,
Szn, 95zp-95yp, 106g, 154cg cs, 144ce, 226p4, and 22°7h have been
measured in sprinkler-irrigated and ditch-irrigated farm produce and
compared with the concentrations of these radionuclides % trpigation
water, soil, and fallout. The artificial radionuclides Se, " Cr,

60co and 6°zn are mainly from irrigation water and are much higher in
the sprinkler-irrigated than in the ditch-irrigated produce. The other
artificial radionuclides are from both fallout and irrigation water.
Concentrations of the natural radionuclides greatly exceed those of
artificial radionuclides in the produce.

Radionuclides enter plants and thus Natural radionuclides present in the
man's food supply from many sources. soil, including uranium, thorium, and
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their daughters and 40K are taken up

directly from the soil. On decay of
the natural zzan in the air, its long-
lived daughters 21OPb (21 yr) and
210Po (138 d) are deposited on the soil
and on the leaves of vegetation and
taken into the plant. Other airborne
radionuclides which have resulted from
nuclear weapons testing or which are
produced continuously in the atmos-
phere by cosmic ray spallation reac-
tions are similarly deposited and taken
into plants.

At Hanford the nuclear reactors are
cooled with Columbia River water and
on subsequent discharge of this water
to the river small amounts of several
nuclides with induced radioactivity
enter the river. The use of the Colum-
bia River for irrigation at downstream
locations provides another route for
radionuclide entry into farm produce.

The observed concentrations of 65Zn
and 51Cr in farm produce which was ir-
rigated with Columbia River water were
reported several years earlier. (108,109)
However, at the time of those earlier
studies, sufficiently sensitive tech-
niques were not available to allow a
detailed study of the uptake of natural
and other artificial radionuclides.
The availability of a multidimensional
ganma ray spectrometer has now allowed
the direct instrumental measurement of
14 radionuclides in farm produce.

To place the radionuclide content
of farm produce in proper perspective,
the concentrations of both natural and
artificial radionuclides in several
types of produce and fodder has been

measured. The study has included the

measuremeygy of the three natural radio-
40 226 228

nuclides K, Ra, and Th, and the

BNWL-235 2

11 artificial radionuclides 22Na. 46Sc.
51Cr, 54Mn, 6OCO’ 652n’ 952r_95Nb,
106pu, 134 Cs» 137¢s  and 1%%ce. The

origin of the ““Na is mainly nuclear
weapons testing, with a small fraction

resulting from cosmic ray spallation
of argon in the atmosphere. (110) .
46Sc. 51Cr. 60Co. and 65Zn are mainly
from irrigation water(wl) (introduced
by the Hanford reactors) while 54Mn,
95Zr-gSNb, 106Ru, 134Cs, and 144Ce are
from both the Hanford reactors and
fallout.

Since many of the radionuclides of
interest were present at only a few
disintegrations per minute per kilo-
gram of produce, samples of a kilogram
or more were used wherever possible.
Sample preparation involved a slow, low
temperature ashing of the sample (400
to 500 °C) followed by pressing of the
resulting ash into a standard geometry
pellet (1/2 in. thick by 2 in. diam) for
counting. Al samples were counted for
1000 min on a multidimensional gamma-
ray spectrometer. (103)

The observed concentrations of the
14 radionuclides in produce, irrigation
water and soil are presented in Table
XVI. The measurements include produce
irrigated by both ditch and sprinkler
systems. The water for the ditch ir-
rigation was pumped directly from the
river while that for the sprinkler ir-
rigation passed through the Richland
City water treatment plant, with a re-
sulting decrease in its radionuclide
content, prior to its use. Several
of the radionuclide measurements were
made a few months after sample collec-
tion and this limited the number of
samples on which 51Cr (26 d) and 952r
(65 d) could be measured. Sample com-
position and radionuclide concentration
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TABLE XVI.
River Water

Radionuclide Concentration in Farm Produce Irrigated with Columbia

QSZP
Produce ZZNa 40 AGSC Slcr 54Mn 60Co oszn 95Nb IUGRU 134(:5 137CS 144(_‘9 22(>Ra ZZBTh
Ditch Irrigated
Eggs 4.4 2810 0.67 360 7.1 0.41 94.0 - -- 14 2.9 1.0
Pot at oes --- 7800 --- 2.9 0.25 102 - --- --- 5.8 -- --- ~0.5
Green Beans --- 4630 0.28 --- 1.7 0.56 89.6 ~8.0 0.1 8.5 51 1.7 2.0
Squash --- 4300 - --- .- .- -- 23.0 -- 1.7 --- -- 0.6
Cabbage 0.68 5200 --- 160 3.9 0.35 94.7 12 10 73 0.94 1.9
Cucunber s 0.22 3040 0.18 --- 0.44 0.11 102 --- ~2.0 --- 1.9 --- --- ---
G een Peppers --- 4130 1.1 --- 0.90 1.3 180 --- 1.0 -- 3.4 - 1.0 ---
Rhubar b -- 6350  0.30 --- 3.3 0.36 ~40 6.0 ~4.0 22 1.4 0.5
Pasture Grass 0.20 1500 0.95 --- 19 0.82 48.0 100 80 <0.1 54 270 5.3 8.4
\Wat er nel on 0.26 3730 0.56 - 2.2 0.67 ~20 6.0 --- 5.6 -- 1.0 0.7
Appl es 0.12 2100 0.13 --- 2.4 0.14 ~10 27 6.3 0.1 19 1.4 0.7
Red Beets 2.0 7230 1.2 530 8.0 2.5 481 - 17 -- 18 --- 12 14
Beet Tops 4.1 11200 30 3700 62 12 1020 320 170 <0.5 160 980 86 140
G apes --- 6520 0.79 -- -- 0.34 ~50 81 9.1 - 20 --- 3.0 3.9
Tomat oes 0.15 4760 1.0 -- 1.8 0.29 72.4 44 ~g.0 - 1.1 -- --- --
Cant al oupe 0.49 8460 --- -- 2.4 0.69 119 6.9 ~5.0 - 6.4 -- --- ---
Corn 12000 - - 3.5 0.64 458 14 - 24 2.0
Carrots 0.59 4890 --- - 3.0 0.40 84.2 8.0 3.7 --- 5.0 --- 4.0 2.9
Alfalfa 0.46 8460 19 --- 38 5.6 1290 60 140 0.84 110 280 3.3 14
S0i1(®) --= 31000 200 --- 280 76 2850 L. 890 - 1200 --- 1200 2800
River H,0 7-27-65 <0.02 --- 8.6 6700 4.0 0.96 111 - 6.5 20,0520 11 (P) g --- -
River H,0 8-6-65 <0.02 --- 13 8200 6.5 1.1 107 7.8 3.5 ~0.05P) 1 (0 pg - ---
River H,0 8-31-65 <002 --- 21 11000 6.0 15 116 4.3 a7 ~0.05(P1 a1 (@) 50 . .
Sprinkler Irrigated

Squash 3310 0.20 2.0 0.14 282 - ~2.0 -- 1.4 0.51 0.6
Lettuce 0.93 9110 96 5200 ~26 6.4 1340 120 88 <0.5 74 510 21 26
Punpki n ~0.12 8300 --- 4.5 0.74 652 7.0 27 5.0 1.7 1.0
Cucunber s 0.12 4130 0.30 1.8 0.24 182 5.0 1 0.08 4.5 - 0.60 0.5
Tap H,0 8-3-65 - - - - - - 1.8 3300 2.1 0.46 34.7 2.3 -- ~10
@) 1op 2 in. of soil.
(®)pased on previous work in which large volunmes of river water were anal yzed for 22Na, 134Cs, and *37cs

l[imited the other radionuclides which

could be measured in the various samples.

It is apparent that the natural ra-
dioactivity due to OK i s much higher
than than due to artificial
clides from all sources. The activity
density of 40x in natural potassium is
about 1840 dis/min/g and the 40K values
thus serve as a measure of the potassium
content of the various types of vegeta-
tion. The artificial
ent can be roughly divided according to

radionu-

how greatly they are concentrated by
the vegetation. This reflects both the
affinity of a plant for a radionuclide

radionuclides pres-

and its availability for uptake by the
plant. In general all of the radio-
nuclides which were present in irriga-
tion water were in much higher con-
centration in sprinkler-irrigated pro-
duce than in the ditch-irrigated pro-
duce. This suggests that foliate ab-
sorption may play an important part

in the uptake of these radionuclides.
The beet tops from the ditch-irrigated
farm had higher counts than most other
products; they grow in a manner
such that they contact the water during

however,

irrigation and foliate absorption may

also be important here. Of the radio-

46 51Cr GOCO and 65

nuclides Sc, , , Zn,



which result mainly from irrigation
the first three have a lower
specific activity in most ditch irri-
gated produce than in the irrigation
The beets and the beet tops
are exceptions, as mentioned previ-
ously. The 652n concentrations indi-
cate some preferential uptake parti-
cularly by corn.

water,

water.

Previous studies

have shown that 65Zn is preferentially

concentrated by corn and wheat. (109)

The 46Sc, 51Cr, 60Co and 65Zn were

99

higher in the sprinkler-irrigated crops;

however, only a limited group of
produce was available for comparison.
The specific activity of the 65Zn in

these crops was about 5 to 40 times
that in the irrigation water. The
specific activity of the 46Sc and 60Co
were about 50 to 15 fold higher respec-
tively, on lettuce than in irrigation
The specific activity of 51Cr
was comparable on the lettuce and in
the irrigation water, and the radioiso-
tope was not detected on the other pro-
duce.

The ““Na becomes available to plants
from fallout and is not present in a
significant amount in irrigation water.
Previous studies (119 had shown rel-
atively high concentrations of 22Na
in meat, milk, and wheat and smaller
amounts in vegetables. The results
from this present study are in agree
ment with prior observations and in-
dicate that eggs are another important
source of 22Na in the diet. The radio-
nuclides 54Mn, 95Zr—95Nb, 106Ru, 134Cs,
and '*%ce are from both fallout and

water.

22

irrigation water. Since there is not
a large difference in the activities
present on the sprinkler- and ditch-
irrigated produce it appears that ir-
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rigation water is not a major source

of the radionuclides. For 134Cs and

137Cs, their ratio provides a clue as
to their origin. The ratio of 134Cs
to 1°7Cs in the Columbia River is about

1:20(111) below the Hanford reactors,
while that in fallout is about 1:500.
Since most of the measurements that
could be made showed at least 100-fold
more 137Cs than 134Cs this would in-
dicate that the radiocesium i s mainly

from fallout.

226 228

The radionuclides Ra and Th

in the produce are members of the

238U and 228Th chains, respectively,

and come from the natural radioactiv-
ity in the soil. While the 2%%ra

must be taken into the plant as radium,
the 228Th may have resulted from the
direct uptake of 228Ra (6.7 yr) and
its subsequent decay in the plants to
form 228Th. The concentrations of
these radionuclides are low in produce
because of their relatively low con-
Very high natural
radioactivity levels have been observed
in plants from regions of high natural
radioactivity in the soil.

centration in soil.

Although the concentration of all
of the radionuclides observed in this
study are extremely low compared with
Maximum Permissible Concentration val-
ues(llzj for drinking water, they are
important in understanding radionuclide
behavior in the environment. These
values plus the known retentions and
biological
clides allow one to estimate
dens which would result from use of
these foods in the diet. In addition,
the relationships between the radio-
nuclide concentrations in irrigation
water, soil, and air, and that re-
sulting in farm produce, allow one to

radionu-
body bur-

half-lives of the
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estimate what radionuclide levels in ably high radionuclide concentrations
the environment would produce undesir- in farm produce.

DISTRIBUTION AND EXCRETION OF TECHNETIUM IN HUMANS*-T. M. Beasley, H. E. Palmer and
W. B. Nelp**

. m . -
Widespread use of 99Mmp, as a tracer in medicine and large scale separa-

tion of 997¢ from fission product waste require that adequate knowledge
of the metabolic properties of technetium be known so that realistic ex-
posure limits can be imposed for the isotopes of interest. This work
discusses a metabolic experiment using 9°MTe (60 d) and 967¢ (4.3 dl in
which Zong term excretion, retention, and localization of these isotopes
were measured using whole body counting techniques. Following intraven-
ous and oral administration, both urinary and fecal excretion rates were
measured, and mathematical expressions were derived for technetium elimi-
nation. The latter should be helpful in estimating body burdens of the
weak-beta emitting 99T¢ following advertent exposure.

"Presented at the Annual Health Physics Society Meeting and accepted for
publication in Health Physics

*4Director, Division of Nuclear Medicine, University of Washington Hospital,
Seattle, Washington

210Pb AND 210Po IN ALASKAN BIOLOGICAL SAMPLES—T. M. Beasley and H E. Palmer

The past two decades have seen an of the naturally occurring radioisotopes
increased effort on the part of re- 210py, (22 yr) and 210p, (138 d).
search workers in the radiological The present discussion deals with the
sciences to identify and measure the levels of these latter two isotopes
natural radiation levels to which man which have been measured in certain
is subject. These investigations have biological samples from Alaska.
been prompted in large measure by the The most extensive investigation of
advent of radioactive material intro- the natural 210Pb concentrations i n man
duced into the environment from nuclear is that of Holtzman. (116-119) Included
weapons testing and by the high natural in these measurements were some biolog-
radiation levels that have been discov- ical materials from Arctic regions(120)
ered in various parts of the world.(113) which showed relatively high concentra-

More recently, the concentrating of tions of this isotope in lichens, cari-
fallout radioisotopes in some eco- bou bone. and antler. The source of
systems such as that observed in the this 210Pb i s undoubtedly the decay of
Arctic regions for 137(35(114) and 222Rn in the atmosphere and the high
55Fe(115) have prompted research in levels of 210Pb in the caribou result
the area of " natural fallout,” notably I;rloom a concentration process of the

the concentrations in the environment Pb by lichens similar to that ob-

served for 137Cs. W have extended



these measurements to include a vari-
ety of biological samples from the
Alaskan region and have determined

not only the 21OPb content of these
materials but also the 210Po concen-
trations.

210

Po was determined by first wet
ashing the samples in concentrated
nitric and perchloric acids and 30%
hydrogen peroxide,, followed by chem-
ical electrodeposition of the polon-
ium from a dilute hydrochloric acid
solution after the method of Black. (88)
208Po was used for the radiochemical
yield measurement through the disso-
lution and plating procedure, the po-
lonium finally being determined by
alpha energy analysis using a silicon
diode detector and a 400 channel pulse

height analyzer. Since lead is not

210Pb was de-

lost in this procedure,
termined in the residue from the po-
lonium plating by the procedure of
Sill and willis.(121) 212pp yas
used for the radiochemical yield
measurement and the 210Pb activity

determined by low background beta

counting through aluminum absorbers fol-

lowing decay of the 212Pb and the at-

tainment of partial equilibrium be-
tween 21%p and its daughter, 210 g5
The identification and origin of
the caribou samples which were ana-
lyzed and the levels of 210py and
210Po observed are contained in
Table XVII.
the caribou are the concentrations
existing at time of slaughter, and
show the relative levels of the two
isotopes in the various organs of the
living animal.

The values listed for

Since isotopic tracers
were used as yield determinants, the
probable errors in the determinations
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TABLE XViIlI. 210Pb and 210P0 Concen-
trations in Alaskan Caribou

210, 2105, 210p,
. . . F0a) . 9%a) 210,
Sample Characteristics Tissues nCi/kg nCi/kg Pb

Caribou No. 1 Meat 0.41 0.03 13.7
6 year old Female Liver 4.13 0.81 5.1
Anaktuvuk Pass, Alaska Kidney 3.51 0.56 6.3
Spleen 0.82
Bone ®) 312 3.35 0.93
Caribou No. 2 Meat 0.35 0.03 11.7
7 year old Male Liver 5.47 2.45 2.2
Anaktuvuk Pass, Alaska Kidney 4.36 0.42 10.4
Spleen 0.68 0.15 4.5
Bone(b) 5.08 5.22 0.97
Caribou No. 3 M eat 0.26 0.03 8.7
8 year old Male Liver 4.28 0.60 7.1
Anaktuvuk Pass, Alaska Kidney 3.92 0.55 7.1
Spleen 0.74 0.11 6.7
Bone ®)  3.15 4.50 0.70

(8)a11 samples reported as nCi/kg wet tissue

Reporting these values in terms of pCi/g ash one obtains 8.42,
13.1 and 11.3, respectively. T}(xﬁﬁ)values are nearly identi-
cal to those reported Holtzman:

are due almost exclusively to counting
statistics. Care was taken to insure
that probable errors from this source
were less than 10%for the measurements
of both isotopes at the 90% confidence
level.

Table XVIII
210

contains the results of
the Po determination in composite
lichen sample and certain foodstuffs

used by Eskimos living on the western

coastof Alaska. 210Pb results are not

TABLE XVIII. 210P0 Concentrations in
Other Selected Aslaskan Samples

ZIOPO,

Sanpl e nCi/kg'®)
Lichens (P) 4.70
Salmon () 0.026
Butterfish 0.007
Whitefish 0.007
Seal Meat 0.220
Seal Liver 0.880
Polar Bear Meat 0.008

(a)Wet weight

The lichen sample listed in a composite sample taken from
Anaktuvuk Pass, Alaska. No distinction can be made as to
the type of lichen present. Furthermore, the concentration
reported here corresponds to a value of 14.9 nCi/kg dry

lichen, which_ is in general agreement with that reported by
Holtzman. (120)

(C)Average of four salmon.




included for these particular samples
since they are used here only as an
indication of the relative levels of
210Po to which these particular in-
dividuals might be exposed. However,
in those samples such as seal meat
and seal liver, one might expect the

activity to be supported in part by
210

Pb.

Several common foodstuffs (meats,

grain products,eggs, etc.) from local
foodmarkets have been analyzed in this
Iaboratory;(lzz) the results show that
generally the levels of 210Po in these
foods are some 1/10 to 1/100 of those
in caribou flesh, seal meat, and sal-
mon listed in Tables XVII and XVIII.
Although more samples must be ana-
lyzed to obtain a clearer picture of
the 210Pb—?‘loPo concentrations in the
Alaskan ecosystem, certain conclusions
can be drawn from the data of Tables
XVIlI and XVIII. First, it is clear

that the caribou have been subjected

to higher than the usual, world-average
levels of internal radiation. |If the
concentrations of the 210Po in the
various organs of the caribou are con-
stant at the levels listed in Table
XVIIl, the dose rate to these various
organs would be those shown in Table
XIX. Since this dose is due to alpha

TABLE XIX. Approximate Dose Rates to
Caribou Organs from ¢1%po

Average ZlOPo Content,

Dose
nCi/kg ()

Tissue rad/yr

Liver
Kidney
Spleen
Bone

4.62
4.05
0.74
3.78

0.45
0.39
0.07
0.37

[a)Concentrations are in kilograms wet weight.
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particles it is probably more effect-
ive than an equal dose of X-rays due
to a higher R.B.E. and to a lack of
a protraction effect.

