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mendation, or favoring by ihc United Stales Government or any agency ihereof. The views 
and opinions of authors expressed herein do not necessarily slate or reflect those of the 
United States Government or any agency thereof. 



/ ' . , 
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*This work was performed under the auspices of the U. S. Department of Energy by 
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Abstract: This paper summarizes three beta-dosimetry studies made recently at 
the Lawrence Livermore National Laboratory. The f i r s t study was to determine the 
beta-gamma exposure rates at the Los Alamos Godiva IV Critical Assembly. The 
beta spectra from the assembly were evaluated using absorption curves and the 
beta-gamma dose-rate ratios were determined at various distances from the 
assembly. A comparison was made of the doses determined using two types of TLO 
personnel dosimeters and a fi lm badge. The readings of an Eberlire R0-7 instru­
ment and the dose rates determined by TLDs were compared. Shielding provided by 
various metals, gloves, and clothing were measured. The second study was to 
determine the beta energy response of the Eberline R0-7 instrument based on 
measurements made with the PTB beta sources. This study required additional 
calibration points for the PTB sources which were made using extrapolation 
chamber measurements. The third study resulted in two techniques to determine 
the beta energy (E^^) from the readings of thin-window portable survey 
instruments. Both techniques are based on the readings obtained using aluminum 
f i l te rs . One technique is for f ie ld application, requires one f i l t e r , and 
provides a quick estimate of the beta energy in three energy groups; <0.5 MeV, 
0.5 MeV to 1.5 MeV and > 1.5 MeV. The second technique is more complex 
requiring measurements with two or three f i l ters, but gives the beta energy and 
the approximate shape of the beta spectrum. 

Introduction 

We recently completed three related studies on beta dosimetry at the Lawrence 
Livermore National Laboratory. These studies originated from a request we 
received to aid in the reevaluation of an exposure that occurred in 1953 at a 
crit ical assembly. Of particular interest was the beta component of the dose and 
the corresponding beta spectra from a crit ical assembly. This study began 
shortly before the Beta Dosimetry Workshop was held in New York City in December 
1981 and this meeting was attended to determine the present state of the art in 
beta dosimetry. At the meeting, i t was learned that a simple technique to 
determine beta energies using survey instruments at f ie ld locations was needed. 
In this paper we discuss two techniques we hive developed to meet this need. We 
also became aware of the beta measuring capability of the Eberline R0-7 survey 
instrument which appeared to he an ideal instrument for use in our cr i t ical 
assembly study. Unfortunately, the beta energy dependence was not adequately 
known so we performed a study of the beta energy dependence of this instrument. 
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Each of these studies has been prepared into separate reports (Ha 82a, Ha 82c, 
and Ha 82e) and this paper describes only a part of the results. Copies of the 
complete reports are available from the author or will be published later in a 
journal. 

I. Beta- and Gamma-Dose Measurements of 
the Godiva IV Critical Assembly 

The dose received by personnel while working around criti' .1 assemblies is now 
and always has been measured using the regularly issued pe ;onnel dosimpter. In 
the past, this was a film-badge dosimeter, and of particu r interest here is a 
simple film badge worn by the personnel at the Nevada Tesc Site (NTS) in 1963. 
The doses indicated by the film-badge for a person who worked at NTS on the Fran 
Critical Assembly has recently been reviewed (Ho 81). The badge consisted of a 
6u Pont film with a strip of 0.028-in. lead wrapped around one end of the film. 
The film was worn by placing it in a clear plastic (0.004 in. thick) heat-sealed 
bag which was attached to the back of the security badge with a clip. The 
records of the individual exposed in 1^63 did not indicate any beta, but it is 
known that some beta exposure occurred. 

We wer.. asked to perform measurements on a bare-metal critical assembly to 
determine the accuracy of the film badge for beta and gamma doses from an 
assembly similar to the Fran Assembly (which no longer exists). The beta/gamma 
ratio as a function of distance from the assembly and of time after a burst 
(beginning at four days and extending at least one week) was required to simulate 
an earlier exposure in 19R3. An evaluation of the shielding afforded by various 
metals, gloves and clothing, which were used in 1963 on and around the Fran 
Assembly was also requested and we added to this request a study of the response 
of personnel TLD badges presently in use. 

The Godiva IV critical assembly located at the Los Alamos National Laboratory 
(Los Alamos) was selected for our study (Pa76). The assembly core is made of 
six plates, ) in. thick of 93% enriched uranium. The core is a right cylinder 
6.1 in. by 7.1 in. diameter and is held together by three steel "C" clamps spaced 
at 120° intervals around the core. The uranium has a thin coating of vapor 
plated aluminum to decrease contamination and oxidation problems. This aluminum 
coating is 1 to 2 urn thick and therefore does not provide any significant beta-
particle shielding when compared to a bare-metal assembly. (Alpha particles can 
he detected through this plating.) Our results can be used with other assemblies 
having metal coating by applying the results from our studies of shielding by 
various metals. 

Los Alamos agreed to have a special burst of the Godiva IV assembly four days 
before we began the study. They also volunteered to include their personnel 
dosimeter in the study which provided an independent check of our calibration 
and dosimetry procedures. 
Considerable background work was required to evaluate the results obtained in 
thi: study. This included an energv-riependence evaluation of the RO-7 instrument 
(Ha 82a); a determination of the effective beta thickness of 0.036-in. LiF TLDs, 



compared to aluminum (Ha 82b); and a method to evaluate the beta energy [^x) 
by using the RO-7 or other thin-window beta instruments (Ha 87c). We used 'Li 
TLDs and an Eberline Instrument Corporation RO-7 survey instrument to determine 
the beta- and gamma-dose rates from the assembly. 

Summary 

The following conclusions were reached during ;his study. 

Film Badges 

The film dosimeter, consisting of a piece of film with a 28-mil lead fo i l wrapped 
around one end to serve as a beta shield, can measure the gamma-ray dose received 
from cri t ical assemblies within the ±20% required for personnel dosimetry. 
This film dosimeter was normally worn, behind a plastic security badge which does 
not affect i ts gamma-ray response. Although our results do not give an accurate 
measurement, the f i lm dosimeter apparently is reasonably accurate when exposed 
to beta particles without the security badge: but, when located behind the 
security badge, the response is low by about a factor of 2. 

TLD Badges 

Personnel TLD badges of the type presently issued to LLNL personnel can measure 
the gamma-ray exposure from cr i t ical assemblies to within +20«. The beta 
response of the badge to the beta spectra from this cr i t ical assembly is low by 
about a factor of 2- The Los Alamos badge records the gamma-ray dose correctlv, 
but is low by a factor of 4 for the beta dose. 

RO-7 Instrument 

The RO-7 instrument, when nroperly calibrated and adjusted for elevation, can be 
used to accurately measure the gamma ray dose rate from a crit ical assembly. 
When the beta shield is removed a factor of 1.3 must be applied to the beta 
reading to correct for the under-response of the instrument. The gamma ray and 
beta doses measured with an RO-7 appear to be accurate to within +20%. 

Beta/Gamma Ratio 

The beta/gamma ratio from the Cndiva IV crit ical assembly is a function of the 
distance from the assembly and is about 1.3 at 0.5 i n . , about 1.2 between 4 to 
18 in. and drops to about 0.63 at 36 in. \here the beta is being appreciably 
attenuated by the air. 

Shielding by Metal, Gloves and Clothing 

Reductions in the total dose rates of 40% and 44% are obtained behind shielding 
of 10-mil Cd and 3C-mil lead gloves indicating almost complete beta absorption. 
Surgeons gloves, household plastic gloves and 1-mil Cu provide a reduction in 
the total dose rates of 11%, Ti% and °i%. Clothing consisting of one, two and 
four layers of lab coat reduced the total dose rate by less than 10% indicating 
that clothing provides essentially no protection against the radiations from the 
Godiva IV assembly. 
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Backscattering of Beta Particles 

There was no indication in the TLD readings of any backscattering from the Lucite 
we used in the study. This means that backscattering materials are not required 
for TLD measurements of beta particles coming from cri t ical assemblies. The 
lack of backscatter also indicates that the gatuna ray spectrum does not have 
significant gammas with energies betwee" 30 and 100 keV, where backscattering is 
significant. 