Since certain of the Alaskan natives
depend upon caribou meat for a large

portion of their diet, they will also

be subjected to a much higher radiation
dose from these isotopes than other
United States residents. The problem
can be put in better perspective by
comparing the 210Pb—ZlOPO problem to
that of 137Cs arising from nuclear
weapons fallout. In making this com-
parison, we have assumed that the max-
imum permissible concentrations for
137Cs, 210Po, and Zlon are the same
in meat as they are in water. These
values are listed in the |I.C.R.P. Com-
mittee I1I report(llz) as 2.4 x 10 %
uCisem>, 7 x 107 %uci/em®, and 1 x 10°
respectively. The ratio MRC
po/Mpct37cs = 30. Thus, the 21%po
if present in the same concentration
as 137Cs would provide 30 times the
radiation dose. Similarly, the ratio
e 219b Mpc 137cs = 200.  Since the
average 1‘3’7Cs content of caribou
flesh has recently been measured as
approximately 20 nCi/kg
210Po and “1%pb concentrations tenta-
tively determined to be 0.3 and 0.03
nCi/kg respectively, the relative
hazard to the Eskimo can be computed
for “1%p0 as (0.3/20)30 = 0.45 and
for 1%b as (0.03/20)200 = 0.3.
Thus, i f an Eskimo should consume
enough caribou flesh containing the

concentrations of 137Cs, ZloPo,

210Pb listed above and should reach a
maximum permissible body burden of
13'7Cs as a result, he would also be

6

uCi/cmj,
210

and

technically overexposed by some 45%



due to 210Po and by some 30%due to

Zlopb. The maximum permissible body
burden, sustained, which has been
recommended by the I.C.R.P. for gen-
eral populations not exposed to 137Cs
in the course of their work is 3uCi.
Some Alaskan natives already have.
137Cs body burdens approaching 3 uCi.
These high body burdens are known to
vary according to the seasonal changes
that occur in the 13‘7Cs content of the
caribou. It is possible however, that
even with the seasonal variations that
occur in the 137Cs body burdens, the
permissible exposure of these individ-
uals might be exceeded for periods of
time due to the presence of 210Pb and
2105, in their diet.

There i s direct evidence that indeed
Eskimos contain much higher concentra-
tions of Zlon and 210Po than do other
United States residents. Hill(glj has
measured the 210Pb content of arib
bone obtained from a Canadian Eskimo
and has observed a concentration of
2.3 pCi/g ash, which is some 15 times
greater than the average 2lon bone

content observed by Holtzman(116) .

(124)
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surgery and autopsy specimens obtained
from individuals residing in Illinois.

Secondly, measurements of 210

Po in
urine specimens obtained from natives
living at Anaktuvuk Pass, Alaska, showed
average concentrations of 7.0 dis/min
per 1.4 liters, a concentration of some
230 times that observed by Hursh and
Sultzer(jlzs)for normal individuals who
were exposed only to normal environment-
al levels of Zlon and 210Po. If we
use the animal data of Fink(126) which
implies that 0.1% of the 210Po body
content i s excreted per day in the urine
and assuming the natives are at equil-
ibrium with their intake, the calculated
average 21OPo body burden of the people
measured would be 3500 pCi, or approx-
imately 10% of a maximum permissible

body burden of 210Po under the defin-

ition given above for 137Cs.

More detailed measurements of the
210Pb and 210Po concentrations of the
Eskimo diet and of the urinary excre-
tion of these two isotopes in Alaskan

natives are presently underway which

will further define levels to which
these particular individuals are ex-
posed.

THE DISTRIBUTION OF NATURAL AND ARTIFICIAL RADIONUCLIDES THROUGH THE
FOOD CHAIN IN ALASKA— R. W. Perkins and W. C. Hanson

The uptake of fallout radionuclides
by Alaskan lichens results in a concen-
tration of 137Cs 100 times higher in
some Alaskan natives than in residents
of the mainland states. (114,124) The
lichens which concentrate fallout di-
rectly from the air, or from rain or
melted snow, serve as a main source
of food for caribou and the caribou

are a principal item in the diet of

the Alaskan Eskimo. Lichens serve

not only to concentrate 137Cs but all
of the airborne radionuclides. This
relatively high concentration of ra-
dionuclides at this first step in the
food chain provides an excellent oppor-
tunity to observe the behavior of ra-
dionuclides in their movement through
the food chain to man. Since caribou
are the main item in the diet for the
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Alaskan wolf as well
measurements of

as the Eskimo,
radionuclides in wolf
tissue were used to estimate those
which would be present in the Eskimo.
All of the measurements considered
in this study including the measurement
of 15 radionuclides in the lichens
were made by direct counting on a multi-
dimensional ganma ray spectrometer. (103)
In Table XX the concentrations of
10 fallout radionuclides measured in
air at Point Barrow, Alaska, are com-
pared with those observed in lichen
samples collected near Anaktuvuk Pass.
These data show that the relative con-
centrations of the airborne radionu-
clides are similar to those on the
lichens and that relatively little,
i f any discrimination is exercised in
their uptake by the lichens. It is
apparent, that the short-lived
radionuclides —95Nb and 88Y are
present on the lichens in relatively

however,
95
ir

low concentrations compared to their

abundance in air while the long-lived

60

radionuclides Co and 137¢s are
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present in relatively high concen-
trations on the lichens. This would
be expected since short-lived radio-
nuclides on the lichens would reflect
current and recent air concentrations
while long-lived radionuclides would
average the air concentrations over
several years and include periods of
high radionuclide concentrations. At
the time these air and lichen samples
were collected, 1 kg of lichen con-
tained about as much of the fallout

7 ft3 of air near
ground level. The relatively high
concentrations of 134Cs in the lichen
sample are in accord with previous ob-
servations; they showed that the134Cs
to 137Cs ratio in fallout from the

1961-1962 nuclear test series was much

radionuclides as 10

lower than the ratio previously pres-
ent in the Alaskan ecosystem. (110)
Table XXI

a study in which the concentrations

summarizes the results of

of 15 radionuclides were measured in

the three trophic levels:
caribou, and wolf

lichen,
(also bioassay samples

TABLE XX. Comparison of Airborne and Lichen Concentrations of Ten Fallout
Radionuclides

) ) ) ) ) 7 _.3(a) Lichen Concentrationch dis/min per kilogrim Lichen

Radionuclide Hal f-Life dis/min per 10" ft dis/min per kilogram?) dis/min per 107 ft2 of AIT

22Na 2.58 yr 22 21 0.95

54n 310 d 1890 4180 2.21

60¢, 5.27 yr 21.2 83 3.92

88y 108 d 14.3 10 0.70

95,095 65 § 35 d 1920 975 0.51

106pu 365  d 8850 12, 400 1.40

125y, 2.7 yr 3470 3830 1.10

1340¢ 2.1 yr 5.0 50 10

137¢q 30 yr 4220 13,700 3.25

144ce 285 d 17,700 35,300 1.99

(@air sampl e collected during December, 1964.
(®)1ichen sample collected during October, 1964.
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TABLE XXI. Radionuclides in

Lichens,
Alaska (unite of dis/min per

Caribou,
kilogram of wet weight)

Wolf, and Bioassay Samples from

95
n Zr- i
Sample Type jo. (D COILSRION 22y, 40p  Sayy 805, 655, B8y S5y, 106, 110my, 1255 3¢y 137es 1fce 220p, 228py
Lichens(®) ) 10-15-64 21 1070 4180 83 (e) 10.0 975 12400 12.0 3830 S0 13700 35300 26 15
Lichens(® (1) 1-19-65 33 560 5130 92 (e) 7.7 560 14900 7.6 4990 38 18100 35000 35 15
Lichens (¢) (1) 1-19-65 20 500 3130 85 (el 5.2 160 9800 6.4 3500 28 12500 26700 28 14
Caribou flesh 8] 10-15-64 56 6660 (el 1 a2 (el (&) (@) (e () 30 23600 (e} (&) (e
Caribou flesh (1) 1-20-65 640 6120 22 82 (e) [e) (e) 2 (e) 53 43600 (e) (e) 0.7
Caribou liver (3) 1-19-65 800 5290 340 72 84 (c) (e) 620 630 (e) 31 23100 e)  (e) 7.3
Caribou liver (3) 2-3-65 580 5650 500 82 72 (e) (e) 450 490 (e) 37 26800 (e) (e) 7.3
Caribou kidney (2) 1-20-65 1420 4340 150 34 65 (e) (e) 760 17 (e) 61 46000 (el (e) 17
Caribou kidney (2) 2-12-65 1110 4810 220 35 76 (el (e} 680 3 (e) 66 49900 (e) (e) 9.0
Caribou bone (n 10-15-64 300 1240 (e) (e} (e) (e} (e) (e) (e) (e) 6 1770 (e) (e) 34
caribou bone 1) 1-20-65 2500 2090 75 8 100 (el (e) (e) 21 (e) 34 13100 (e} (e} 42
Wolf flesh (1) 2-8-65 610 6250 73 3150 (e} (e} (e) 1 (e) 96 75800 (e) (e) 0.9
Wolf liver (1) 2-8-65 720 5670 250 12 70 (e)  (e) (e) 5 (e) 61 48800 (e) (e) 4.2
Wolf kidney (2) 1-21-65 1040 2940 290 20 120 (e)  (e) 640 14 (e) 9 4000 (e) (e) 7.3
Wolf bone 1) 2-8-65 2200 1200 53 s 200 (&) (o) (e) 36 (e) 26 14100 (e)  (e) 7.2
Human urine (s) 1-20-65 140 1400  (e) 0.1 (e) (8) (o) (e) (e) (e) 8.3 6550 (e) (e) (e)
(@) cladonia spp.—Cetraria spp. mixed.
(b)Mostly Cetraria cuculata and Cetraria islandica from beneath 1.5 dn frozen snow, steeply sloping terrain
(C)Mostly Cladonia alpestris from beneath 7 dm frozen snow, rolling terrain.
40 226 228 . .
from nan). K, Ra, and Th are food chain relative to the well estab-
natural ly occurring radionuclides and lished behavior of 1°7cs. The data
serve as a baseline for comparison of show a distinct difference in the be-
the concentrations of the artificial havi or of %’Na relative to '°7cs.
: : 22 . . . .
radi onucl i des. Na is a naturally Wiile the *37cs in the caribou

occurring radionuclide produced by
cosmc ray spallation of atnospheric
argon; however, l|arge anounts of this
radi onucl i de were produced during the
1961-1962 nucl ear test series and

i ncreased the atnospheric 22Na level s

by nore than an order of magnitude. (127)

Of the other
95

artifical radionuclides.
Nb, 106Ru, 1ZSSb, 134Cs, and
184ce are fission products while >hn
00co, 957,88y 110myo and 13%cs are
activation products which were pro-
duced during the nuclear testing.
These neasurenents of the natura
accurmul ation in animal tissue are the
first for sone of the radionuclides

and show the novenent through the

9521‘-

>

and wol f organs have specific activi-
ties of up to a fewtines that of the

lichens, the 22Na is 10 to 100 tines
hi gher in nmost of the animal organs
than in the lichens. This situation
woul d require that the conbination of
the uptake (through the gastrointest-
inal tract) plus the biological half-
life for 2“Na be several times that of
137¢s. since this is reportedly not

t he case, (112) {he reason for the

hi gh 22ya levels in the animals is not

clear but is receiving further study.
The concentration of the radicnu-

clide in the nuscle tissue of the
cari bou and wolf is about 1/100 of
that in the |ichens; however, >Mn is




preferentially concentrated by certain
organs of those animals. Its concen-
tration in the liver, kidney,
ranges from 3 to 30 times that in
the muscle tissue.

The ©°
muscle tissue is only 1 to 3%of that
in the lichen while its concentration
in the liver, kidney, and bone are

comparable to that in the lichen. The
60

and bone

Co concentration in caribou

Co concentrations in the organs of
the wolf are mostly lower than in the
caribou. The 65211 concentrations in
the caribou and wolf do not show large
variations between the organs and are
generally higher in the wolf. The 057y
in the lichen was not measured.

The uptake of 106Ru through the gas-
trointestinal tract wall is reported
to be very low; (llz)however, a suf-
ficient amount does enter the blood
stream to provide substantial concen-

trations in the liver and kidney. The
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organ is about half that of 54Mn. The

relative concentration of 106Ru in the
kidney was approximately the same as
that in the liver.

110mAg has only recently been re-
ported to be concentrated in the liver
of marine organisms(127) and the meas-
urements present here are the first
observations of

the terrestrial

its accumulation in
ecosystem. Of the
animal organs that were measured, its
concentration in liver tissue was by
far the highest, ranging from about
50 to 100 times that in the lichens.
Although numerous measurements of
Cs have been made throughout the

Alaskan ecosystem, only a few measure-

ments of 134Cs and its ratio to 13’7Cs
have been made.
Table XXII summarizes our measure-

ments of these ratios in Alaska and
compares them with measurements by Li-
dén and Anderson in Sweden. These data

106Ru concentration in the liver is show a continuing decrease in the 134Cs
. . 137 .

about 5%of that in the lichens; there- to Cs ratio over the past 5 years.

. . . - . 134
fore, its uptake and retention by this In Figure 86 these ratios of Cs

to 137Cs are plotted and compared with
. 134 137 . . . .
TABLE XXI'I. Ratios of Cs to Cs in Arctic People and Caribou/Reindeer Flesh,
1961- 1965
134
37w 100

Sample type L ocation Collection Date Cs Reference

Lapps Sweden March - May 1961 1.65 Liden § Anderson, 1962

Reindeer flesh Sweden March 1961 1.42 Lidén § Anderson, 1962

Caribou flesh Alaska May - September1961 1.36 Perkins § Nielsen,1965

Lapps Sweden August 1961 1.2 Lidén 4 Anderson, 1962

Reindeer flesh Sweden October 1961 1.10 Lidén § Anderson, 1962

Eskimos Alaska July 1962 1.25 Palmer § Perkins, 1963

Caribou flesh Alaska Summer 1962 0.82 Palmer 4 Perkins, 1963

Caribou flesh Alaska July 1963 0.34 Perkins & Nielsen,1965

Eskimos Alaska January 1964 0.28 Perkins 4 Nielsen,1965

Caribou flesh Alaska October 1964 0.13 This paper

Caribou flesh Alaska January 1965 0.12 This paper
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FIGURE 86. Comgarison of the Obser-
ved Cs to 137¢s Ratio with the Cal-

culated Change in Ratio due to Normal
Decay of a Mixture

a curve representing the ratios that
would be present as a function of time
if one started with the observed ratio
of 0.0165 for March through May of 1961.
The change in the observed ratio with
time produces a curve which is much

lower than that which results from the
decay of the initial 0.0165:1 ratio of

134Cs/137Cs. Therefore the radioces-

ium added during the 1961-1962 test was

lower in 134Cs than that present in

the ecosystem prior to these tests.
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ULTRA SENSITIVE MEASUREMENT OF RADIONUCLIDES AND TRACE ELEMENT CONSTITUENTS IN

THE OCEAN BY MULTIDIMENSIONAL GAMMA-RAY SPECTROMETRY-R W. Perkins, D. E.

and H. G. Rieck

An understanding of the behavior of
the ocean's trace elements and of its
natural and artificial radionuclies is
essential in obtaining a clear picture
of the chemical, biological, and phys-
ical processes which occur therein.

The extensive use of these natural
tracers of oceanic processes has been
greatly limited by the extreme diffi-
culties involved in their measurements.
Measurements of most of the trace ele-
ments and radionuclides in sea water
require rather elaborate chemical and/
or instrumental methods,(lzg_us)and
the measurement of a large group of
elements or radionuclides in a given
sample has been a major analytical
problem. The advantages of multiple
tracer techniques are obvious, par-
ticularly in the oceans where one is
interested in comparing specific
properties, concentrations, or reac-
tion rates of one element or compound
with others. Our developments in
multidimensional gamma-ray spectromet-
ry(98,102,109,127,134)have provided

a means whereby a dozen or more radio-
nuclides can be directly measured
with good precision in many radio-
nuclide mixtures. The application

of this new technique to the analy-
sis of ocean water has been very
successful. Studies of sea water
constituents have shown that direct
measurements without chemical sep-
aration of numerous radionuclides
can be made. Also, following
neutron activation of a 0.1 to 0.5 ml
sample of sea water it is possible
to make a direct measurement of the

ten trace elements strontium, rubid-
ium, iron, zinc, cobalt, antimony,
silver, scandium, and uranium from
a single count on the multidimensional
gamma-ray spectrometer. This technique
provides the first opportunity to
measure and observe the behavior of
such a large group of trace elements
simultaneously. It also eliminates
the uncertainties associated with
many complex chemical separations.
Only a very small sample of sea
water (0.5 ml or less) is required
for neutron activation and subsequent
trace element analysis; however, it is
necessary to process a very large vol-
ume of sea water to permit measurements
of radionuclides which are present at
only a few disintegrations per minute
per 1000 liters. The present equip-
ment used for this work is shown in
Figure 87 and consists of a high
volume pump* plus a filtration assem-
bly which contains exchange beds in
the top section. The filtration as-
sembly contains eight 12 in. diam
filters and provides a total filtra-
tion area of about 800 in. The outlet
stream from the filters is circulated
through the exchange bed. The tubing
is plastic or rubber hose and the fil-
tration system is all polyvinylchloride.
The pump, which is of mild steel, is
painted inside with a plastic coat to
prevent corrosion. For the work con-
sidered here, membrane filters with a

*Homolite Model XLS-1-1/2-1, capacity
of 4200 gal/hr, Port Chester, N. Y.

Robertson
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FIGURE 87. Ocean Water Sampling System
Showing Assembled PMC Filtration-Sorp-
tion Assembly and the High Volume Pump

FIGURE 88. Sorption Bed Material Being
pore size of 0.3 » were used with fiber Added to Top Section of Ocean Sampler

glass backup filters and the flow from
two to eight filters was passed through
exchange beds which consisted of a

12 in. diam (500 g) oxidized steel or
a 400 g bed of aluminum oxide (chrom-
atographic grade). In one experiment
a 400 g bed of 50 to 100 mesh KCF-1
potassium hexacyanocobalt(II) ferrate
(I1) which collects the radiocesium
was placed in series with the aluminum
oxide bed. Figure 88 shows the KCF-1

being added to the sorption bed section.
Figure 89 is a photograph showing the

sorption bed and one of the filter
frames removed.