Non-uniform Activation of the Core 

The dose rates on the side of the core is higher near center line than at the 
top or bottom. The dose rates near the hottom are higher than near the top 
probably because of the safety block which is located just below the core. 
Surveys made close to the core of a crit ical assembly should consider these 
variations. 

Beta Absorption in TLDs 

A 35-mil thick TLD has an effective absorption thicknpss of 17̂  mg/cm- of 
aluminum compared to an actual thickness of 23& mg/cm-. The correction factor 
for beta absorption in the TLD vines with distance from the assembly and decay 
time following the burst. In this study, the correction factors based on 
absorption curves obtained using aluminum varied from 0.604 to 0.71?. 

Beta Spectra 

The beta spectrum from the cr i t ica l assembly varies as a function of time 
following the burst and of distance from the assembly. The spectrum at d days 
following the burst contains a lower energy component that is missing 12 days 
following the burst. The intensity of the betas drops markedly at 36 in. 
indicating considerable absorption by air. The beta spectrum at 36 in. is harder 
than the spectra closer to the assembly. The beta spectrum is complex consisting 
of a composite of betas and gives an approximate straight line absorption curve. 
The betas have an E m a x of about 2.5 MeV. 

Low Energy Betas 

There was no indication of a significant low-energy beta component in the beta 
spectra from the crit ical assembly. To confirm this, measurements were made 
with thin and thick TLOs, we obtained absorption curves using aluminum and we 
compared the results of the R0-7 instrument and TLD measurements. 

I I . Beta/Energy Response of the Eberline 
R0-7 5urvey Instrument 

We obtained an RO-7 radiation survey instrument from the Eberline Instrument 
Corporation to use in a study of the beta dose rates from the Godiva IV Critical 
Assembly at Los Alamos National Laboratory. We have performed a limited evalua­
tion of the instrument and have determined its energy dependence for beta 
particles. 



Description af the RO-7 Instrument 

The RO-7 instrument is a hand-held, cutie-pie style survey meter with a liquid 
crystal digital readout. The instrument is available with three interchanqeable 
ion chamber probes, although we used only the midrange probe (R0-7-BH) in this 
study. The midrange probe has a full-scale range of 19°.9 R/h and a reso^jtion 
of 0.1 R/h. The ion-chamber has a 1-in.-diameter entry window 2 mils thick 
(̂  7 mq/cm?) of aluminized mylar. The chamber is lined with phenolic 
nominally 1/8 in. thick. The housing is nominally 60 mil thick. The chamber's 
internal dimensions are 1-in. diameter x 0.6-in. length [2.5 cm x 1.5 cm) with a 
sensitive volume of 7 cmA The beta shield is a plastic cap HOQO mg/cm?) 
over the beta window and is held in place over the probe by an 0-ring. 

One disadvantage of the RO-7 instrument we found in this work was its low sensi­
t i v i t y . The lower detection limit is 0.1 R/h and the display is in units of 
tenths of R, so a source reading between T.0.06 and 0.11 wil l indicate 0.1 R/h. 
At the overlap region the instrument wi l l f l ip back and forth between the two 
numbers and we found this to be an area where the dose rate could be determined 
with greater accuracy because the switching occurs over a small region; for 
example, ^0.14 to 0.16 R/h. 

Gamma Evaluation 

The f i rs t part of the evaluation was to determine the linearity and the instru­
ment's relative response to ""Co and ' " f s gamma rays. The response of the 
instrument was found to be exceptionally linear over its three-decade range. 
There is no discernable difference between the ^Co or '"Cs calibrations. 

The above results were obtained with the plastic beta shield on the probe. When 
i t is removed, the instrument responds to electrons being ejected from the "̂ Co 
and ^7r_s s o u r c e encapsulation (the rabbit tubes) and from the air. Figure 1 
shows the increased readings obtained with the beta shield removed from the 
probe. The increase in readings varies from about 6 to 14" depending on which 
source is used and the source-to-rietector distance. These high readings are not 
reproducible under different scattering conditions; for example, we found that 
an aluminum plate (T.3 f t dia., 1/4" thick) which previously had been located 
just under the source to place dosimeter on during irradiation, increased the 
instrument reading to -«lffi for % o and also resulted in a different shape 
curve beyond one meter. For a narrow beam geometry, the effect of these 
scattered electrons will be negligible and in addition, the reeding of the 
instrument without the shield wil l probably be lower than the dose rate value 
because electron equilibrium has not been established in the R0-7 instrument. 
The RO-7 window is only 7 mg/cm? which is far short of the several hundred 
mg/cir? necessary to establish electron equilibrium for gamma rays from 137QS 

or 6 0Co. 

The measured dose rates from isotopes or combinations of isotopes containing 
high-energy gamma rays would indicate that beta radiation is present and a skin 
dose is being received, even though no beta decay is occurring. In field work, 
however, i f the beta dose rate is as small as the above contribution by 
electrons, i t is usually not considered to be significant (when compared to the 
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Fig. 1 Response of the RO-7 instrument, with the beta shield removed, to ^7r; s 

and D T D gamma rays as a function of distance from the source. 

garrcita exposures). This effect is not unique to the RO-7 and applies to a l l 
instruments with thin windows. The magnitude of the effect may be slightly 
different for other instruments deperding an the wirdow thickness and geometry 
factors of the probes. 

Seta Evaluation 

To determine the beta response of the RO-7 instrument, i t was placed at various 
distances from the PT8 beta sources used with and without their f i l t e rs or 
flatteners. All distances were measured from the face of the source to the 
center of the probe. The PTB f i l t e r s consist of disks made of thin plastic 
positioned at 10 cm from the source. These f i l ters f latten tne beta beam to 
permit largar probes to be exposed uniformly (see Ha 8?d). 

To help establish the response of the RO-7 instrument at low dose rates we 
obtained data with a pancake GH instrument. The window s^ze was reduced by 
taping an aluminum disk with a 1.0 in . diameter hole (probe size of RO-7) on the 
pancake probe. When compared, the response of the RO-7 instrument and pancake 
probe agree very well even though the instruments have slightly different window 
thickness and are different types of instruments; i .e. , a G.H. vs an icn chamber. 
This procedure may not be entirely accurate but is believed to give much better 
results than would be obtained by using an extrapolation or guess work. 

Energy Response to Beta 

To determine the energy response of the RO-7 to betas we compared the PTB cal i ­
bration values and our extrapolation chamber results with the dose rates indi­
cated by the RO-7 instrument. These data are shown in Table I. We have shown 
three dose rates for the PTB sources: (1) the measured dose in air, and [2 and 
3) the calculated doses (using the factors provided by the PTB) in tissue (at 0 
depth) and at 7 ms/cnf- depth in tissue, in the last Uo columns we have 
determined the percent deviation of the RO-7 instrument from the tissue and 
7 mg/cm^ depth dose. 



I f the RO-7 instrument were an ideal 3ragg-Gray air ionization chamber, the RO-7 
should read i-T. 15R when exposed to 1 red of -^Sr-q"Y betas. The lower-
than-expected readings of the RO-7 to betas shown in Table 1 can be explained by 
the failure of the RO-7 instrument to meet the requirements for a Bragg-Gray air 
ionization chamber. This is not surprising since few, i f any, instruments meet 
all the requirements for a Bragg-Gray air ionization chamber. With the RO-7 the 
number of ergs/g of air in the chamber caused by 1 R of gamma rays is most l ikely 
not the theoretical value of Sfi.^ ( i t is probably higher). Bv adjusting the 
instrument response, the meter can be made to read 1 R for any value of ergs/g. 
When this instrument is calibrated to indicate 1 R when exposed to 1 R of ganma 
rays the meter should, in theory, read 1.15 R when exposed to 1 rad of beta 
(100/86.9 c-gs/g). The failure of the RO-7 to do so is caused by several 
factors; among them are (1) the change in the probe caused by removing the beta 
shield, and (2) the probe is not exposed to 1 rad because some betas are absorbed 
in the probe window. I t would be d i f f i cu l t to quantitatively evaluate ; l i the 
factors contributing to this problem and wouldn't be worth the effort. Conse­
quently, the RO-7 instrument, when used to evaluate beta doses, requires a "beta 
factor" greater than one for al l beta energies. 