Ocean water samples were collected
in an all plastic bucket on the end
of nylon rope several feet from the
ship. The samples were immediately

fil h h . FIGURE 89. Partially Disassembled Ocean
iltered through a membrane filter Water Sampler; Filter Frame on Left and

of 0.45 u pore size in an all glass Sorption Bed on Right
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system, and a 0.100 ml sample of this
water was pipetted into a 4 mm I|.D.
vitreous silica ampule, evaporated to
dryness, and sealed for neutron ac-
tivation. Standards of each element
to be determined were irradiated in

a NaCl matrix of the same size as the
sample along with the sample. The
ampules were cleaned prior to use by
refluxing in doubly distilled HNO ..
Following a 1 week irradiation at a

flux of greater than 1013 neutrons/
an“sec the samples were allowed to
24

stand for 4 weeks to permit the " 'Na
(15 hr) and 82Br(35.7 hr) to decay.
(These radionuclides are major con-
stituents during the first few weeks
and their parent element concentrations,
sodium and bromine, can be easily
determined from their coincidence
gamma-ray spectra as measured on the
multidimensional gamma-ray spectrometer).
The samples were then quantitatively
transferred to the center of a 1/4 in.
thick by 1 1/4 in. diam Lucite sample
mount, covered with an identical mount,
and counted on a multidimensional ana-
lyzer. (98) The Lucite sample mounts
served to reduce Bremsstrahlung radi-
ation nroduction which results from the
large amounts of 355 and 3%p present
in the samples. Table XXIII lists the
ganma rays and coincidence ganma rays
measured for the determination of ten
trace elements in ocean water. Most

of the radioactive daughters are meas-
ured with little interference and with
a standard deviation of a few per cent
or less. Figure 90 provides a blocked
illustration of the multidimensional
gamma-ray spectrum showing the energy
areas used for the measurement of each
radionuclide. The observed concentra-
tions of trace elements in sea water
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TABLE XXIIT. 210Po Concentrations in
Other Selected Alaskan Samples

Daughter Gamma- Ray
El ement Radi onuclide Hal f-Life Energies, MeV
Strontium 85sr 65 d 0.515
Rubi di um 86pp 18.7 d 1.077
I'ton 59Fe 45 d 0.191 and 1.097
Zinc 57n 245 d 0.511 positron
Urani um 140p,.1401, 12,8 d 0.§f7nl glnldatl.lf?&
Cobal t 60¢, 5.27 yr 1.173 and 1.332
Cesium 134cs 2.1 yr 0.6047 and 0.7964
Ant i mony 124y, 60 d 0.603 and 1.69
Silver 110my o 253 d 0.656 and 2.27(8)
Scandi um 05 84 d 0.887 and 1.119

(@) sup peak due to several gamma rays !

samples have shown fair agreement with
the averages compiled by Goldberg. (129)
Objectives of this work were to deter-
mine which of the radionuclides present
in sea water could be measured by direct
counting of sea water constituents and \
to measure radionuclide concentrations |
at various locations along the West Coast.
Experiments were designed to measure the
radioactivity in particulate material

Energy, MeV

. E'UCo
1 4
. ‘Osc v 140,
I 110m
134¢ 124 Ag
ﬁ - ¥ - Sb
**2n .140
Ba
85sr Slb P5e
g I 17
0 1 2
Energy, Mev

FIGURE 90. Energy Areas Used in the
Direct Measurement of Ten Radionuclides
i n Sea Water
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which could be directly removed by fil -
tration of sea water and to estimate
the dissolved radioactivity from the
radionuclides retained on an iron oxide
or aluminum oxide absorption bed. The
radionuclides in these two forms were
then compared with those present in
marine organisms. One absorption bed
for the dissolved radionuclides was
steel wool. This was activated by heat-
ing overnight in an oven at 600 °C while
passing about 1 liter/min of filtered

air through the oven. The iron oxide
thus formed was crushed and used as a

thin bed for radionuclide sorption.
The use of iron oxide as an absorbing
surface was suggested by the work of
Lal, et al.(lz’z’) in their method of
extracting trace elements from sea
water by passing sea water through a
matrix containing finely dispersed fer-
ric hydroxide gel. The oxidized steel
wool, although a good absorber for re-
moval of several trace elements from
sea water, has recently been replaced
with aluminum oxide* which serves the

same function and is readily available.
In laboratory experiments, the up-
take of several radionuclides on col-

umns of oxidized steel wool was measured.

Columns 1 an diam were used. A steel
wool thickness of about 1 g/cm2 and

a flow rate of 50 ml/min/cm2 of sur-
face (or the equivalent) was used for
the adsorption measurments. The effec-
tiveness of this bed for radionuclide
removal was determined by passing
spiked ocean water through a column.
The efficiency for the removal of

the radionuclides by the oxidized steel

*Alumina Woelm Neutral,
Chemicals, New Orleans,

Alupharm
Louisiana
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TABLE XXIV. Uptake of Soluble Radio-
nuclides from Synthetic Sea Water on

Oxidized Steel Wool Column (Flow of
50 ml/min em
Radionuclide Percent Retained
46Sc 66
Sley ga(a)
S4yp 42
59k 74
60¢ 62
652, 87
106gy 49
124y, 4.3

140g, 47

144c, 50

[a)This retention is for chromic ion; the retention of
dichromate ion is about 10%.

Their

by aluminum oxide is comparable.
During May of 1965 our first extrac-

tion of the dissolved trace elements

wool is shown in Table XXIV.

removal

from sea water was made using membrane
filtration followed by the oxidized
steel wool absorber material. These
measurements were made at a point about
10 miles off Coos Bay, Oregon, which
is about 200 miles south of the mouth
of the Columbia River. Some radio-
nuclides from the Columbia River are
present in this area as is true of the
entire Oregon coast. Two sea water
samples were processed using the large
filtration apparatus with about 25% of
its flow passing through the absorption
bed. One sample was collected from

the surface while the second was pumped
from a depth of about 100 ft through

a 1.5 in. diam plastic irrigation

pipe. The initial flow rates through
the combined 8 filters (0.3  pore

size) were about 40 gal/min but decreased
with time during the 30- to 40-minute
filtration periods.
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The volume of the surface sample was
about 200 gal and that of the depth
sample was about 1100 gal. The flow
rate through the filtration system
during collection of the surface sample
decreased to about 1/20 during 30 min
of operation. The flow during collec-
tion of the 100 ft depth sample de-
creased to about 1/3 during 30 min of
operation. The filters and the steel
wool were dried and counted directly
on the multidimensional gamma-ray
spectrometer for radionuclide measure-
ment.

Table XXV presents the observed
radionuclides in ocean water which
are associated with particulate ma-
terial, and an estimate of the concen-
trations present in solution. The
dissolved radionuclides (which are
here defined as those which pass
through a 0.3 u pore size membrane
filter) were estimated from the
amounts collected on the oxidized
steel wool pack and the absorption
efficiencies for each radionuclide

BNWL-235 2

as shown in Table XXIV. These meas-
urements provided our first infor-
mation on the concentrations and
physical forms of many of the radio-
nuclides in sea water and allowed

a comparison of their relative behavior.
Where the radionuclides could be meas-
ured in both the particulate and dis-
solved fraction the percentage of par-
ticulate was calculated and is included
in the Table. It is interesting that
relatively high concentrations of these
radionuclides are present at the 100

ft depth. For example, the concentra-
tions of 54Mn, 144Ce, and 106Ru are
present in comparable concentrations

at the surface and at the 100 ft depth.
Onh the other hand, the short-lived ra-
dionuclide 51Cr (27 d) is present in
the surface water in a concentration

of 50 times that at 100 ft. The rel-
ative concentrations and physical forms
of these radionuclides at the surface
and at 100 ft provide an index of their
mixing rates and suggest mechanisms,
including normal mixing, sedimentation

TABLE XXV. Radionuclidg Concentrations i n Ocean Water at the Surface and at a

Depth of About 100 ft(a

Per cent
Radi onuclide Particulate Soluble Particulate

Per cent
Particulate Soluble Particulate

46

Sc 15.3 4.8 76
Ser 365 19000 2
Shyvn 44.7 35 56
60¢, 2.8 5.2 35
6521’1 128 480 21
106p, 59 440 12
110rnA 0.6

1405, 4.0 20 17
144Ce 330

2281y 3.5

5.62 4.8 54
142 440 24
59.7 9.2 87

0.65 12 5.1
35.3 160 18
24 100 19

0.5

0.2 20 1
280

0.9

(a)SampleS collected about 10 mles offshore from Coos Bay, Oregon
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of particulates, and biological parti-
cipation, whereby the radionuclides
reach the deep water.

In Table XXVI the observed radio-
nuclide concentrations in the surface
water are compared with those present
in a sample of euphausids which we
collected (through the courtesy of
Dr. Charles Osterberg of Oregon State
University) on January 29, 1965, at a
point about 35 miles off the Oregon
coast mid-way between Astoria and
Newport, Oregon. Although these or-
ganisms are from a different area,
and therefore somewhat different
concentrations would be expected, the
data serve to indicate the order of
magnitude by which the euphausids
concentrate the various radionuclides.

TABLE XXVI. Comparison of Radionu-
elide Concentrations i n Ocean Water,
Suspended Particulate Material and
Marine Organisms from off the Oregon
Coast

Suspended(a) thter?d
Particul ate, Water, ()
dis/min/1000 dis/min/1000 Euphausi d,
Radi onucl i de liters liters dis/min/kg
46gc 15.3 2.8
Sloy 365 19000
34 44,7 35 443
60¢q 2.8 5.2 12.4
5521 128 480 2450
106, 59 440 277
110m,, 0.6 32
140, 4.0 20
144ce 330 2600
228y 3.5 7.1

[B)Filtered throu,h a 0.3 u pare size menbrane filter.

In Table XXVII the physical form of
radionuclides in the ocean are compared
with those in the Columbia River. It
is apparent that these radionuclides
are generally more soluble in the ocean
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TABLE XXVII. Comparison of Physical
Form of Radionuclides in the Ocean
with Those in the Columbia River
During Low Flow Periods

Radi onucl i de COIRiu\rlrglr ?(a) Oc?:;;f ?lcz;e{er(b]
465 86 76
Sley 3.9 2
S 90 56
SgFe 83 --
60¢co 81 35
6570 73 21
106gy, 12 12
124, s -
140p, 6.6 17

[a)Columbia River water measurements at Vancouver,
Washington, October, and November, 1964.

UJJOcean Water sanples collected during May, 1965.

than in the Columbia River. In Table
XXVIII the radionuclide concentrations
at the sampling point near Coos Bay,

Oregon are compared with those in the
Columbia River. The radionuclides in
ocean water at Coos Bay are from both
fallout and from the Columbia River

and the ratios of each radionuclide in

TABLE XXVIII. Comparison of the Ab-
solute and Relative Concentration of
Radionuclides in the Columbia River
with those in the Ocean near Coos
Bay, Oregon (Dis/min per 1000 liters)

Col unbi.a Ocean Col unt?ia;i ?I:iver
Radionuclide  River Water®  wWater® ——(geam
46 16,900 20.1 841
Slep 6,330,000 19,400 326
“Mn 4,800 79.7 60
8o 1,000
5% 4,820
80¢, 1,360 8.0 170
6525 82,700 608 136
95,
SN 3,700
106k, 8,500 499 17
124g, 4,600
1405, 8,200 24 342

(a)Columbia River water at Vancouver during April 1964.
[b)Surface Ocean water 10 mles off Coos Bay, May 1965.
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Columbia River water to that in the ocean During July, August, and December,

serves as an index of its origin. For 1965, additional ocean water measure-
example, the ratio of the concentrations ments were made to gain a general pic-

of 468c, 51Cr, and 140Ba in the Columbia ture of the levels of radionuclides in

River to that in the ocean is several ocean water along the West Coast and

hundred. This would be expected to be at distances a few hundred miles off-

true because of the great dilution which  shore. The measurements along the

would occur on movement of the Columbia West Coast are summarized in Table

River water radionuclides through 200 XXIX. These measurements which were .
miles of ocean water. On the other made during July and August show much

hand, the ratios of 106Ru and 54Mn are lower concentrations of the radio-

much lower suggesting that fallout is nuclides than were observed at Coos

their principal origin. 1t is realized Bay during May (see Table XXV) and must . :
in making this over-simplified compari- be related to both the flow pattern of

son that factors other than dilution may Columbia River water in the ocean and

have had major effects on the radionu- the deep water-surface-water exchange )
clide concentrations. in the ocean. The radionuclide concen-

trations drop off with distance from

TABLE XXIX. Radionuclide Concentrations i n Ocean Water Along the West Coast
from the California Border to Torfino, B.C. (a)

Gar abal di (45) (b Newport (110) (b) W nchest er Bay (175) ()
Surface t De t Surface PR ~urface 200 Tt Depth
: N J
i sot ope Cone., FO . w d Conc. %' conc. $'%) conc. %)
468: 3.0 l‘l(C) 1.5 76 ~9.5 76 4.5 76 0.50 76 0.15 76 i
54Mn 15 56 15 56 25 56 S5 56 8.5 56 5.5 56
GOCO 1.5 35 1.0 35 ~3.5 35 ~2.5 35 ~0,55 35 ~0.10 35 .
GSZn 45 47 35 19 90 48 ~250 34 35 20 15 18
106Ru 60 10 110 3 85 20 200 10 40 10 50 2
Gol d Beach (zse)“’) Crescent Gty (320) (P Torfino (-240) )
Surface 100 ft De%th Surface 1vu fTt Depth Surface 00 ft Dp[eth
Isotope Conc. %fcj Conc. 5¢ Conc. %(CT Conc. %(C) Conc. %(C) Conc. 5\ ¢
46
Sc >0,05 76 >0.05 76 >0.05 76 >0.05 76 >1.,0 76 >0.5 76
Syn 2.0 5 2.0 5 0.5 5 2.5 5 15 56 60 56
600, 0.15 55 0.10 55 0.25 5 0.15 55 6.0 35 7.0 35
65, 35 g 2.0 5 2.5 50 L5 g 120 20 35 20
106gy 50 3.5 20 3.0 30 2.0 20 2.0 420 6.5 90 4.0

(a)Samples off the U.s. West Coast were collected durin? the period August 4 to 10, 1965, at distances of
51to 10 mles off-shore. The Torfino sanple was collected July 29, 1965.

(M yites south al ong the coast from the Colunmbia River nouth.

(¢)Tpe percent values are the fractions in the particulate form The underlined values are approximate
only and are an average of these and other neasurenents.
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the mouth of the Columbia River in a
southerly direction but the 6SZn pattern
would suggest that the Columbia River
radionuclides do reach the California
coast. The radionuclide concentrations
at Torfino,
gin, whether Columbia River or fallout,
is not clear.

During December, 1965, two of the
authors participated as guest scien-
tists on a cruise of the Scripps
Jceanographic Institute research
vessel, the Horizon. This cruise
covered an area from San Diego due
west about 500 miles. Surface and
300 ft depth radionuclide measurements
were made at locatons of about 100 and

500 miles west of San Diego and the ob
served concentrations are summarized

in Table XXX. Radionuclide
collected on KCF-1 but all

137Cs was
other radio

B.C. were high and their ori-
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nuclides (which passed through the 0.3 u
filters] were collected on aluminum
oxide beds. The six artificial radio-
nuclides 5A’Mn, 60Co, 6SZn, 106Ru, 137Cs
and 144Ce presumably resulted from nu-
clear weapons testing while the radio-
nuclides 226Ra, 228Th, and 234
naturally occurring. With the excep-
tion of 54Mn and the thorium radio-
nuclides, which are about half

particulate form,

>

Th are

in the
the radionuclides
exist mainly in solution. The com-
parable concentrations of the arti-
ficial radionuclides in the surface and
deep water samples show that fairly
good mixing has occurred in these lo-
cations over the top 300 ft of the
ocean surface.
will

Further measurement
be required to determine if these
observations are typical of the open
ocean areas of the world.

TABLE XXX

December, 1965)

Surface

Radionuclide Concentration in the Ocean (Dis/min per 1000 liters,

Tot al

~300 ft Depth
Tot al

; ) B ; } . icul }

(32°00" N Latitude,

Mn 33.1 8.29
600, 0.354
65, 15.4 9.96

1065, 6.30 179
144c, 5.20 344
226p, 0.699 28
228,

234y 27.8 2030

(31°45' N Latitude,

Mn 48.7 4.95
60, 0.288
6570 3.44 6.98

106p, 7.05 169

13704 A0 1540

1440, 7.06 429

226p, 1.86 14.9

228, 0.76

234y 49.7 780

[a)w100 miles West of San Diego
(®) 500 miles West of San Diego

120°20' W Longitude)(a

)

68.5 8.64
56.2 0.406
29.2 3.87
3.17 101
10.9 314
2.39 28
~38.7 ~1
28.9 2000

126°37' W Longitude) (P

20.6 6.18
15.3 1.58
8.45 5.95
5.15 194
5.00 442
0.777 35
40.6 1.295
32.4 1539
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IN THE ENVIRONMENT*— R. W. Perkins and

Nielsen

Radionuclides are continually produced by interactions of cosmic rays
with the atmosphere, hydrosphere and lithosphere. Most of the studies
of these radionuclides are concerned with those produced in the atmo-
sphere or in meteorites. These radionuclides result mainly from spal-
lation reactions with iron in the case of meteorites; however, cis
produced by the thermal neutron capture of nitrogen. The production
rates of these radionuclides in the atmosphere are strongly dependent

oy both altitude and geomagnetic latitude. The uses of the radionuclide
I%¢ and tritium in radioactive dating, atmospheric and ocea%transporz&,

While the radionuclides ¢, ’

and other studies are well known.

Be,

10Be and tritium are produced from the light element constituents of

the atmosphere,
actiong _on gtmospheric
541, 9%, %P, 555,

argon.

numerous radionuclides are produced by sp%latigg re-
To date the radionuclides N

385,36c1, 38ci, and %Y

Na,
Cl have been reported.

a,

The meteoritic dust which < continually showered into the atmosphere

contains spallation products of
radionuclides.

testing has greatly exceeded their

iron and other cosmic ray induced

The concentrations of most of the radionuclides are
extremely low and in some cases their artificial
natural

production by weapons
production. The biosphere

i s continually exposed to the wide spectrum of cosmic-ray produced
radionuclides and some of these which are concentrated by bicological

proaesses can serve as tracers in studies of the biological

in nature.

*Health Physics, Pergamon Press 1965.

Vol.

processes

11, pp. 1297-1304.

TRACE ELEMENT MEASUREMENTS

The trace elements in snow, rain and
hail are a mixture of the substances
responsible for their original nucle-
ation plus those scrubbed from the
atmosphere during the descent to earth.
Measurement of the trace elements in
precipitation thus provides information
on both the nature of the aerosol par-
ticles responsible for nucleation and
the washout efficiency of precipitation
for atmospheric aerosols. A knowledge
of the natural concentration of the
trace elements provides a basis for
selecting trace elements which would
be the most sensitive artificial tracers
for studying precipitation and atmospher-

ic dispersion problems. A method has

N SNOW—R. W. Perkins

been developed for the direct measure-
ment of the five trace elements silver,
zinc, antimony, cobalt, and scandium

in snow. It
tivation of the snow residue to a total

involves the neutron ac-

exposure of about 10%° neutrons/cm2
followed by direct counting on a multi-
dimensional gamma-ray spectrometer. (98)
The sample preparation involves evap-
orating the snow sample to a small
volume, then transferring it quanti-
tatively to a silica glass ampule in
which it is dried; the ampule is then
sealed for neutron activation. Vycor
ware which has been thoroughly leached
with boiling dilute HNO, is used in the

evaporation process. The ampules are
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cleaned prior to use by refluxing them
overnight in concentrated HNOS. The
nitric acid which is used to acidify
the melted snow prior to evaporation,
and the water which is used along with

this I—lNO3 for rinsing during the trans-

ferring process, is purified by a double

distillation before use. Following

neutron activation, the samples are held

for a 2 to 4 week period to allow the
24Na and other short-lived radionuclides

to decay. The ampules are then opened
and the samples quantitatively trans-

ferred to standard counting dishes.
The trace elements silver, zinc, anti-
mony, cobalt, and scandium are deter-

mined from their daughter radionuclides

110 65
"ag, “zn, 2%, 90cs  and 4Osc

respectively.
The radionuclide mixture i s counted

L4

on a multidimensional gamma-ray spec-
trometer, and the radionuclide concen-
trations are determined from the coin-
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cidence counting rates of their charac-
teristic gamma rays. Typical concen-
trations of the trace elements which
have been observed in fresh snow sam-
ples are presented in Table XXXI.