The "air dose" from betas is not normally of interest in health physics wck 
where we are interested in dose to people. W ât is required is tissue doses 
either at the surface (0 depth), at 7 mg/cm? cr seme othe- selected depth in 
tissue. The beta factor curve for the RO-7 instrument for tissue at 0 depth is 
shown as the solid line in Fig. 2. This figure shews a lame h t̂a factor at low 
beta energies for tissue at 0 depth but for health physics application the tissue 
at 7 mg/cnr depth is the appropriate curve. 

0 05 >0 l i £0 2« 

Fig. 2 Beta factor for the RO-7 instrument as a function of beta energy. See 
text for a discussion of the shape of the curves at low energy. 



TABLE I Response of the RO-7 instrument compared to the beta dose rates in air. 

Source Di stance 

Extrapola t ion 
H hamber 

Dn̂ .c Rates 3 

(rad/h) 
ai r 

r.ilculfltrrt Dose Rates RO-7 
L L ^ / J I ) O O S P R a t e 

T i s s u e / t r i g / d e p t h ( R / M ) 

R e l a t i ve 
r e a d i n g o r R 0 - 7 / 

A i r T i s s u e 7 mg d e p t h 

1 . 1 9 1 . 0 7 1 . 0 0 
1 . 0 0 0 . 9 0 0 . 8 4 
0 . 9 3 0 . 8 1 0 . 7 9 
0 . 8 3 0 . 7 5 0 . 7 1 

0 0 S r l a r g e 
no f l a t t e n e r 

9 C 5 r s m a l l 
f 1 n t t e n e r 

nn f l a t t e n e r 

? 0 4 T 1 

F ! a t t e n e r 

n o f l a t t e n e r 

f 1 a t t e n e r 

n o f l a t t e n e r 

1 1 cm 
10 cm 
5 0 cm 
1 . 0 cm 

30 cm 

11 cm 
30 cm 
50 c:n 
1 m 

30 cm 

1 1 cm 
10 cm 
50 cm 

?0 cm 

1 1 cm 
?0 cm 

176 
?4 . 0 

V..S9 
? .04 

0 . 5 9 4 

6 . 7 3 
0 . 9 5 ? 
0 . 3 3 5 
0.07(58 

0 . 0 7 4 5 

1 . 0 0 1 
0 . 1 1 7 
0 . 0 3 ? 

O.Of-Q 

3 . 1 1 

1 96 
? 5 . 

9. 
7 

1 
54 
?7 

0 . 6 5 9 

7 . 1 8 
I . 0 6 
0 . 3 7 
o.or<5 

0 , 0 8 1 ° 

1 . 140 
n j i j 
0 . 0 3 6 

n.o7 t^P 

3 . 9 ? 
O. 317 

?09 
? 8 . 5 
1 0 . 1 

0 . 6 86 

a. oo 
1 .13 
0 . 3 9 
0 . 0 9 1 

o.omo 

1 . 0 9 
0 . 1 ?7 
0 . 0 3 6 

0 . 01 r, ? 

0 . 7 8 4 
o . n f i 9 r 

2 1 0 
?4 

8 . 0 
1 . 7 

0 . 5 9 0 . 9 9 

- 0 . 0 1 b 0 . 5 4 

0 . 9 0 

8 . 0 1 . . 19 1 . 0 7 
0 . . 95 1 . . 00 0 , . 9 0 
0 . 311' 0 , .93 0 . .84 
0 . . 0 7 ^ 0 . .01 0 . , 0?. 