The concentrations of the trace
elements cobalt, scandium, antimony,
and silver are extremely low, and so
these trace elements have been selected
for use as tracers in studying atmos-
pheric precipitation processes.

TABLE XXXI|. _Trace Element Concen-
frations in Typical Snhow Samples

Trace Element Concentration, ppb

Zinc 4

Cobalt 0.04
Scandium 0.01
Antimony 0.1
Silver 0.01

CONCENTRATION OF FALLOUT RADIONUCLIDES DURING WET AND DRY SEASONS— C. W. Thomas

The concentrations of the fallout
106 88 60 54

radionuclizs Ru, Y, Co. Mn.
“2Na, "Be, P%zr-93Nb, 124, izsg, "
1340, 137, 140p 140 7

144

Ce were determined in samples of
rain and in composite samples of rain
and dry fallout. Both kinds of sam-
ples were collected 15 miles northwest
of Richland, Washington, on top of
Rattlesnake Mountain, elevation 3400
ft, over the period 10-1-64 to 9-30-65
Rain trays were designed so that the
water could be automatically removed
by draining directly into large plas-
tic containers or could be passed

first through a filter, then through
two ion exchange columns in series
before going to the large effluent
container. Under normal conditions
(i.e., absence of blowing dust and
falling rain together) the rain
samples passed through the ion-exchange
columns with approximately a 10 min
delay period. During dry periods, rain
trays were prevented from being able
to later deliver any dry fallout

which they may have caught by spray-
ing them with Krylon plastic every

day over sides and bottom of the trays
to fix the particles. The composite
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samples (dry fallout and rain fallout
mixed) were collected in 15-day incre-
ments using similar large plastic trays

After
these composite or ''total
deposition" samples were evaporated to
dryness in the laboratory, the salts
suspended in an agar-agar gel and the
radionuclide concentrations determined
directly by multidimensional gamma-ray
spectrometry. A standard U. S. Weather
Bureau Rain Gage was used to measure
the amount of precipitation.

The average rainfall in this area
isonly 7to 8 in./yr and rainfall is
not the predominant mechanism for fall-
out deposition. During the period
covered by this report weather condi-
tions were unusual for this area; dur-
ing the winter of 1964-1965 the greatest
snowfall in 53 years was recorded, and
this made it impossible to attend the

but containing 1/4 in. of water.

collection,

trays during the period 12-2-64 to 3-1-65

However, precipitation for 1965 was the
lowest recorded for 36 years and this
meant longer than normal dry periods.
The total precipitation measured at the

sampling site for the period 3-1-65 to
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9-30-65 was 2.04 in., of which 0.72 in.
fell in one 5 hr period.

It was reported previously(lss) that
various radionuclides show definite an-
ionic, cationic, and neutral tenden-
cies as indicated by their removal in
the anion or the cation exchange column
or by neither. However, it was pointed
out that the reported results might

reflect merely the filtering action of
the leading (anion) cartridge on a large
particle holding the radionuclides. To
confirm such a filtering effect, if any,
of the leading cartridge, several sam-
ples were collected with the cation
cartridge in the leading position.

The results indicated no filtering ac-
tion by the leading cartridge.

The most noticeable difference com-
pared to the previous work was the
larger percentage of insolubles as de-
termined by removal on the filter pre-
ceding the ion exchange columns. This
increase could be due to the excessively
dry season resulting in larger amounts
of particulates in the air. The results
of the present work are given in Table
XXXIT.

Fractions

% of Total Activity

TABLE XXXIl. Radionuclides in Rainwater
Isotope 5y Filter Cation Resin
124gy 33 14
1256y 24 1
957:-P5np 38 5
T06py 13 15
80¢o 25 33
22y, 1 73
*4Mn 14 73
1405, 1401, 17 57

"Be 15 66
134ps 36 a1
88y 49 19
L37¢ 58 35

Ce 70 7

Anion Resin Effluent
40 13
50 14
42 16
50 22

9 33
4 22
4 6
9 13
11 9
15 8
22 10
3 5

12 8
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Most of the 100py 1245y, and 12°sb
collected on the anion column, indicat-
ing anionic tendencies for these nu-

clides. The radionuclides 22Na, 54Mn,
140 140 7

Ba- La, and 'Be showed strong cat-
ionic tendencies while 88Y, 137Cs, and
144

Ce showed their highest percentage
in insoluble material. |In general these
data agree with those of the previous
measurements.

During the collection period two
Chinese nuclear detonations added short
half-life radionuclides to the atmos-
phere and the concentrations are re-
flected by the data given here.

Table XXXIIl shows the cumulative
composite deposition as well as the
cumulative deposition due to rainfall.

Certain observations on the deposi-
tion are of interest. The large ratio
noted for 124Sb (60 d) is due mainly to
a large deposition of unexplained origin
occurring around the first of April,

BNWL-235 2

1965;
124

this represented 80%of the total
Sb deposition for the period. A high
concentration of 124Sb was also noted
by air sample measurements at that time.
A large deposition of 60¢o representing
60%of the total occurred in August,
unlike the 124Sb air

the air sample measurements

1965; however,
sample,
did not show any abnormal 60Co concen-
trations during the period. Also from
the table it appears that the cosmic-
ray spallation products 7Be and 22Na
are carried down largely by the rain.
In general, the radionuclides that show
high tendencies toward the particulate
condition, such as 137Cs and 144Ce,
can deposit more efficiently during
dry periods.

Since there appeared to be a selec-
tivity in deposition during wet and
dry periods, a comparison was made
of the deposition of two of the most

divergent radionuclides. The two ra-

TABLE XXXIIIl. Cumulative Ground(Diposition of 13 Fallout Radionuclides
Measured at Richland, Washington'®
CompqsLLez . Ragnu 2 ) )
| sotope dis/min/ft dis/min/ft Composite/Rain
Be 2220 1400 1.58
22y, 1.54 0.79 1.95
54Mn 157 76 2.06
50c 21.2 1.75 12.1
88y 0.91 0.41 2.22
957095y 1872 693 2.70
106py 803 366 2.19
L24gy, 21.8 1.76 12.4
125} 353 167 2.13
134c 2.5 0.35 7.14
137¢s 565 121 4.67
140p, 1401, 1383 772 1.79
144ce 1448 451 3.21




dionuclides 137

but cationic, and Ru,

only slightly with particulate and high

associated

Cs, highly particulate

anionic, were chosen. The ratios in

which these two isotopes occurred in
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air, rainfall,

are presented in Table XXXIV.
indicate that some mechanism for selec-
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and in total deposition

The data

tivity does exist during wet and dry
seasons at |least between these two
radionuclides.

TABLE XXXIV. Concentration Ratio,

Deposition and Air

106

Ru to 13703, in Rainfall, Total

106, /137

Period Rainfall Composite Air
1o e 3.4 2.3 2.0
3-4-65
3-15-65 (a) 1.2 1.8
T (a) 1.6 n.d.
LT 3.8 1.5 1.9
3002 1.8 1.5 n.d.
YIS (a) 1.6 1.7
AP 3.2 1.3 1.8
or102. 5.8 1.6 n.d.
ETI 3.8 1.2 1.7
po16-03 5.3 1.] 1.4
p3e-es 3.4 1.2 1.4
g:%g:gg 10.0 1.1 1.2
5-30-02 5.6 1.8 1.3
Jo1enel 7.1 1.8 2.7

(a)No precipitation occurred during this period.

(b)n.d. = not determined.

(b)
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Al RBORNE RADI ONUCLI DE MEASUREMENTS- R. W Perkins

In 1962 a program was started to
study the behavior of airborne radio-
nuclides and to develop direct count-
ing methods for their measurement. A
summary which included the concentra-
tions of 13 airborne radionuclides at
Richland, Washington, was published in
the Proceedings of the Second Con-
ference on " Radioactive Fallout from
Nuclear Weapons Tests." These measure
ments covered the time period 1962
through September, 1964. The studies
have continued and the number of air-
borne radionuclides measured has been
extended to include 18 natural
artificial

and
radionuclides. In addition
a sampling station has been added at
Point Barrow, Alaska, and one is being
set up at Rio de Janeiro, Brazil.
Since discontinuance of the large
scale atmospheric nuclear tests in
December, 1962, the air concentra-
tions of most of the artificial
radionuclides have dropped by one
or two orders of magnitude or more.
To maintain a high sensitivity for
radionuclide measurement the orig-
inal 100 ft3/min air sampling pump
at Richland, Washington, was re-
placed with a 700 ft3/min pump in
February, 1965. In addition, a
larger multidimensional gamma-ray

spectrometer detector system, using
an 11 in. diam by 6 in. thick de-
tector has been built and will be

This detector
improve the detection
sensitivity for several of the
radionuclides by three or fourfold.
With the drop in concentrations of

in use shortly.
system will

the nuclear weapons-produced-
radionuclides those radionuclides
which are released in minute amounts
from the Hanford plants have become
evident. Unfortunately some of the
radionuclides so released are the
same as those being monitored in
fallout, and this has caused some
problems in interpreting the nuclear
weapons fallout contribution.

Tables XXXV and XXXVI present the
airborne radionuclide concentrations
at Richland, Washington, and Point
Barrow, Alaska, respectively. The Point
Barrow samples are, of course, not af-
fected by the Hanford plant and should
be representative of airborne radio-
nuclide concentrations at that latitude.

Table XXXV includes the air concen-
trations of 18 airborne radionuclides
at a sampling point 6 miles north of
Richland, Washington. All radio-
nuclides listed were measured by di-
rect counting on a multidimensional
gamma-ray spectrometer. The radio-
nuclides 7Be and 2281y are naturally
occurring while the others have re-
sulted from nuclear testing or from
the nuclear plant operation. The
22Na is produced by cosmic ray spal-
lation as well as by nuclear weapons
testing. There is no significant
contribution to the 22Nat, 88Y, and
110mAg from the Hanford plant and
the contribution to all
except 46Sc, 134Cs, and perhaps
60Co and 65Zn is usually very small.
The 46Sc is due entirely to the

Hanford plant operation.

others
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TABLE XXXV. Radionuclide Concentrations in the Air near Richland, Washington
During 1964 - 1965, Dis/min per 106 ftd (s.7.pP.)

95
ir
Date 7Be ZZNa 465c 54Mn 60(0 GSZn 88 95Nb IOSRU 106Ru 110mA 124Sb IZSSb 134C5 137CS 140Ba 144ce 228Th
9*64A(a) 6460 6.91 8.54 994 20.5 2900 10.0 743 4200 16.2 1670 10.5 1720 26.9 8500 5.45
9-64B 3920 3.08 4,72 471 7.4 1690 4.2 247 2010 5.9 761 5.7 826 15.9 3910 4.40
10-64A 4470 3.88 4.54 407 15.3 640 3.58 301 1970 16.4 2030 9.78 886 25.1 3330 4.58
10-64B 3860 4.44 9.26 384 12.1 228 3.09 762 1230 1870 7.74 818 11.0 956 3230 4070 2.04
11-64A 1900 2.07 6.26 183 8.15 25.2 1.35 814 817 1320 377 36.9 968 1050 2650
11-64B 2450 2.29 4,40 196 4.54 1.48 505 584 1560 371 18.8 736 351 2000
12-64A 3590 2.03 2,07 179 17.3 31.2 0.891 213 1310 2.23 335 2.78 438 187 2140 2.57
12-64B 1870 1.84 8.07 162 7.23 1.00 935 1290 355 54,2 1390 114 2150
1-65A 1890 1.91 15.4 192 57.0 356 0.899 150 1340 6.27 340 10.2 664 101 1610 2.03
1-65B 462 0.874 8.21 72.8 90.4 39.5 0.187 36.7 366 1.93 133 6.25 244 94.9 1040
2-65A 2860 3.05 21.7 313 129 183 1.81 83.5 1550 2.88 612 4,97 756 50.7 2940 5.40
2-65B 4100 3.91 4.20 374 7.21 2,04 1200 2000 790 4.85 989 28.3 3540 3.00
3-65A 7150 7.37 17.4 741 115 3.81 163 3980 3.40 3.24 1690 11.9 2250 25.9 6640 6.12
3-658 7020 6.45 7.80 580 21.3 2,71 117 3090 2.51 3.66 1400 3.96 1710 72.6 4750 2.49
4-65A 5800 6.16 5.77 513 20.3 2.62 142 2940 2,89 16.2 2730 3.38 1570 28.0 4570 2.51
4-65B 4910 6.48 6.50 521 37.3 2.28 164 3100 3.00 2.58 1200 7.94 1600 103 4570 1.96
5-65A 8360 7.17 3.57 626 15.3 2.81 87.3 3540 2.19 1.86 1430 4,66 2060 33,3 5010 3.39
5-€65B 5660 6.69 7.86 557 43.4 2.34 1850 3420 3.06 5.28 1440 4.51 1940 1290 §320 2.35
6-65A 5990 8,53 3.39 675 16.6 111 2.81 11200 2360 4290 3.32 2.65 2000 7.29 2440 3450 6700 3.40
6-65B 4050 4.30 3.95 371 13.8 190 1.30 9130 3780 2280 2.99 11.6 1385 4.81 1380 3080 3850 3.12
7-65A 3260 3.82 3.31 308 17.9 403 0.491 1660 2112 1750 1.25 4.77 1140 5.62 1230 837 2790 3.11
7-65B 6260 3.46 2.03 273 9,71 237 0.842 305 1470 0.631 3.60 673 4,42 1090 186 2280 3.62
8-65A 6440 2.98 4.57 236 6.90 181 0.869 183 1410 0.419 <0.466 656 4.47 1020 104 2020 2.97
8-65B 4730 1.87 2.02 136 7.40 385 0.393 148 832 0.733 <0.356 389 3.65 701 22.0 1170 2.37
9-65A 4510 1.38 2,13 59.8 7.15 510 0.219 97.3 670 <0,331 0.645 317 2.72 512 28.0 906 3.47
9-65B 4130 2,07 6.73 124 5.25 744 0.460 71 1590 0.707 1.42 374 3.26 587 32 986 4.65
9-65C 4650 1.45 2.49 101 6.43 343 0.306 164 768 <1.08 <0.433 340 7.74 233 35 840 4.66
10-65A 4230 1.85 6.27 101 5.64 360 0.199 105 590 1.09 0.439 509 12.6 1770 27.6 876 2.93
10-65B 5630 1.02 20.2 60.7 4.62 256 0.170 76.2 1460 1.36 0.466 213 3.86 330 456 515 2.03
11-65A 2580 0.735 15.4 40,6 17.4 209 0.108 27.6 537 1.75 0.565 125 5.46 274 135 440 0.813
11-65B 3360 0.841 4.33 60.6 26.0 42.7 0.0911 26.7 416 1.28 0.469 152 2.10 318 49.5 421 0.486
12-65A 3120 1.0S 17.7 52.8 11.7 102 0.0840 229 802 1.58 0.674 161 2.67 269 206 433 0.563
12-65B8 2850 0.719 13.4 33.1 1.56 18.8 0.0750 58.0 427 1.11 <0.276 107 1.86 247 104 404 0.776
12-65C 2660 0.600 6.54 34.6 1.69 17.7 >0,40 503 225 1.36 0.600 125 1.43 246 109 436 1.00

[3)A, B, and C indicate successive fractions of the month

TABLE XXXVI. Radionuclide Concentrations i n Air at Point Barrow, Alaska,
During 1964 - 1965

95,

Date 7Be ZZNa 54Mn 6OCO 88Y QSN; 103Ru 106Ru lzdsb IZSSb 134CS 137CS 140Ba 144ce

11-64 3770 3.52 379 5.14 2.72 720 1740 <2.0 695 ~1.2 798 519 3560

12-64 2010 2.26 190 2.08 1.4 168 885 1.7 355 ~0.6 423 54.7 1850

1-65 2570 2.62 240 3,10 1.3 78.9 1090 <0.9 464 ~0.8 549 <9 2290

2-65 3270 3.77 311 4.36 1.8 47.1 1280 <0.8 629 ~l.1 775 143 2720

3-65 3040 3.61 291 3.76 1.4 29.5 1370 <0.7 607 ~vl.2 749 <3 2610

4-65 2690 2.9¢6 268 4,09 1.3 21.8 1410 ~0.7 594 ~0.6 765 <1 2470

5-65 1570 1.67 141 2.23 0.74 45.3 59 876 306 ~0.5 410 108 1290

6-65 1930 2.15 145 2.47 0.55 659 351 1070 343 ~0.7 455 403 1210

It is planned to publish a com thus indicating the inportance of
plete review of the fallout neas- the stratospheric contribution to
urenments later this year and only the spring and sumer tropospheric
a few of the nore obvious obser- concentrations. The 2%Na concentra-
vations will be considered here. tions during 1965 were one-fifth to

The air concentrations at Point one-tenth of those observed during
Barrow are generally about one-half 1963 thus confirming the origin
of those at Richland. The ’Be shows a of the mpjority of 22Na as pr oduced
season variation quite simlar to by nucl ear weapons rather than by

the long-lived fission products
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cosmic rays. The ""Y and Sb
which were introduced as tracers
in a November and December, 1962
nuclear test(136) are near the de-

tection limit, but will probably
be measurable during part of 1966.
134 137

While the Cs to Cs ratio at
Point Barrow, Alaska, is about
1:1000 it is about 1:100 at Rich-
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land, Washington, which suggests
that the major part of the 134Cs
may have originated from the Han-
ford plant. The Chinese nuclear
tests produced major increases in
the 140Ba 95Zr-gSNb, and 103Ru
(and short-lived radionuclides not
included here)(137), as well as

b

detectable increases in most of the
long-lived radionuclides.