0 . 4 7 

0 . . 7 4 0 . . 74 0 . 6 5 
0 . , 0 7 5 b 0 . . 61 0 . 5 6 
0 . . 01 7 »3 0 . .53 0 . 4 7 

• x . 0 . 0 l 5 h 0.?"< 0 . ? 0 

0 . 7 3 0 . 2 1 0 . 1 9 
• . .O.n6 r ib Q.?? 0 . 1 9 

0 . 8 6 

1 . 0 0 
0 . 8 4 
0 . 7 9 
0 . 7 7 

0 . 4 9 

0 . 6 8 
0 . 5 9 
0 . 1 9 

0 . 9 9 

0 . 9 3 
0 . 9 1 

a V a l u e s shown a r e t h o s e o b t a i n e d i rn»i t h r PTB c a l i b r a t i o n s w h o r e a p p l i c a b l e o r f r o m o u r 
e x t r a p o l a t i o n c h a m b e r m e a s u r e m e n t s . 

^ Dose r a t e s d e t e r m i n e d u s i n g e x t r a p o l a t e d v a l u e s b a s e d on t h e r e s p o n s e o f a p a n c a k e p r o b e ( s e e 
t e x t ) . 



Beta re.}dings of the RO-7 instrument (unshielded minus shielded readings) must 
be multiplied by the beta factor which varies dppDnr!ing in the beta enPrgy. 
Unfortunately, the beta energy ( E ^ ) is not often known. If an average beta 
factor of 1.5 is used for tissue in air, the corrected values w^uld be between 
t?0", for b?ta energies of 0.6 HeV to ?.0 Mev, For beta energies of <fi.f Me'/ 
the corrected reading would be low, significantly if verv-low-?nergy betas are 
being measured. I explain how to d. ,:prmire the beta energy using thp RO-7 
instrument elsewhere in this paper. 

The 7 .,->g/cnf- window causes the curve to gc to zero at -.70 keV where complete 
absorption of betas '70 keV occurs in the window material. But the dead layer 
or 'ir. also stops all betas with energies <70 keV, so this drop in response 
is correct for health physics purposes. The beta factor curve for the RO-7 
instrument is shown as the dashed line in Fig. ?. This curve indicates that for 
beta energies of >140 keV a single value for the beta factor of 1.5 could be 
used and the evaluted dose would be very close to the +20« usually required of 
field survey results. Low readings would be obtained at beta energies of less 
than U 0 keV and would require a beta energy determination to evaluate them 
properly. 

I!t. Evaluation of Beta Energy (E^y) and 
Spectral Tvoe Using Survey Instruments 

Thp use of simple survey instruments for hpta-e^ergy analysis is complicated by 
large differences that exist in the beta spectra shapes. These spectral shapes 
ar? nFten complex and change continuously as the betas are absnrhpd in air. 
Changes are also caused by absorbing material between the source and the 
detector. Onp may frequently encounter a combination of hpta energies, either 
from multiple emissions from a single isotope or from several isotopes in the 
sarapl" being evaluated. There may also be iroroenergetic conversion electrons 
present in the sample or low-energy X rays which are absorbed in a similar 
fashion to betas. 

Obviously, a complete analysis of complex beta spectra cannot oe performed using 
only survey instrument.!. We present two methods which will give the approximate 
E m a x of t ,e beta ei gy responsible for the most significant portion of the 
beta dose. Either chnique should give adequate information about the beta 
spectra to provide necessary guidance for the health physics evaluation of the 
exposure. We discuss first the more complex beta-energy analysis technique since 
the simple method is based on approximations of the complex technique. The 
complex technique can also determine the average energy (E a„g), estimate the 
shape of the beta spectrum and determine if multiple betas are present. In many 
cases, the energy of the higher-energy betas can also be determined. Beta 
spectra information can be obtained from sources, swipes, or pieces of contami­
nated equipment, and the technique is simple enough to be used at many field 
locations. 