133Xe AS AN ATMOSPHERIC TRACER—1J. D. Ludwick

133Xe was emitted as a gas from a
pressure cylinder under controlled
conditions along the Hanford Meteor-
ological grid. The purpose of these
experiments was to measure the down-
wind radioxenon concentrations and
interpret the results in terms of an
atmospheric diffusion model. (138)
Additionally, two particulate tracers,
zinc sulfide and fluorescein (sodium
salt) were simultaneously dispersed
from separate individual generators.
Field collection of the particulates
was made with many samplers over a
wide area, but the 25 xenon samplers
were selectively located, depending
upon atmospheric conditions at the
time of the release. Rapid zinc
sulfide fluorescence determinations
were conducted for those particulate
samples collected at xenon sampler
locations. This helped to determine
the significant radioxenon activity
levels to be expected. In this manner,
laboratory 133Xe determination was
programmed to eliminate any possible
contamination from earlier samples.
The approximate 133¢e concentrations

were also used to determine which
samples required special purification
of the xenon to remove the last traces
of other radioisotopes such as radon.
Samples in which the radioimpurity level
was expected to be greater than 1%of
the total activity were subjected to
chromatographic separation over char-
coal.

One of the most significant develop-

ments from the xenon field experiments
is the ability to compare the theoret-
ical models for diffusion in the at-
mosphere with the behavior actually ob-
served. Additionally, the diffusion
of xenon, where no interaction with sur-
faces or vegetation is expected, can
be compared with the diffusion of simul-
taneously released tracers which do
react with or deposit on surfaces.
Such comparisons can aid in improving
the understanding of deposition mech-
anisms and lead to establishing dis-
persion models adequately accounting
for them.

Figure 91139 j|justrates a typ-
ical theoretical model of downwind
exposure where V is the deposition



is the average wind
Notice that
the curve representing a zero depo-
sition velocity should indicate a
gas such as xenon, while material

velocity and HO
speed at ground level.

which deposits will behave in accord
with one of many curves depending upon
the deposition value. Thus, the far-
ther a depositing material is from its
source, the more depletion will have
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taken place and the less of the ma
terial remains in the atmosphere. 1I1-
lustration of this point is shown on
Figures 92, 93, and 94, showing results
from the last three field tests com-
paring 133Xe and zinc sulfide tracers.

At the present time, fluorescein
determinations are not complete; how-
ever, a comparison of simultaneous zinc
sulfide and fluorescein emissions
given elsewhere. (140)

is
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THE MEASUREMENT of 3!

J. D. Ludwick

In the late summer of 1963 a con-
I release was made at
(141) .

The experiment was
conducted under slightly stable at-

Hanford.

mospheric conditions just at day-
break. Extensive studies of ground
and vegetation deposition were made
at that time in addition to a complete
wind diffusion analysis.

of several

The results
phases of the problem in-
dicated a need for further study. For
example, a large change in the form of
the iodine was observed after only a
brief downwind travel. This was ev-
idenced, in part, by an increasingly
large iodine fraction in the partic-
ulate phase. Some anomalous differ-
ences were observed between results
from air sampling stations 1.5 m above
ground level and those on towers at the
same geographic position. A larger
emmission was needed to measure more ac-
curately the trace iodine concentra-
tions at great distances.

lodine Run No. 2

On the morning of August 24, 1965,
a release of about 0.4 Ci of 131, was
made. At the 800 m distance a wooden
structure had been erected with hori-
zontal crossmembers from which hung
samples of basic building materials
and surfaces. These had typical sur-
faces which a cloud of emitted iodine
would probably contact in an urban area
in any accidental 131) release. The
amounts of deposition obtained on the

various surfaces are shown in Table
XXXVIl.  The "area exposed" in each case
is the planar area and not the actual

BNWL-235 2

I TRANSPORT IN ATMOSPHERIC DIFFUSION EXPERIMENTS-—

TABLE XXXVIIl. Comparative Deposition of
I8IT on Building Material Surfaces

Surface Area Exposed, in.2 Dis/min per ft2

. . . 55 518
White Prime Paint Coat 55 518
. 55 1450

Bare Fir Wood 55 1440
. . 55 2330
White Enamel Paint 55 2419
. . 55 2520
White Latex Paint 55 3427
Green Slate 16 4032
Texas Dolomite (White) 21 4766
Sparkle Slate 20 5198
White Artificial Stone 18 5342
Brown Slate 17.5 5659
Black Slate 16.6 6667
Red Weeping Brick 20 6725
Pumice Block 19 6984
Silver Plated Copper 19 5458

surface area; some of the building stones
and artifical materials have, of course,
a much larger surface area than that

of the mere geometric dimensions of

the sample. The physical sizes of most
of the samples were alike so that air
disturbance would be similar in all
cases. The large tested area for the
wooden pieces was the result of more
pieces tested and not of larger sam-
ples.

It can be seen that the primed painted

wood sorbs the least amount of 1311,
while a common building material, pumice
stone, was highly sorbent. For com-

parison purposes, data are included from
testing silver-plated copper which has
an iodine-reactive surface.

About 600 to 700 air samplers were
utilized for sampling purposes during
Run 2. Figure 95 illustrates the com-
ponent parts of the iodine field sam-
plers. These samplers contained various
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FIGURE 95.

1311 as the result of Run

The overall program for
iodine investigation required that a
larger quantity of radioiodine be
emitted than the 0.4 Ci in Run 2; con-
sequently, it was necessary to pre-
pare for a third major field test within
a short time. A sufficient number of
samples was analyzed from Run 2 to
allow a reasonable estimate of 131y
activity to be made throughout the
entire field network. From these
data it was found that about 250
samplers had insignificant amounts

of activity so they were repositioned
into the field sampling network along
Arcs 1 and 2. Only their front-face
membrane filters were changed. Small
amounts of iodine contamination on
samplers along the near-in arcs would
have a negligible effect on the re-
sults of a future test, since high
level 1311 exposure was anticipated
at these positions. Over 400 new
samplers were assembled and positioned
in the field to await Run 3, along

amounts of
2 exposure.

131

Polyethylene

Charcoal Filter
Paper

I Field Sampler

with the reused samplers, making a total

of about 700 sampling stations.
Instrumentation used to measure the

quantity of 131I collected by the

various parts of the samplers included

a variety of gamma-ray spectrometric

counting equipment. The front-face

filter was placed in a 1 dram vial

and counted in a 3 in. NaI(T1) well-

type crystal. The silver-plated

copper mesh contained within the

plastic sleeve was counted intact by

inserting it into a housing maintained

between two 9 by 4 in. NaI(Tl) crystals

enclosed in a plastic phosphor background-

reducing shield,

cidence work.

normally used for coin-
Measurement of the char-
coal filter paper was made in a 5 in.

NaI(T1) well crystal housed
level

in a low-
anticoincidence arrangement.
Activity collected in the charcoal
section was measured by removing the
charcoal to a jar which was then in-
serted in a 9 in. NaI(Tl) well crystal

for gamma assay. All instruments used



to measure the 1311 activity were cross
calibrated with each other for the par-
ticular geometric arrangement necessary
in counting actual field samples.

lodine Run No. 3

About 1.8 Ci of 311 were released
in a controlled manner to the Hanford
meteorological field grid. Atmospheric
conditions at the time, September 2,
1965, can be described as moderately
stable with respect to lapse rate. The
molecular iodine gas was generated by
oxidation of the iodide by nitrite from
an acid solution. Previous tests using
this technique and the field sampling
devices had indicated that a molecular,
reactive species was obtained in this
Only about 19%wf the iodine
activity in these laboratory tests was
found to be sorbed onto the front face
filter. The remaining iodine species
were collected on the first part of
the silver mesh section. Essentially
no activity was passed to the charcoal
component sections.

1

manner.
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Seven grass plots were cultivated
in an arc at 200 m from the iodine
release point. A large pasture was also
cultivated along the 800 m arc and
samples of both plots as well as other
vegetation were measured for 131; dep-
osition. Table XXXVIII illustrates
data taken from grass samples at 200
and 800 m from the release point.

These data represent results from
311 assay of selected grass samples
taken at three different times sub-
sequent to the 1311 release. Only the
green upper leaf portions were col-
lected (upper 80%). The first samples
were taken on the morning of the ex-

1

periment and one would expect very little

depletion of 151

the deposition.
taken 6 days later and the thrid series
after about 8 additional days. All
sults were corrected for decay back to
the time of emission so any loss in
activity must be attributed to causes
other than decay.

There are, perhaps, several con-
clusions one might venture from these

I from the plant since
The second series was

re-

SABLE XXXVIII. 131I Deposition on Grass

Dis/min/g, Dis/min/g, Dis/min/g,

Pl ot - Position 9/2/65, 1000 hr 9/8/65, 1300 hr 9/16/65, 1400 hr
Arc 1, 200 to 800 m
1 -Arc1 2153 2197 1003
2 - Arc 1 3766 3576 3172
3-Arcl 9493 6546 3542
4 - Arc 1 14053 12120 6864
5 - Arc 1 19495 8188 6634
6 - Arc 1 18135 8237 8398
7 - Arc1 10988 8230 7432
Arc 3, 1600 m

3-098 669 562 220
3-102 355 303 170
3-106 124 93 80
3-110 42 --- 36

3-114 62

53




data. There was no reported precip-
itation between the period 9/2 to 9/8;
therefore, one could conclude that any
difference in activity between these
two sampling periods would be attrib-
uted to plant expiration, to sampling
or to root takeup or lower
The
into two groups,

those in which the activity stayed

variations,
level (vertical) concentration.

samples seem to fall

essentially the same, and any small

decreases in specific activity attrib-
utable to normal plant growth, and
those in which a significant
131 The fact that

cases the iodine stayed essentially

loss of
I occurred. i n some
the same, except for radioactive de-
cay, even after 6 days, indicates
that absorption into the plant takes
place in a very short time subsequent
to deposition so that the iodine is
not available for weathering. The
fact, that some samples have
iodine indicates that
at some stage of growth,

however,
a large loss of
iodine was
available for a release process or
that iodine was being held in lower
levels of the grass and/or roots.
To follow this line of thought,
compare the differences between the
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samples taken on 9/8 and those taken
on 9/16.
groups,

Again they fall into two
those that remained essen-
tially constant and those that |lost
a considerable fraction of their
1311 activity. It is also interest-
ing to note that the day before the
last samples were taken, a heavy
0.5 on 9/15/65. The
results indicate simply a continu-

rain fell, in.
ation of the processes which were
already occurring with no apparent
significant increase in depletion
due to the wash. This again points
out to a strong attachment of the
1311 to the grass at least until
the grass is ready to release it.
Results from the assay of sage-
brush foliage are illustrated in Table
XXXIX.
iately following the radio-iodine re-
lease and consisted of only the green
outer top sections of the bush. Ad-
ditional samples were taken 6 days
later on Arc 3 at 1600 m to determine

possible depletion.

Samples were collected immed-

Again, all num-
bers listed were corrected for decay
back to iodine release time.

Tables XL and XLI are compilations

of the air sampling information taken

TABLE XXXIX. 19

11 Deposition on Vegetation Samples, Dis/min/g

Arc 1, 200 m, Arc 2, 800 m, Arc 3, 1600 m, Arc 4, 3200 m

Sample Position 9/2/65 9/2/65 9/2/65 9/8/65 9/2/65

P-094 354 25 20 12

P-098 68 128 69 17

P-102 6,680 610 98 72 9

P-106 10,270 749 22 14 1.5

P-110 6,817 209 5 2.6

P-114 3,409 41 8 3.4

P-118 707 16 7 4.3

P-122 27 26 10 6.5




at ground level (1.5 m) and tower posi-

131

tions during the I test release No.

3.

agreement between the average percent-
13

One can note the very excellent
age concentration of 1I on each sec-
tion of the samplers when comparisons
are made between ground and tower sam-
ples.

1. (138)

tween the results of Runs Nos. 1 and 3,

This was not observed in Run No.

If a comparison i s made be-

several factors are found to vary to

a considerable extent, and in fact,

these differences are useful in a dis-

cussion of Run No. 3 itself. From

131
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Arc 1 (200 m to Arc 4 (3200 m)
No. 3, a change in the percentage of

in Run

particulate i s observed starting at
about 3 % on Arc 1 and doubling to
6% at Arc 4. Thus only a small
amount of the iodine was changed into

about

particulate through interaction with
itself or with dust; while during Run
No. 1 (data included for comparison
(138) about 10%

of the iodine was already particulate

purposes on Table XLII,

at Arc 1, with over one-third found to
be collected on the front-face filter

at Arc 4. This decreased percentage

131
Run 3

TABLE XL.
on Towers,

I in Air Sampler Sections Taken from Ground Level

to 100 ft

(@)yeighted Average

Sample Location, Samplers, Front Filter, Silver Mesh, Charcoal Filter, Charcoal Mesh,
azimuth quantity Particulate reacti Paper 1.5 in.

Dis/min % Dis/min 3 Dis/min % Dis/min 3
Arc 1 068-130° 32 69,500 3.9 1,634,000 91.0 78,000 4.3 13,700 0.8
Arc 2 082-118° 19 7,000 4.6 137,400 90.7 5,400 3.6 1,750 1.2
Arc 3 084-110° 26 5,070 6.0 74,700 87.8 3,600 4.2 1,670 2.0
Arc 4 085-106° 18 3,750 6.7 47,100 83.7 4,560 8.1 840 1.5

131, . . .

TABLE XLI. I in Air Sampler Sections Taken 1.5 m Above Ground, Run 3
Tower Location, Samplers, Front Filter, Silver Mesh, Charcoal Filter, Charcoal Mesh,
azimuth quantity particulate reactive paper 1.5 in.

Dis/min % Dis/min % Dis/min % Dis/min %
1-098 15 11,200 3.2 318,000 91 18,000 5.0 2,700 0.7
i-106 16 86,000 4.3 1,790,000 89.7 110,900 5.5 16,400 0.8
1-114 16 44,000 2.5 1,635,000 94.6 38,800 2.2 10,700 0.6
1-122 15 2,400 3.1 70,700 91.7 2,230 2.9 1,780 2.3
Average, % 3.5(2) 91.9(2) 4.1 0.7
2-098 17 1,460 3.9 32,700 86.9 2,180 5.8 1,290 3.4
2-106 16 19,600 4.5 398,000 90.9 17,500 4.0 2,500 0.6
2-114 17 1,250 4.0 27,700 88.1 1,070 3.4 1,420 4.5
2-122 17 350 2.5 11,100 80.3 960 6.9 1,420 10.2
Average, % 4.4(2) 90.2(@) 4.2(@) 1.3
3-098 17 6,670 5.2 110,000 86.3 9,700 7.6 1,170 0.9
3-106 18 3,800 4.4 77,000 88.6 4,900 5.7 1,200 1.4
Average, % 4.9@) g7.2(2) 6.8(a) 1.102)
4-098 18 5,900 6.5 76,400 84.2 7,363 8.1 1,130 1.2
4-106 17 200 2.8 5,900 82.9 630 8.8 390 5.5
Average, % S.G(aJ 84(8) 8.2(3) 1.5(3)
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131 . - . (138)
TABLE XLII. I im Air Sampler Sections Taken 1.5 m Above Ground, Run I
Sample Location, Samplers, Filter,
azimuth quantity particulate Silver, reactive Filter, Charcoal Backup Charcoal
Dis/min % Dis/min ] Dis/min % Dis/min %
Arc 1 068-114" 22 18,400 9.7 139,300 73.8 15,000 8.0 16,100 8.5
Arc 2 072-118° 22 2,200 12 11,800 65 1,300 7.4 2,800 15.6
Arc 3 085-110° 24 1,300 22.5 3,000 51 600 10.5 900 16
Arc 4 090-106° 15 900 30 1,000 34 200 8.0 800 28
o
Arc 4 ggé:%gq 14 330 37 430 48 none present 140 16

existing in the particulate form is
believed to be due mainly to the de-
creased content of atmospheric dust
under the more stable atmospheric con-
ditions.

The second section of the iodine
collector, containing silver mesh and
collecting all reactive species of
iodine, held most of the 131y from
Run No. 3. In Arc 1 samplers, the
silver mesh sections contained at
least 91%of the iodine, and this de-
creased only slowly with distance to
Arc 4 (84%)due first to an increase
in particulate (almost half of the
decrease in reactive iodine from Arc
1 to Arc 4 can be attributed to change
to particulate). The remainder of the
change in the form of the iodine can
be attributed to change to unreactive
organic forms collected on the char-
coal filter section. A comparison of
reactive iodine from Run No. 1 with
that from Run No. 3 shows that the
greatest differences can probably be
attributed to the large amount of par-
ticulate iodine in Run No. 1 thus re-
ducing, to a large extent, the amount
of reactive iodine available to the
silver section. This does not account
for all of the difference since it can
be seen that in Run No. 1 a great deal

of the iodine was converted into un-
reactive (possibly organic) forms.

There appeared to be a slow con-
version of reactive iodine into a
form collectable on the charcoal fil-
ter (organic unreactive). This is
seen as the iodine collection changes
from 4 to 8%with downwind travel. The
most remarkable difference that was
observed between the two runs was in
the amount of rather unreactive iodine
collected on the charcoal mesh section.
During Run No. 3 only a small portion
of the iodine was found in this form,
0.8 to 2%, whereas Run No. 1 contained
up to 28%. Obviously a much different
chemical process was taking place dur-
ing Run No. 3. Perhaps the availabil-
ity of organic molecules in the atmos-
phere was much reduced; consequently,
few iodine molecules were depleted by
this process and much more remained
in a reactive form to be collected on
the silver section.

There appeared to be a rather constant

1311 collected on the charcoal

back-up section away from the main at-
mospheric stream of iodine. This must
be interpreted as a background. Thus

when one collects only small amounts
of 131

amount of

I in a sampler, the percentage
found on the last section (the charcoal
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paper) becomes a much greater percent-
age of the total found. The samplers
used in the present experiments were
sufficiently high in 131, to avoid mis-
interpretation due to this factor.
Examples of this can be seen by scanning
the analytical data from Arc 1 Tower

1-130°; Arc 2 ground 118-160°, 2-130°
Tower; Arc 3 ground 112-160°, 3-114°
Tower, 3-122° Tower, 3-130° Tower and
other similar positions on Arc 4.
data were not included since they rep-
resent little more than background ac-
tivity levels.

ORGANIC ]311 COMPOUNDS RELEASED FROM A NUCLEAR FUEL CHEMICAL PROCESSING
PLANT*—W. A. Haller

Organic lglI compounds which are present in the effluent from a
nuclear fuel processing plant were fractionated by gas chromatog-
raphy and measured by gamma-ray spectroscopy. The anrnalyses of

131

the effluent organic I materials showed a complex mixture of

compounds with boiling ranges of 40 through 255 °c; the lower

boiling compounds were identified as methyl, ethyl, n-propyl and
n-butyl iodides. The methyl and n-butyl iodide and the materials
in the boiling range pentyl through heptyl

These

iodide contained ap-

proximately 70% of the observed alkyl iodides.

*To be published in Analytical Chemistry

FISS
FAIL

|A URE OF SEPTEMBER 29, 1965— R. W.
On September 29, 1965, at 0510 a
purposely defected, partially molten
fuel rod in the rupture loop test
facility of the Plutonium Recycle Test
Reactor (PRTR) failed in an unexpected
manner. The rupture, which resulted
in a loss of about 39%of the U0, -Pu0,
fuel from the rod, was accompanied by
the formation of a hole of approximately
1/2 in. diam in the surrounding process
tube. The subsequent flashing of the
highly contaminated superheated water
released a fission product aerosol to
the containment vessel atmosphere. This
release resulted in about half of the
noble gas content reaching the con-
tainment vessel atmosphere. About 1%6

ION PRODUCT AEROSOL BEHAVIOR IN THE PLUTONIUM RECYCLE TEST REACTOR FUEL ROD
Perkins, C. W.

Thomas and W. B. Silker
of the radioiodine and a somewhat
smaller fraction of the solid fission
products entered the containment vessel
atmosphere. A subsequent radiochemical
study provided detailed information on
the behavior of some 15 fission products
and of plutonium in their movement,
following the rod failure, through the
various liquid and gaseous systems of

the reactor and its containment vessel.
The ratios of the fission products (other
than the noble gases) which were released
to the containment vessel atmosphere
were not far different from those in the
fuel rod showing that relatively little
fractionation occurred in the process

of dissolution and aerosol formation.



Only a small fraction of the 1311 and

other fission products which were re-
leased to the containment vessel at-
mosphere were deposited on the con-
tainment vessel About 99%
of the fission product aerosol was re-
moved in the condensate from air cool-
ers which processed about 6% of the
containment vessel's atmosphere per
minute. The ratios of the solid fis-
sion products which were deposited on
surfaces in the containment vessel
were quite similar to those in the
fuel rod. 141 95

surfaces.

Ce and 95Zr- Nb were
often exceptions, running several-fold
lower on the surfaces. The ratio of
radioiodine to other fission products
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was about 10 times higher on the walls
and ceilings than on floor surfaces
on the first 2 days following the in-
cident, but after 6 days the ratios
were comparable. The deposition of

the radioactive aerosol per unit of
surface area was about 4 to 5 times
greater on the floors than on the

wall or ceiling surfaces. The ob-
served deposition per unit area on metal
surfaces was much higher than on paint-
ed surfaces. The behavior of the radio-
nuclides in this system was similar

to what might be expected in the melt-
down of any water-cooled reactor and
the information gained from the study
should be applicable to the design of

safeguards for such events.

A SIMPLIFIED METHOD FOR THE DETERMINATION OF TRACE ELEMENTS
Silker

SAMPLES BY ACTIVATION ANALYSISX—W. B.

A combination Of neutron activation, _ )
gamma-ray spectrometry was applied in the determination of trace

elements i n basalt samples.

simple chemical

IN GEOLOGIC

treatment and

The simplicity of the procedure per-

mitted completion of the separations in 2 to 3 hr and provided
measurement of the concentrations of 15 elements including 7 rare

earths.

Accurately weighed 10 ng aliquots of powdered basalt sam-
ples were sealed in vitreous silica ampules and,

together with an

aliqguot of a basalt whose trace element concentrations had been
accurately determined, we&e irradiated for 5 min at a neutron flux

of at least 5 = 10 n/em -sec” .

It was found early in the work

that the composition of the basalt was such that the neutron-induced
radioisotopes of sodium and manganese effectively masked the other

radioactive species present.

dissolution by treatment with HF,
dissolved in 10M HCL,

The following technique was therefore
developed to separate other radioisotopes of
elements prior to analysis by gamma-ray spectrometry.
HNO ,
and most metallic elements”were retained (as

interest from these two
After sample

and HCl0,, the residue was

anionic complexes) on a column of anion exchange resin through which

the solution was passed.

The rare earth elements were then isolated

by coprecipitation with lanthanum fluoride from the column effluent,

which also contained manganese,

sodium, alkaline earths,
anionic constituents as sulfate and phosphate.

and such
Measurements of the

various fractions by gamma-ray spectrometry permitted determination

of the concentrations of the following elements in the sample:

sodium,
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manganese,
cerium,
elemental
20% at the 68% confidence limit.

copper, gallium, zinc,

iron,
samarium, europium, dysprosium, ytterbium, and lutetium. The
concentrations were determined within a deviation of 5 to

This precision will

BNWL-235 2

cobalt, uranium, lanthanum,

permit fair

estimation of the trace element concentrations in a variety of samples
and, because of the relatively simple chemistry involved, would be
quite adequate for survey type applications.

*Submitted for

publication i n Geochemica and Cosmochemica 4dcta

IDENTIFICATION OF INDIVIDUAL BASALT FLOWS BY ACTIVATION ANALYSIS— W. B.

The geology of basalt flows in
southeastern Washington, particularly
those of the Pasco Basin, which in-
cludes the Hanford reservation, has
been the subject of many investigations.
The problems encountered in this work
as reviewd by Brown and Brown(“z)
centered primarily around positive iden-
tification of specific basalt flows and
the recognition of these flows in other
Most of the basalt for-
mations were named and typed from the
localities in which they were first
observed. Subsequent identification
of these flows at other locations is
based on physical and microscopic prop-
erties and recognition of the sediment-
ary deposits bounding them. In many
instances, lack of suitable contacting
sediments, or the occurrence of erosion
following deposition complicated the
identification of a particular flow
with one that had been previously
characterized. This has, in some in-
stances, resulted in confusion in the
nomenclature of the various flows and

are

nearby areas.

has indicated a distinct need for a
method of identification.

Knowledge of the origin and boun-
daries of each individual flow is also

Silker

of interest in the definition of the
geologic history of the area. (142,143)

Previous work by the author re-
vealed significant differences in the
concentration of certain trace ele-
ments in Pomona and Elephant Mountain
basalt, two adjacent flows. The trace
element concentrations appeared to be
constant within each flow with little,
This
present paper describes an extension
of those studies to determine the feas-
ibility of differentiating additional
basalt flows by their characteristic
trace element concentrations.

A series of samples was obtained
from well No. 13/24-2851 which had been
core drilled to the artesian aquifer
and which included most of the flows
of the Yakima Formation. The speci-
mens were taken from 10 to 20 ft above
the base of the particular flow and
were identified by R. E. Brown from
the drilling record and microscopic
examination.

if any, vertical fractionation.

The samples were ana-
lyzed in duplicate by the neutron ac-
tivation method detailed in the pre-
ceding paper. The concentrations of
15 elements are presented in Table
XLIII.
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TABLE XLIII. Elemental Abundance in Individual Basalt Flows, ppm

Elephant (a) Priest Prigsl Priest Sand

Mountain Pomona Rapids No. 3 Rapids No. 2 Rapids No. 1 Roza Hollow
No. of Analyses 3 7 2 2 2 2 2
Depth in Well, ft 60 140 250 360 570
Sodium 60,500 56,800 73,000 58,800 72,600 76,800 67,000
Manganese 1,440 1,120 1,190 1,210 1,240 1,410 1,320
Copper 22.4 37.5 7.81 37.0 44.6 9.37 28.3
Gallium 22.5 19.1 20.9 19.8 21.8 24.1 20.8
Zinc 291 165 691 752 351 362 222
Iron 110,000 78,700 82,600 84,000 98,100 91,500 96,700
Cobalt 3.34 3.88 2.85 3.74 2.50 3.42 3.38
Uranium 2.56 1.25 2.82 1.23 2.30 3.25 3.53
Europium 2.41 1.53 .10 1.53 3.54 3.57 3.08
Dysprosium 10.3 6.34 9.35 5.56 6.88 8.17 10.3
Lutetium 1.26 0.52 1.24 0.48 1.05 1.09 1.05
Lanthanum 36.9 19.6 49,7 18.8 44.9 43.0 35.4
Cerium 20.5 13.4 57.9 24.7 44 .4 38.7 29.3
Samarium 8.17 4.93 8.64 4.71 9.07 7.30 7.38
Ytterbium 4.389 2.68 4.24 2.64 5.11 3.29 3.80

(a)Results from previous work.

The precision of replicates was
within 10%for most of the determina-
tions but was quite poor in the cases
of zinc, cerium and ytterbium, so suit-
able reservations should be placed on
these values in any evaluation.

It becomes obvious from these data
that differentiation between adjacent
flows by comparison of their respective
trace element concentrations is entirely
possible. Certain similarities exist,
for example the Sand Hollow and Roza
flows, but at the same time notable
differences are seen in the respective
concentrations of sodium, copper and
lanthanum. The concentrations of all
measured elements in samples of the
Pomona and Priest Rapids No. 2 flows
were identical, within experimental
error. |t would thus be impossible
to distinguish between these two flows
by analysis of individual samples. |If,

however, samples of either the over-
lying or underlying flows were concur-
rently analyzed, positive identifica-
tion could then be made. The identity
of the Pomona and Priest Rapids No. 2
flows strongly suggests that both were
of the same origin. It is interesting
to note the increased iron concentra-
tion from the Pomona through the Sand
Hollow flows, all of which are mem
bers of the Yakima Formation. The
distributions of the rare earth ele-
ments in these basalt samples, normal-
ized to lutetium, were compared with
those observed in chondritic meteor-
ites.(rlM) Lanthanum enrichment was
found in all of the current samples.
Chondritic rare earth distributions
were observed in the samples of basalt
from the Elephant Mountain, Priest
Rapids No. 3, Roza, and Sand Hollow
flows. This represents an undisturbed
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rare earth distribution and suggests
that these flows originated from ma-
terial lying deep within the mantle.
The three other flows exhibited a dis-
tribution typical of other basalts,
with increased enrichment of rare earth
elements of decreasing atomic radius.

BNWL-235 2

The degree of enrichment was consider-
ably less than that reported for
Kilauea-lki lava. (144) I't is suggested
that the degree of rare earth enrich-
ment might provide an index of the depth
within the earth's mantle from which
the magma was generated.

TRACE ELEMENT | MPURITIES IN VITREOUS SILICA TUBING- D. E.

One of the major problems in meas-
uring trace elements by ultra-sensitive
activation analysis is the risk of con-
taminating the sample during handling
or pretreatment. A frequent source
of contamination is that of the trace
element impurities present in the con-
tainer used for encapsulating the
sample for neutron irradiation. This
laboratory has extensively used vit-
reous silica ampules as sample con-
tainers, since organic containers such
as polyethylene, Teflon, etc., are de-
composed during long irradiations by
the heat and radiation in the reactor.
With the sensitivities afforded by
available high neutron fluxes and the
application of multidimensional gamma-
ray spectrometry, it has become evi-
dent that standard grade vitreous sil-
ica ampules contained sufficient im-
purities to make them unsuitable for
ultra-sensitive measurements of some
trace elements. This was quite ap-
parent during the measurement of
certain trace elements in sea water
and in biological materials where
concentrations lower than 1 ppb are
routinely measured using multidinien-
sional gamma-ray spectrometry after
neutron irradiation.

Robertson

To determine the trace element con-
tributions from various containers,
6 proprietary silica tubing samples
were neutron-activated and their
trace element concentrations meas-
ured, with the ultimate aim of se-
lecting one (or more) for use in
ultra-sensitive activation analyses
Samples of the tubing were irradi-
ated for 2 hr (to measure short
half-life radionuclides) and for
5 to 9 days (to measure long half-
life radionuclides) in a thermal
neutron flux of over 1 x 1013
neutrons/cm‘—sec. A cobalt stand-
ard was used as a neutron flux mon-
itor for each irradiation. After
the 2 hr irradiation the silica sam-
ples were allowed to decay for about
24 hr to reduce the Bremsstrahlung
interference from 3151 (2.6 hr).
Then the samples were gamma-counted
for 10 to 100 min using a detector
system consisting of two 6 x 6 in.
NaI(T1) crystals in coincidence sur-
rounded by plastic phosphor anti-
coincidence shielding and coupled
to a Packard multiparameter analyzer.
The following radionuclides were
easily measured without performing

a chemical separation: 24Na, 64Cu,
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140y, The 5 to 9

d irradiated samples were allowed to

134 239

Cs, and Np.

decay for several weeks to reduce the
interference from “¥Na and other short
half-life radionuclides. Then the
samples were gamma-counted for 1000
min using the same counting equipment.

Most of the following radionuclides
were readily measured without perform-

ing a chemical separation: 46Sc, o1 r,
134

59Fe’ 60C0, 652n, 110mAg’ 124Sb’ Cs
160y, -~ 181ye 1827,. A few sam-
ples contained such high concentrations
of certain radionuclides that their
Compton interferences made the detec-
tion of other trace radionuclides dif-

ficult.
The concentration of the parent
element of each

b

and

induced radionuclide
in the samples was then calculated.

A summary of the data is presented in
Table XLIV.

As Table XLIV indicates, the

" Spectrosil™ and "Suprasil' are in
Ex-
the " Spectrosil™ is

most cases the purer materials.
cept for iron,
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extremely pure. The " Suprasil™ is
also very pure, except for relatively
higher concentrations of scandium and
Brand
for ultrasensitive activation analyses
because of the extremely large amounts
of 13"J'Cs and 124Sb produced from the
high cesium and antimony impurities.
Brands " D,” "E," and "F" also appear

to be unsuitable for ultrasensitive

cobalt. "C'" would be unsuitable

work due to the relativelv large

amounts of 124Sb, 140La 160T 181

b, Hf,
239Np and 140Ba—140L::1 (and other

fission products of uranium) produced

3

from their parent impurities.
To estimate the extent that samples

would be contaminated from the ampules
a simulated activation analysis experi-

ment was conducted using only 0.10 m]|

of 1.5N HNOS (prepared from redistilled
HNOS, and doubly distilled water) as the
"sample." Also,
were irradiated.

empty, sealed ampules
" Spectrosil™ and "Su-
prasil’ ampules were used, since they

appeared best suited for ultrasensitive

work. After a 5 d irradiation in a neu

TABLE XLIV.
Silica Tubing

Trace Element Impurities in Six Sample of Proprietary Vitreous

Impurities, ppb

Samples Na Sc fok Cr Ee Co Cu In
ala) 18  0.026 6.53 6.53 395 0.439 2.0 1.47
(®) 63  0.392 2.46  2.46 N.D.12.4 0.040  N.D.
c goo  uml® Np. @ @y 089s 0090 u.m.
D 1470 0.179 230 230 UM. 0.64  0.053 20.9
E 1840 0.163 602 602 UM, 1.09  0.030 33.4
F 1520 0.097 225 225 UM, 1.71  0.16  20.0

(a)"SpeCtTOSil" - Thermal American Fused Quartz Company

[b)"SupraSil" - Engelhard Industries, Inc.

Ag Sh s La TIh Hf u
0.051 0.051 1.12 N.D. ND. N.D.  N.D.
N.D. N.D. N.D. 26 ND. ND. ND.
N.D. 1943 1393 0.60 N.D. ND. 4.0
N.D. 43.2 0.295 121 1.99 27.3 293
N.D. 37.6 N.D. 131 4.35 26.5 1790
N.D. 58.3 0.285 31 4.85 23.4 68

(C)Unable to measure from spectra due to presence of large amounts of interfering radionuclides

[d)Not Detectable
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tron flux of over 1 x 1013 neutron/cm?- and all of the rinse solutions were
sec and a 2 week decay period, the am- then counted for 1000 min using the
pules were opened and the HNO, trans- Packard multidimensional analyzer to
ferred to a counting dish. The ampules determine the extent to which the trace
which had contained the HNO3 were then element impurity radionuclides were
rinsed with 1.0 m1 of hot, concentrated leached from the surface during the
WNO4 which was also plated onto a count- treatment. Table XLV is a summary of
ing dish. The empty ampules were opened the data obtained.

and rinsed first with 1.0 m1 of distilled It is apparent that the majority
water which was plated and then with 1.0 of the radionuclide impurities in

ml of hot, concentrated HNOS which was the 1.5N HNOB used as a "sample”

also plated. Thus, four alternate meth- originated from trace element impur-
ods of postirradiation treatment of the ities in the 1.5N HNO itself, since
sample were evaluated. The 1.5N HNO many of their parents are not present

TABLE XLV. Contamination in Activation Analyses Originating from Trace
Element Impurities in Vitreous Silica Ampule Sample Containers

Total Dis/min in 1.5N HNO; and Rinses

Radionuclide "Spectrosil™ Ampule YSuprasil' Ampule
Contaminant 1.55 HNO; "Sample"  Conr. HNO, Rinse  1.5N HNO. “Sample” Conc. HNO; Rinse
46 57.6 0.99 31.0 3.0
S1c, 2748 15.2 1080 um. (@)
59ge 94.1 N.p. () 75.3 U.M.
600, 59.9 1.8 30.7 1.8
65, 633.3 0.91 351.0 N.D.
110m, . 83.0 N.D. 10.0 22.4
124y 89.3 ND. 48.1 N.D.
1405, 140), 113.0 N.D. N.D. N.D.
181ye 83.1 N.D. 11.6 UM.
239y, 2683 N.D. 510 UM.
182Ta N.D. N.D. N.D. Large amount
134 ND. ND. ND. N.D.
Empty Ampule Irradiation
Total Dis/min in Rinses
Dist. Water Rinse Conc. HNO3 Rinse Dist. Water Rinse Conc. HNO3 Rinse
465c 1.33 3.4 18.4 43.0
Sler 70.1 59 138 111
59 N.D. 6.9 36 N.D.
80¢o 18.3 6.4 17.09 39.3
520 101 N.D. 126 N.D.
L10my, 8.0 7.9 7.9 5.3
124y N.D. 4.6 4.0 2.3
134c N.D. N.D. N.D. N.D.
(a)Unable to measure from spectra due to large amounts of interfering 1MTa

(b)Not Detectable




as an impurity in the " Spectrosil™
and " Suprasil™ materials. However,
some contribution is due to radio-
nuclides that were leached from the
ampules by the 1.5N HNOB. A better
indication of which radionuclides
are leached from the ampules i s seen
in the rinses from the empty irradi-
ated ampules where outside contamin-
ation was minimized. Although "Spec-
trosil™ contains a relatively high
concentration of iron, very little
59Fe is leached from the silica.
All other leached radionuclides,
cept for 652n and 51Cr, are very
low in concentration. " Suprasil"”
has relatively higher concentrations
of scandium and cobalt than "Spectro-
sil" and the effect of this can be
seen in the higher concentrations

of 468c and 60
rinses.

ex-

Co in the " Suprasil"
Although these concentra-
tions are very low they are well
above the detection limits of the
multidimensional analyzer and

would contribute some contamination
to a sample. However, here too, some
slight outside contamination is sus-
pected for some elements which possib-
ly originated during the precleaning
process before irradiation, which
consisted of boiling in hot, concen-
trated redistilled HNO; and rinsing
with doubly distilled water.