Theory 

If simple survey instruments are going to be used to determine the beta energy, 
the most reasonable approach would be to make absorption studies, but limit them 
to as few absorbers as possible. When an absorber is placed over the probe of 
the instrument, the reading is reduced, and this lower reading, for a specific 
absorber thickness, is a function of the beta energy. A single absorber does 
not adequately cover the entire energy region of interest (normally considered 
from i-lOO k«_-V to 4.0 MeV). In this study, we required that the change in the 
instrument reading be easily detectable and yet remain high enough to allow 
reasonable counting times or readings. We established these limits to be between 
10 and 90» of the original instrument reading to beta. No single absorber 
thickness can meet this requirement because thin f i l ters that would reduce the 
count rate of low-energy betas by about 90% would have less than a 10» effect 
for beta energies of 0.7 HeV and above. A thick chsorber that would reduce the 
instrument response of 3.0 MeV betas by 1 OS would have greater than a 90" 
reduction for betas <0.4 MeV. Therefore, to cover the entire beta-energy 
range, at least two thicknesses of absorbers would be required and, for better 
resolution of the beta energies, three absorber thicknesses are desired and were 
used in this study. 

Bleuler and Zunti have published absorption curves for the determination of beta 
energies (B146). Our f i rs t approach was to use their results and develop a curve 
from them that would apply to each of the three absorber thicknesses. When these 
curves were used to determine l m M from a number of beta sources, we found 
sometimes that the results were completely different than the known beta energy. 
The poor results were found to be associated with the shape of the beta spectra. 
The curves of Bleuler and Zunti were based on measurements made from beta sources 
which had typical beta spectrum (see the Type 1 source curve later in this 
report) and many of the sources we were using had different spectra shapes. 

Mantel published the calculated beta spectra shape for 59 beta emitters (Ma72). 
The absorption curve obtained from each spectrum depends upon i ts shape. We 
calculated the absorption curve for many of the spectre given by Mantel. When 
the shapes of the absorption curves were compared, significant differences were 
apparent. 

I f analysis of Em a x is to be based on absorption measurements (using the three 
f i l t e r thicknesses we chose earl ier), the absorption curves have to be similar. 
Based on the shapes of the absorption curves obtained above, we divided the beta 
spectra given by Mantel into four spectra types. These spectra types are shown 
in Fig. 3. 

Type 1 is the spectral shape usually associated with betas. However, many 
isotopes have spectra shapes shown as Types 2, 3 and 4. The Type 3 spectra are 
from isotopes which emit several betas with different E n i a x and these composite 
spectra frequently have an exponential shape. (The branching ratio is also 
important in determining spectra shape.) Type 4 spectra are from isotopes having 
two (or possibly more) major :ieta energies that are greatly different. The curve 
shown as Type 4 in Fig. 3 r, a composite of two well-defined spectra nf Type 1. 
The Type 4 spectra and isotcpes with intense line spectra from internal con­
version electrons are the most d i f f icul t to evaluate accurately. 
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Fig. 3 The beta spectra were divided into four soectra types. The variation 
within a type is also shown. 



Few beta spectra look exactly like the ones labeled as types 1 through 4 and we 
show the variation that occurs within each spectra. There is obviously an 
overlap region between types; for example, curves F and G are \ery nearly the 
same. By using the analysis technique we describe, the spectra type obtained 
for spectra that have shapes in this region could be identified as either Type 1 
or Type ? depending on the variations in count rate or instrument reading 
recorded for that source. 

The Type 4 sources shown as Q, R and S are sources having two major beta energies 
being emitted by a single isotope or from two isotopes in a decay chain such as 
^Sr and 9 0 Y. They can be combinations of any of the other spectra types, 
for example, curve Q appears to be a Type ?. source on top of a Type 1 source and 
curve S appears to be a Type 3 on top of a Type 1 source. Another kind of the 
Type 4 source category are those si.cwn in curves T, U and V, where there is only 
one predominant beta. Using the technique described later, these spectra would 
be analyzed as having only the one predominant energy and therefore, the energy 
obtained experimentally may be different than the published E m a x . A review of 
the branching ratio should be made i f the energy obtained does not agree with 
the expected energy based on the published E m a x . The information on Em3_v 
obtained using this report, however, is appropriate for personnel exposures where 
the Em a x of the predominant beta is usually desired. Later, we describe how 
to determine the F f f l a x of spectra similar to curves Q, R and S. 