A high concentration of 182Ta
appeared in the concentrated HNO3
rinse of the " Suprasil™ ampule which
contained the 1.5N HNO;. It appears
that this ampule had an inclusion of
some tantalum-containing material
which was leached by the 1,5N HNO3
or was present in the 1.5N HNO3 it-
self.

ampules as sample containers for ac-

Another problem in using silica

140
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tivation analyses is that when they
are opened, small, often unseen,
chips of neutron-irradiated SiO2
sometimes fall into the sample,
sulting in further contamination.
This, perhaps, explains the presence
of certain radionuclides in the
water rinse of the empty irradiated
ampules where very small chips could
have been transferred with the water.
In performing ultrasensitive ac-

re-

tivation analyses it i s essential
that one knows or can estimate the
sources of error in a measurement.
The error originating from contam-
ination can be greatly reduced by
selecting very pure tubing, such
as " Spectrosil™ or " Suprasil,” to
prepare the irradiation ampules.
During the handling and shipping of
the tubing, it is exposed to dust
particles and other contaminants.
Therefore, the ampules should be
thoroughly precleaned by boiling
in concentrated redistilled HNO;
and rinsing in doubly distilled
water or by some other equivalent
process. There should be no or
very little pretreatment of the
sample, since this increases the
probability for contamination to
occur. When it is possible and
convenient, a dry sample with no
rinsing of the ampule after irradi-
ation is preferred. When rinsing

of the ampule is required to remove
all of the sample, as little rinsing
as possible should be used to avoid
leaching out radionuclide impurities
in the tubing. By following these
precautions, the contamination in ac-
tivation analyses due to impurities
in the sample container can be greatly
reduced.
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PRELIMINARY EVALUATION OF AN EXISTING MULTIDIMENS\IONAL GAMMA-RAY SPECTROMETER FOR
WHOLE BODY COUNTING—D. E. Robertson and R. W. Perkins

A preliminary evaluation of a multidimensional gamma-ray spectrometer

as a whole body counter was conducted.

The detection sensitivity for

its 9 3/8 in. diam by 4 in. thick crystals was compared with that of

a single NaI(T1) crystal of this size with and without anticoincidence
shielding and light piping. The detection sensitivities for coincidence
counting of 60¢o and of 226pq daughters by the coincidence system and
single crystal were comparable. Although the multidimensional system
had a background several orders of magnitude lower, its coincidence
counting efficiency was also much lower at the geometries required for
whole-body counting. The multidimensional system of this size would

be most useful in measuring complex mixtures of radionuclides in the
body since compton interferences are extremely small, and the detection
sensitivities would remain fairly constant even though many radionuclides
were present. The use of larger crystals would improve the sensitivity
for coincidence counting relative to single crystal counting.

Whole-body counting is useful in
studying the uptake,distribution, re-
tention and excretion of various radio-
nuclides by the body. These radionuc-
lides may result from fallout of nuclear
weapons, from activation and fission
product releases from nuclear installa-
tions, or other sources. They may enter
the body either by accidental admittance
into persons who work with radioactive
materials or via the food chain through
plants and animals which are consumed
by humans. Because the uptake result-
ing from these radionuclides is, in
most cases, extremely small compared
with the maximum permissible body bur-
den, their detection and measurement
(with the possible exception of 137Cs)
may be difficult or impossible with
present technology. Very sensitive
detector systems are required to meas-
ure the low concentrations of radio-
nuclides in the body, which are often
present as minor constituents of a
complex mixture of radionuclides.

Multidimensional gamma-ray spec-
trometry has proven to be an extremely
useful tool in analyzing complex mix-
tures of radionuclides whose constit-

uents vary in concentration by orders

of magnitude. (98,102,145,146) 1, . .
detector systems have provided improved
selectivity over conventional gamma-

ray spectrometers for most applications.
This present work was conducted to
evaluate the use of a multidimensional
gamma-ray spectrometer at the relatively
poor geometry used in whole-body count-

ing.

Design of Detector System

Several multidimensional gamma-ray
spectrometry detector systems, utiliz-
ing various crystal sizes and anti-
coincidence shielding, have previous-
ly been described. (98,102,145) 1
system selected for evaluation as a
whole body counter consists of two
9 3/8 in. diam by 4 in. thick NaI(T1)
crystals operated in coincidence and
surrounded by 30 in. diam plastic

phosphor anticoincidence shielding
(see Figure 96). The upper NalI(T1)
crystal is fitted with a 9 3/8 in.
diam by 8 in. thick Lucite light pipe
to reduce background radiation orig-
inating in the phototube. This crys-

tal is clad in 19 mil stainless steel
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Photomultipliers

Detector System for Wwhole-

Body Counting Multidimensional Gamma-

Ray Spectrometr

and i s viewed by four 3 in. multiplier
phototubes. The lower NaI(Tl) crystal
is identical with the upper crystal
except that it has no light pipe. The
resolution of the upper crystal with
the light pipe was 9.4% and the lower
crystal had a resolution of 8.8%as
measured at the 662 keV 137Cs gamma-ray
energy. Each NaI(Tl) crystal was sur-
rounded by a 30 in. diam by 15 in.
thick plastic phosphor anticoincidence
shield.
six 5 in. EMI multiplier phototubes
(No. 9530B). The upper phosphor-
crystal assembly could be raised and

Each phosphor was viewed by

lowered by a lifting jack. The upper
NaI(T1l) crystal also could be inde-

y

pendently raised and lowered by a
smaller lifting jack mounted on the
top plate of the upper phosphor (see
Figure 96). The lead cave was modi-
fied to accomodate an iron table ex-
tending on both sides of the lower
phosphor-crystal assembly to allow

a person to lie between the upper and
lower detector assemblies during a
whole body count. The amplified sig-
nals from the two NaI(Tl) crystals
were fed into the dual analog to
digital converter of a Packard 4096
channel analyzer for energy and co-
incidence analysis and from there to
the computer memory of the analyzer.
When a single gamma-ray interacts



with either one of the crystals, the
event is recorded in the corresponding
X or Y axis of the memory as in normal
gamma-ray spectrometry. When two (or
more) photons simultaneously interact,
each in a separate crystal, the event
is stored in the energy-energy plane
of the memory at a point uniquely
characteristic of the two (or more)
photon energies. When the two de-
tectors are very close together, the
detector system approaches a total
absorption gamma-ray spectrometer,
since most of the photons which are
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not totally absorbed in the NaI(T1)
crystals are cancelled by the anti-
coincidence shielding.

Background Measurements and Compton
Reductions

Background measurements were made
for each 9 3/8 diam by 4 in. thick
NaI(T1l) crystal with and without anti-

in.

coincidence to illustrate the benefit
of background reduction by anticoin-
cidence shielding and light piping
(see Figure 97). With anticoincidence
the background is reduced to about

1000

100

Counts/min per 47 keV Channel

Lower 6x5% NaI(T1)
| Crystal with 8" Lucite
Light Pipe

IIIII

— — — Without Anticoincidence

With Anticoincidence

401( Photopeaks

2. 225 MeV Prompt Gamma
from lH {n, =) ZH Reaction

20

30 40 50 80 70

Channel Numbex

FIGURE 97. Comparison of Single Crystal
Backgrounds with and Without Light Pipe
and Anticoincidence Shielding
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one-third over most of the energy range
from 0.1 to 3 MeV. The light pipe on
the upper NaI(Tl) crystal further re-
duces the remaining background to one-
half over most of the same energy range
by reducing the contribution from

40K and other radionuclides in the
phototubes. The efficiency of the
anticoincidence shielding is somewhat
limited by the relatively thick stain-
less steel cladding on the crystals.
Some Compton photons escaping the
NaI(T1l) detectors interact with their
cladding and thus are not able to inter-
act with the phosphor and cancel the
event. The large peak in the back-
grounds at 2.225 Me/ results from
cosmic-ray interactions with the lead
shielding and plastic phosphors.
Cosmic-ray showers produce neutrons

in the lead shielding which are ther-
malized in the plastic phosphors and
captured by hydrogen atoms which de-
excite by the emission of a 2.225 Me&/
prompt gamma-ray. A fraction of these
gamma-rays lose their full energy to
the NaI(Tl) crystals, resulting in

the large peaks in the background
curves. Studies are presently being
made to reduce this interference. The
background of a 6 in. diam by 5 in.
thick NaI(T1) crystal with an 8 in.
thick Lucite light pipe and which was
also surrounded by a 30 in. diam plastic
phosphor anticoincidence shield is com-
pared with the 9 3/8 crystals in

Figure 97. This crystal exhibits es-
40

in.

sentially no K interference and a
lower background because of its smaller
size.

Background measurements of the energy-
energy plane of the 9 3/8 in. crystal

system were made with the detectors 1/8

BNWL-235 2
in. and 10 in. appart and also at 10
apart with a "torso water bath"
sandwiched between the detectors to
simulate the thorax of a person. These
measurements are for an energy diagonal
extending from 0 to 3 Me&/ (see Figure
98). The "torso water bath'" consisted
of an 8 in. deep by 11 1/2 in. wide,
water-filled polyethylene container in
the shape of a cylindroid. The back-
grounds were taken with and without
anticoincidence.

in.

With anticoincidence,
the backgrounds for each geometry were
lowered to values 1/3 to 1/10 of the
previous over most of the energy range
from 0.1 to 3 MeV. Compared with the
1/8 crystal separation, the back-
ground counts in the energy-energy
plane were lowered to 1/2 to 1/9 with
the crystals 10 in.

in.

apart and were
decreased even further when the "torso
water bath" was between the crystals.

These background reductions with the
crystals separated 10 in. were, of

course, due to the decreased prob-
ability of a single gamma-ray, or of
two or more ganma rays produced from

a cosmic ray shower, interacting with
the two detectors simultaneously. The
two peaks in the energy-energy back-
ground which occurred around Channels
15 and 22 (total energy loss of 1.47
and 2.225 MeV) when the detectors were
together were the result of the scatter
of a partially absorbed 40K or deuter-
ium de-excitation gamma ray from one
Nal crystal into the other.

The effect of the anticoincidence
shielding and source geometry on the
response of one of the single crystals
is illustrated in Figure 99. With the
detectors 1/8 apart, the anticoin-
cidence shielding reduces the Compton

in.
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regions of a 60Co spectrum to 1/2 to

1/5 over most of the energy range and
the photopeaks at 1.17 and 1.33 Me/ to
1/3. By separating the crystals 10 in.
and centering the OCo point source
between the crystals, the coincidence
counting efficiency is reduced to
about 1/20 to 1/25 while the counting
rates of the 1.17 and 1.33 Me/ gamma-
rays are reduced to only about 1/2,
when compared with the system not oper-
ating with anticoincidence. Placing
the "torso water bath™ between the

crystals, with the 60Co source sus-

pended in the center of the bath pro-
duces an additional reduction to 1/3
to 1/4 in the coincidence peak and

a 30 to 40%reduction in the single
gamma-ray peaks. The probability for
the two 60Co ganma rays being totally
absorbed, one each in the separate
detectors is about the same as for
both being absorbed by one detector
(see Figure 99). Thus, relatively
low coincidence counting efficiencies
are obtained in whole body counting.
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Counting Efficiencies

Table XLVI summarizes the photo-

peak counting efficiencies for 51Cr,

652n, 137(35, 60Co, and 226Ra at
crystal spacings of 1/8 in. and 10
in. For the 10 in. spacing the point
source is centered between the crys-
tals, and is in air for one set of
measurements and in the "torso water
bath™ for the other set of measure-
ments. The decrease in efficiency

with geometry and absorption mater-

ial is evident. While the efficiency
for a single ganma ray such as that of
6SZn (1.11 MeV) is only reduced to
1/10 by going from a point source 1/8
in. geometry to the "torso water
bath”™ the efficiency for coincidence
counting of 60Co dropped to about
1/90 of its original value.

Whole Body Counting

An evaluation of this multidimen-
sional detector system as a whole
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TABLE XLVI.
Gamma-Ray Spectrometer

Counting Efficiency,

Counting Efficiency of the Whole Body Counting Multidimensional
at Various Geometries with Anticoincidence

Counts/min/nCi

Radionuclide Geometry(a)
Sler A
B
C
6570 A
B
C
137CS
60co A
B
C
226, A
B
C
(a)A = Detectors 1/8 in.

@
I

Detectors 10 in.
Detectors 10 in.
between the crystals

: Rays () oo

147 T
42.4 -
10.2 T

394 [

84.
42.

[= 0]
' 1
1 '
| )

35.1
22.5

apart with point source center between them

apart with point source center between them
apart with the "torso water bath" centered

(b)Total single gamma rays in the photopeaks from both crystals

body counter was made by comparing its
detection sensitivity with that of a
single crystal with and without anti-
coincidence shielding and light pip-
ing (see Table XLVIIl). The detection
sensitivities were measured by count-
ing point sources of 60Co 226p and
65Zn which were centered in the "torso
water bath.” The "torso water bath"
was centered between the two 9 3/8 in.
diam by 4 in. thick NaI(T1) crystals
in the multidimensional system and

H a,

centered directly under the 9 3/8
diam by 4 in. thick NaI(T1) single
crystal systems. All counting was
performed in 4 in. lead caves. The

sensitivities for measuring 0.10, 0.50

in.

and 1.00 nCi of each radionuclide dur-
ing a 100 min count at the 90%confi-
dence level was calculated from the
counting efficiencies and backgrounds
(including the contribution from a
person) of each detector system (see
Table XLVII). The sensitivity for
measuring 0.10 nCi of 6OCO or 226Ra
is nearly identical for each detector
system. Although the backgrounds of
the single crystal sysems were about
2 to 4 orders of magnitude higher
than that of the multidimensional
system, the coincidence counting
efficiency of the latter was reduced,
thus making the sensitivities of the
sysems essentially equivalent. The
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TABLE XLVII.
Systems for Whole Body Counting'?

Comparison of Detection Sensitivities of Various Detector

Detection Sensitivity in nCi for a 100 m n Count at 90%
Confidence Level

Mul tidi mensional System,
Two 9 3/8 in. by 4 in.
crystals in coincidence
with anticoincidence

Radi onucl i de shi el di ng

60¢, 0.10 + .04
0.50 + .09
1

.00« .12

226p, 0.10 + .09

0.50 & .14
1.00 ¢« .19

65

Zn -_—

Single 9 3/8 in.
crystal with

anticoinci dence
and |ight pipe

Single 9 3/8 in.
crystal without
anticoincidence
and |ight pipe

0.10 * .05 0.10 * .05
0.50 * .05 0.50 = .05
1.00 = .05 1.00 ¢+ .05
0,10 + .11 0.10 =+ .14
0.50 ¢ .11 0.50 + .14
1.00 = .12 1.00 + .14
0,10 ¢ ,08 0.10 =« .17
0.50 + .08 0.50 = .17
1.00 = .08 1.00 = .17

(a)CDunting was performed by centering point sources in the "torso water bath."

error in measuring 1.00 nCi of 60Co
or 226Ra isrelatively less for the
single crystal systems because their
greater counting efficiencies allow
higher counting rates with correspond-
ingly lower standard deviations.
Although the background is reduced
by anticoincidence shielding, this
also cancels single ganma rays from
a cascade where a second gamma ray from
the cascade i s seen by anticoincidence
shield. Thus the counting efficiency
for individual coincidence ganma rays
is reduced. The benefit of anticoin-
cidence shielding and light piping for
single gamma ray detection is better
observed by comparing the detection
sensitivity of a non-coincidence
gamma-ray emitting radionuclide, such
as 652n. Here, the lower background
afforded by the anticoincidence shield-
ing and light pipe resulted in about
a 2 fold improvement in the detection
sensitivitiy for 6SZn. The detection
sensitivities of other radionuclides
could be expected to be increased by

about the same amount. The sensitiv-
ities calculated in this study were
based on the assumption that the radio-
nuclide being measured was the only
one present in the body (except for
the natural K and some 137Cs). | f
other radionuclides were present their
Compton interference could seriously
hinder or prohibit the detection of
smaller concentrations of other radio-
nuclides which could be present.
Under these conditions multidimensional
whole body counting could prove most
useful. Since the Compton interference
in multidimensional gamma-ray spectro-
metry is, in most cases, small, the
detection sensitivities in Table XLVII
would remain essentially constant even
i f other radionuclides were also pres-
ent in the body. However, the sensi-
tivities of the single crystal sys-
tems, especially the non-anticoincidence
shielded detector, could be seriously
reduced.

A few persons were counted for 100
min in the multidimensional whole body



counting detector system. The only
radionuclides detected were K,
137Cs (from fallout), and 65Zn (from
drinking Columbia River water). The
concentrations of coincidence gamma-
ray emitting radionuclides in their
bodies were therefore lower than the
detection limits stated in Table XLvII
No opportunity was available to count
persons who contained relatively high
concentrations of a radionuclide mix-
ture in the body.

Discussion and Conclusions

Multidimensional gamma-ray spectro-
metry may prove very useful in whole-
body counting, especially in the cases
in which a relatively high concentra-
tion of a complex mixture of radio-
nuclides is present. Although the
coincidence counting efficiency of
this system is greatly reduced by
separating the crystals to allow for
whole-body counting, the detection
l[imits of most radionuclides which
decay with cascade gamma rays are
still quite reasonable since the
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background in the energy-energy plane
is extremely low for counts as long

as 100 min. These detector systems
also offer several advantages as

normal gamma-ray spectrometer whole-
body counters. The anticoincidence
shielding significantly lowers the
background and Compton response of
each crystal thus increasing their
sensitivities. Also, a twin crystal
system doubles the counting efficiency.

The sensitivity of the present de-
tector system is just marginal compared
to that of a single crystal. Since the
coincidence counting efficiency increases
rapidly with crystal size, coincidence
counting sensitivities would increase
relative to single crystal sensitivities
as the crystal sizes were increased be-
yond those of the present system.

A similar detector system is near
completion which consists of two 11 in.
diam by 6 in. thick NaI(Tl) crystals
each fitted with 4 in. thick pure Nal
light pipes and surrounded by 36 in.
diam plastic phosphor anticoincidence
shielding. This new system will also
be evaluated as a whole-body counter.

AN ANTICOINCIDENCE-SHIELDED Ge{Li) GAMMA-RAY SPECTROMETER-M. W. Hill

An anticoincidence-shielded gamma-
ray spectrometer was assembled using
a Ge(Li) diode as the primary detector
and a large 26 in. diam by 24 in. thick
plastic phosphor as the anticoincidence
shielding. The diode was housed at the
end of a vacuum chamber containing a
long cold finger and inserted in the
plastic phosphor through a 2 in. diam
hole. Pulses from the Ge(Li) detector
were fed through an Ortec 101-XL pre-
amplifier into a RIDL 34-12 pulse

height analyzer. Pulses from the
plastic phosphor shield were fed into
the anticoincidence gate of the ana-
lyzer. The signal lead capacitance
resulting from the long signal lead
was 9 pF. With this arrangement,
reduction at the Compton edge and
backscatter peak of 137Cs was 11.5
and 6.3 respectively for a 1 cm2 by
1 mm Ge(Li) detector. For those ra-
dionuclides having cascading gamma
rays, both the intensity of the Compton
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continuum and the photoelectric peak
were reduced; however, the intensity

of the photopeak relative to the Comp-

BNWL-235 2
ton edge was still enhanced. For
134Cs, the reduction of the Compton

edge was to 1/20 while that of the
605 keV photopeak was to 1/12.

REDESGN AND APPLICATON OF AN ANTICOINCIDENCE-SHIELDED Ge (Li) GAMMA-RAY

SECTROMETER-C. W. Thomas

The anticoincidence-shielded gamma-
ray spectrometer originally designed
and constructed by M. W, Hill(l47)
utilized a Ge(Li) diode as the primary
detector and a large 26 in. diam by
24 in. thick plastic phosphor as the
anticoincidence shielding. The diode
was housed at the end of a long 19 in.
vacuum chamber containing a cold finger
which was inserted in the plastic phos-
phor through a 2 in. diam hole. To
change samples it was necessary to re-
move the long vacuum housing from the
plastic phosphor by means of a counter-
weighted pulley system after disconnect-
ing the preamplifier and the vac-ion
pump. During such a period of time
some temperature and pressure irregu-
larities were encountered as well as
gain instability after reassembling
the system. The uncertainty of gain
shift when determining unknown radio-
nuclides required a more stable sys-
tem. It was also noted that when
operating the system under these con-
ditions, some preamplifier noise was
encountered. Over a period of 2 weeks
use the resolution of this system had
changed from 6.5 keV (PWHM) to 14.1
keV (FWHM). Measurements showed that
the loss was due to the preamplifier,
not to the 4 cm® diam by 5 mm depletion-
depth diode.

To improve the design, a sample port
was designed to enter through the side

of the plastic phosphor. A long chan-
nel 1/2 in. thick by 2 in. wide by 12
in. long was milled out of the underside
of the top section of plastic phosphor
so that it connected with the 2 in.
hole.

diam
A 30 mil aluminum liner was made
to line both the hole and the sample
trough. Samples were inserted using

a long Lucite paddle.

The system has been in constant use
for measuring the radionuclide compo-
sition of a variety of samples. Figure
100 shows the response of the system,
with and without anticoincidence shield-
ing, to a 95Zr‘gsNb source while Figure
101 shows the response to a source of
1 day old non-volatile fission prod-
ucts. Although the resolution with
this system does not compare with that
of diodes using FET preamplifiers, the
effect of the anticoincidence shielding
does give a photopeak-to-Compton ratio
which is comparable to that of the high
resolution systems. Figure 102 compares
the response of this system to that of
a NalI(T1l) detector.
of cesium the isotopes mentioned above
are present in reactor tube film and
the system has been used effectively
in analyzing samples of that type.

In addition to measuring samples of
high activity,

With the exception

low level samples have
been measured quite effectively. Fig-
ure 103 is a spectrum of ashed wolf

muscle showing the natural 401( and the
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fallout isotope 137Cs. Figure 104 is Additional modifications are under-
the spectrum of an air filter sample way. An FET preamplifier has been de-
showing the fallout isotopes 144Ce, signed so that the input stage will be
141Ce, 1258b, 131I, 7Be, 103Ru, lOf’Ru, nounted near the diode thus increasing
137Cs, QSZr—gsNb, and 54Mn. From these the resolution of the system. Larger
results it is apparent that even a small diodes of the coaxial type are also
Ge(Li)diode is useful in some low level planned for incorporation into the
counting applications. system.
14
12 | R
_ L
RN A
2 v 0.726 Mev || Mev
= - Voo -
\ Without Anticoincidence
4 \’ \
= 8 I J \/
< \
3 -
3 \\
A \
= B N
s ~N—— e -
o
4 -
| With anticoincidence
2 -
0 N R N R N .
0 100 200

Channel Number

FIGURE 100. Response of an Anticoincidence
Shielded 5 mm Depletion Depth Ge(LZ)

95 9o

Diode to a Zr-""Nb Source



Counts

152 BNWL-235 2

100,000 |- jeo99 132,
- 9521‘
_._ 143CP
91, .
10,000 2 99,10
| 132,
L qua(Cont)
i n lil 140 25r
\Arvdl l Sr
| Il 24
1000 (1 \ Il Na (Cont. )
i Wil e
B (
| D
= \J \
= \
N \A
\
100 '
- { || A ;/l
B ™M |
- UV I
— v
| & k” Jl
B DA
Wil
NL S
v " I|N| l,1‘
10 i~ VWS
1 -y
1 L | | | | L | | | | | |
0 60 120 180 240 300 360

Channel Number

FIGURE 101. One Day 0ld Nonvolatile
Fission Product Counted with and
Without Anticoincidence Shielding



BNWL-235 2

153

seprionuoipvy fo eoanog paxiy v aof
1042093290 (IL)IPN P SO 2pys Y3310 J039932(
(37)2p pepleirys souaproulooijiuy uv jfo
osuodsay oy3 fo uosiavdwoy *Z0T HINHIA

JagqunN jauuey)

09¢ 0c¢ 08¢ 0ve 00¢ 091 0¢1

08 0v

\ 0D i I "De1
|
\ g% 1R
Ay~ \ / 25 g — x J
\
C\ V[ ! Weg ™12 g
My g Lﬂ .
Y, 85

(uoriatda( ww ¢)
(rmen

aley buryuno)d sane|sy

o
—

Al

Al




Counts

10,000

1000

100

10

154

BNWL-235 2

llll_l_lll

137

—
n

L
0 60 120 180 240 300

Channel Number

FIGURE 103. Radionuclides - Wolf
Muscle Ash

40

360

420



Counts

155 BNWL-235 2

~ 1444,
10,000 |—
B 14lCe
Y s 137
103,
1000 —— Ru
- o 95, 95y
L. r 6Ru
B | PPz P
_54Bﬂn
100 |— y
B 4
y
10 '_—'
1 ! 1 |
0 60 120 180 240 300 360 420

Channel Number

FIGURE 104. Atir Filter Sample Showing
Fallout Isotopes




156

EVALUATION OF RADIOCHEMICAL METHODS FOR BIOLOGICAL PURPOSES—C. W.

W. B. Silker, and J. D. Ludwick

A program to evaluate radiochemical
methods critically for use with envir-
onmental and biological samples was
continued. The following procedures
for determining radionuclide concen-
trations in the given matrices were
investigated, tested, and written in
standard form by this laboratory: gold
in water and urine; barium in water and

urine; cesium in water and urine; thor-

BNWL-235 2

Thomas,

ium in water and urine; neptunium in
water, urine, air, tissue, and excreta;
uranium in air, tissue, and excreta;
americium in air and tissue; plutonium
In ad-

dition, a gamma-ray spectrometric meth-

in air, tissue, and excreta.

od was evaluated for use on all matri-
ces for gamma-ray emitting radionuclides.
A compilation of the standard tested
methods will be completed for use by

AEC contractors on July 1, 1966.

DETERMINATION OF ELEMENTS IN WHEAT GRAIN BY NEUTRON ACTIVATION ANALYSIS AND

MULTIDIMENSIONAL GAMMA-RAY SPECTROMETRY—W. A.

A method was devised for simul-
taneous determination of many ele-

ments in wheat grain. With the use of

neutron activation and a multidimensional

gamma-ray spectrometer, simultaneous de-
termination of the elements may be made
by direct counting following appropriate
decay periods or following minimal

chemical manipulations. The need for

Haller

involved chemical separations for each
The ele-

ments determined include manganese,

element is thereby elimated.

sodium, potassium, copper, bromine,
zinc, iron, cobalt, antimony, cesium,
and scandium. The concentrations

found agreed quite closely with those
obtained by others using the more con-

ventional wet chemistry techniques.

SELECTIVE AND SENSITIVE ANALYSIS OF ACTIVATION PRODUCTS BY MULTIDIMENSIONAL

GAMMA-RAY SPECTROMETRY(38)_g.

W. Perkins and D. E.

Robertson

Gamma-ray spectrometry detector systems have been developed for

use with

multidimensional analyzers which permit an extremely

sensitive and selective analysis of complex radionuclide mixtures.
With these systems, use is made of the individual gamma-ray decay
characteristic of each radionuclide for identification and measure-

ment.

This 1s accomplished by sandwiching the sample between two

detectors and cancelling those events not totally absorbed in these
detectors with a third annular detector which serves as an anti-

coinetdence guard.

The sample can be held in a fourth annular disc-

shaped detector which allows the sample to be seen by the two prin-
cipal detectors but which intercepts and cancels most of the degraded



photons which would be scattered between them.
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The principal detect-

ors are shielded from the gamma-ray radiation originating in their
phototubes with light pipes which provide a substantial background

reduction.

Applications of these instruments include the direct

measurement of atomic-weapons-produced radionuclide and cosmic-ray-
produced activation products in water, soil, and biological materials.

GAMMA-RAY BACKGROUND STUDIES FOR NaI(T1) AND PLASTIC DETECTORS—C. W.

Reduction in the background seen by
a gamma-ray detector has been accom-
plished in a series of steps during
the past 15 years. Initially, the re-
duction was attained by using massive
shields such as lead. This was follow-
ed by utilizing low-activity lead and
copper-cadmium liners in the cover.
The latter reduced the low energy back-
scatter radiation. A major advance
was made in background reduction when
anticoincidence ring arrays were used
to shield the main detector. Re-
cently, large plastic phosphors or
NaI(T1l) crystals have been used to
replace the ring arrays. During
this period of time larger and high-
er resolution primary detectors have
been made available. The combined
effect of these crystals and the anti-
coincidence shielding was apparent.
Identification of the peaks followed
by appropriate action has been a valu-
able method used in reducing the
40k, which
originated at the phototube, has been

background. For example,
attenuated by using light pipes to
separate the detector from the tube.
Certain photopeaks have recently
been shown to be the result of an
interaction between neutrons and the
plastic phosphors used for anticoin-

cidence shielding. The neutrons are

Thomas

probably generated by the reaction of
cosmic rays with the lead shielding.
The most obvious recognizable photo-
peak is the 2.22 MeV prompt gamma ray
resulting from the reaction of the
thermalized evaporative neutrons with
the hydrogen in the plastic phosphor.
Figure 105 shows the background spectra
of a 9 by 9 in. NaI(Tl) crystal with
and without a paraffin blanket; these
were taken in a 4 in. thick lead cave.
The normal background spectrum showed
small photopeaks at 0.5, 1.46, and 3.1
and a relatively large peak at 6.6 MeV.
A second background spectrum taken with
the crystal surrounded by 1 1/2 in. of
paraffin illustrated that the hydrogen
prompt gamma of 2.22 MeV also increased
under these conditions. Therefore, a
reaction similar to that which produced
the hydrogen prompt gamma may introduce
the 6.6 MeV photopeak. The plastic
phosphor background shown in Figure
106 contained the 2.22 MeV hydrogen
prompt gamma but not the 6.6 MeV photo-
peak. Thus, since similar caves were
used for the plastic and for the sodium
iodide detectors, it was concluded that
the 6.6 MeV photopeak was produced by
evaporative neutron bombardment of
the sodium iodide assembly.

Figure 107 depicts the background
spectrum from 0 to 11 MeV using a
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FIGURE 105. Background Spectra from
9 in. by 9 in. NaI(T1) Crystal (0 to 7 MeV)

the 9 in. diam by 4 in. thick NaI(T1)
crystals arranged in coincidence.

Two spectra were recorded, one with
the crystals separated 11 in. apart,
the other with the crystals only 1 7/8
in. apart. Both spectra show similar
photopeaks; however, the intensities
varied depending on the distance sep-
arating the crystals. The difference
in the peaks indicates that the main

detector to exposed lead surface af-

fects these photopeaks in various ways.

The 6.6 MeV photopeak doubled in in-
tensity while the effect on the other
photopeaks was much less. The slight
increase for the 1.46, 2.22, and 3.1
MeV photopeaks appeared to be due to

a higher Compton level resulting mainly
from the 6.6 MeV gamma ray.

Figure 108 is a background spectrum
from 0 to approximately 100 MeV which

was recorded using the plastic phosphor.

The large high energy photopeak at
approximately 65 MeV is believed to be
due to the decay products of mesons.
The particular reaction is presently
being sought.

In conclusion, it appears that most
of the photopeaks which are now present
in the background are due to either
meson decay or neutron reactions, which
are produced by the interaction of

cosmic rays with the lead shielding.
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GAMMA-RAY TRANSITIONS IN °8

Fe-M. W. Hill

The decay of 58Co has been studied

by several investigators.(48-152). Al-
though the decay scheme is extremely
simple (see Figure 109), certain dis-
crepancies exist between the values
reported for the energies and inten-
sities of the gamma-ray transitions

in 58Fe. These discrepancies are
primarily brought about by the small
energy difference between the two
cascading gamma rays and by the small
percentage of decays leading to the
second excited state. Frauenfelder et
al.

the energy difference between the two

concluded from their studies that

cascading gamma rays is less than 10
keV, and that the energy of the second
1.62 MeV. MacArthur

et al., using a beta-ray spectrometer

excited state is

found the energies of the cascading
0.1 keV

From gamma-

gamma rays to be 810.48 =
and 864.8 + 1.0 keV.
gamma coincidence studies they found
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FIGURE 109. The Decay Scheme of Co

According to Malmskog
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the 865 keV transition to be 1.20 =

0.06% as intense as the 810 keV trans-
ition. Scintillation measurements
placed the energy of the crossover
10 keV (0.66 :

The decay scheme according

transition at 1673
0.05%).
to Malmskog is shown in Figure 109.
The energies of the gamma transitions
The

intensities are those which Malmskog

are those of MacArthur et al.

found from gamma-gamma coincidence
measurements capable of distinguishing
between chance and true coincidences.
It seemed obvious that a direct meas-
urement of the energies and intensities
of all three gamma rays could easily
be made with a lithium-drifted ger-
manium detector.

The measurements reported here were
made with three different sources of

58Co containing different amounts of

57

Co and 60Co impurities. The spectra

which are shown were obtained with a
sample containing 0.4% 57Co and 0.4%
60

Co.

Three different detectors with ac-

2 2

tive volumes of 1 cm™ by 1 mm, 1 cm

by 2 mm, and 4 cm2 by 5 mm were used
The

spectra shown in Figure 110 and Fig-

during the course of the studies.

ure 111 were taken with the 1 cm2 X

2 mm detector which had a resolution
of 4.0 keV at 662 keV.
Figure 110 shows the complete
58
Co.

obtained with each of the

spectrum of Similar spectra
were
three detectors. Energies were de-
termined to within : 1.0 keV by com-
parison with energy standards. In-
tensities were determined from ef-

ficiency curves established for each
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gIQQRE 110. Gamma-Ray Spectrum of
Co Taken with a Lithium-Drifted
Germanium Detector - Small Amounts
of %7Co and 60Co Were Present as
Impurities
detector. Agreement between efficien- of 58Co were found to be 810.5 & 0.3

cies obtained with the three detectors
was well within experimental and sta-
tistical errors.

To obtain a more accurate measure-
ment of the energies and relative in-
tensities of the two cascading gamma
rays, the bias and gain were adjusted
to give the spectrum shown in Figure
111. Although only two energy stand-
ards were needed, the third provided
a check on the linearity. Uncertain-
ties in peak location and any nonlin-
earity in response amounted
than 0.2 keV.

The energies and intensities of

to less

the gamma rays emitted in the decay

kev (99.3%), 863.0 = 0.3 keV (0.77

0.04%), and 1674.1 =+ 1.0 keV (0.68 =
0.05%). The energy difference of
§2.5 + 0.2 keV found from Figure 111

between the 810.5 keV and 863.0 keV
gamma rays is considered to be more
accurate than the absolute energy
found for either. The energy of the
1674 keV gamma ray was not determined
more precisely because it is obviously
the crossover transition. Its energy
is therefore 1673.5 : 0.4 keV.

The value shown for the intensity
of the 863 keV transition differs con-
siderably from previously reported

values. However, because of the
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direct nature of the measurement and

the fact that the intensities obtained

by using three different detectors and

three different samples agreed to within
%, it is felt that the quoted limits

of error are conservative. A measure-

ment of this intensity was also made

with an anticoincidence-shielded multi-

BNWL-235 2

dimensional gamma-ray spectrometer which
stores the single spectrum as well as

the coincidence spectrum.(loz)

By cor-
recting the coincidence spectrum in

the energy-energy plane for chance
coincidences, a value of 0.8 + 0.2%
was obtained for the intensity of the

863 keV gamma ray.
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FIGURE 111. Gamma-Ray Spectrum of QO
Taken at High Gain in the 800 keV Region
with a Lithium-Drifted Germanium Detector-
The Spectrum of the Standards Used to Deter-
mine the Energies of the Peaks is Shown for
Comparison
TRACE ELEMENTS IN CANCEROUS AND NONCANCERQUS HUMAN TISSUES—C. W. Thomas

A preliminary study was made of the
trace element content of cancerous and

noncancerous tissues by measuring the

ratio in which these elements occurred
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in normal and cancerous tissues of lung,

liver, kidney, and brain. Trace ele-
ments were determined by activation
analysis using the Hanford reactors and
the radionuclides of induced activity
were determined without chemical sepa-
ration using an anticoincidence-shielded
multidimensional gamma-ray spectrometer.

The tissues were selected and han-
dled in a manner such as to minimize
contamination. Both the normal and
cancerous tissues came from the same
patient thus eliminating differences
in tissue composition from different
individuals. To keep contamination
at a minimum, samples were handled
with plastic forceps and aliquots
dissected using plastic knives. The
aliquots were encapsulated in vitreous
silica ampules and irradiated for
various time periods after which the
ampules were frozen in liquid nitro-
gen, opened, and the contents mounted
on planchets for counting. By using
the multidimensional analyzer no
chemical separation steps were neces-
sary to measure the radionuclide daugh-
ters of the trace elements.

Radionuclide daughters of zinc, scan-

dium, cobalt, iron, antimony, cesium,

BNWL-235 Z

copper, potassium, sodium, bromine,

and phophorus were determined. The
results obtained are presented in Table
XLVIII in the form of the ratio of

the content of the element in the
normal tissue to that in the can-
cerous tissue.

Generally speaking, the elements
zinc, scandium, cobalt, iron, antimony,
and possibly copper and cesium were
deficient in the cancerous tissues.
This same trend was noted by Samsahl

(153) in the measurement of

et al.,
trace elements in liver, kidney, and
intestine cancerous tissues. Converse-
ly, the common body electrolytes so-
dium and potassium were present in
excess in the cancerous tissues.
Phosphorus appeared to be similar
in behavior to the body electrolyte
elements, while bromine showed little
selectivity toward either type of
tissue. Wilms tumor showed the great-
est variation from the other cancerous
tissue, and this may be a result of
the different (teratomacious) char-
acter of this tumor.

The author is greatly indebted to
Dr. C. W. Westman for supplying the

samples for this preliminary study.

TABLE XLVIII.

Normal

Cancerous

Bronchogenic Squamous Cell Wilms
Carcinoma Tumor

Kidney) (Brain)

0.

Isotope Carcinoma

Measured (Lung) (Liver)

65Zn 2.3 1.6

#05c I 1.2
60Co 2.4 4.0

S9ge 3.4 2.1

24Na 0.5 0.6

0.

2.

Ratio of Trace Elements in Normal to that in Cancerous Tissue

Astrocytoma Hepatic
Carcinoma Carcinoma
(Liver)

7 1.0 1.0
4 2.0 1.5

0 2.5 1.6
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