Absorption curves were calculated for many of the spectra given by Mantel for 
the heta spectra of Types 1 through 4. A comparison of shapes of the absorption 
curves in the f i r s t decade shows that most of the Type 2 spectra are essentially 
straight lines, but the Type 1 and 3 spectra are curved with the Type 1 curves 
above and the Type 3 below the straight line curves of Type 1. 

The Tvpe 4 sources have absorption curves which have inflections in the curves 
and are obviously from two (or more) betas. The curves have a definite bend at 
the point where the f i rs t beta is absorbed. The absorption curves calculated 
for all the isotopes are different and we decided to use a typical or average 
curve for each source type. In Fig. 4 we show the average absorption curves 
used for the f i r s t three spectral types. These curves were used to develop 
additional curves, shown later, which were used to obtain the beta energy. The 
use of average curves wil l result in an error in the Em a x evaluated for a 
specific beta depending upon how well the actual and average curves compare. 
This error is apparently small based on the gcod experimental results we 
obtained. 

Experimental Method 

Instruments 

To cover a wide range of dose rates, we used the Eberline Instrument Corporation 
Model RO-7 survey instrument and the Eberline Model E-120, GM equipped with the 
HP-210 pancake probe. Both had thin probe windows and were readily available to 
us at Lawrence Livermore National Laboratory (LLNL) (Fig. 5). The probe of the 
RO-7 has a window thicknessoof 7 mq/cm2 and the window of the pancake probe 
varies from 1.5 to 2.0 mg/cin .̂ The pancake probe was used with the protective 
screen wire ovtr the probe face. The pancake Drobe is a GM instrument and the 
RO-7 is an ionization instrument. 
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Fig. 4 Typical or averaged curves for each spectra type. These curves were 
used to develop other curves which are used to determine the beta energy and 
spectral type of a source. 

The dose rate ranges of the instruments are considerably different with the RO-7 
range being from 100 mR to 200 R/h while the pancake probe reads full scale at 
T-50 mR/h. Corrections must be made for dead time losses in the scaler results 
from the pancake probe, unless the dose rates are low <1.0mr/h, (we made 
corrections to all of our scaler results). 

Absorbers 
The absorbers we used to distinguish between betas and gamma rays consisted of 
acrylic (Lucite). We used the ^1 cm thick Lucite "beta f i l te r " shown in Fig. 
5 provided by Eberline with the RO-7 instrument. The pancake probe was used with 
two 0.48 cm-thick disks with an 8.8 cm radius (the o.d. of the probe housing), 
giving us a nominal 1-cm thick beta f i l t e r equivalent to the RO-7 beta f i l t e r . 
This thickness of Lucite should stop all betas with E n a x <?.0 HeV and 
greatly reduce the number of higher-energy betas. The readings of the instru­
ments without the Lucite f i l te rs was assumed to be beta plus gamma and the 
filtered readings were the gamma readings. 



Fig. 5 Eberline HP-210 pancake probe and the Eberline R07BH. The Lucite beta 
shields are on the ldft and the aluminum asorhers are on the right. 

To determine the beta energies, aluminum absorbers of three thicknesses were 
prepared for both instruments (Fig, 5). The absorbers for the pancake probe 
were mounted on aluminum rings 0.5-cm thick. The o.d. of the ring is 8.8 cm 
(o.d. of the probe housing) and the i.<K is 5.4 cm (0.2 cm larger than the window 
opening of the probe housing). Aluminum sheets (series 1100) of 6.42, 33.4 and 
277 mg/crn̂  were glued to these rings. The absorbers were always used with the 
aluminum sheets at contact with the probe housing. 

The RO-7 absorbers were mounted on three 0.56-mm thick aluminum rings with an 
o.d. of 3.S cm (o.d. of the probe housing) and an i.d. of 2.85 cm (%0.2 cm 
larger than the opening in the housing for the probe). The rings had three tabs 
which were bent to hold the ring and absorber to the RO-7. Aluminum sheets of 
the same thickness used above were glued on the probe side of the rings. 

Procedure 

To determine the beta energy and spectral type of a source, five measurements of 
the dose rate or counting rates are required. These readings are made with the 
bare probe, Lucite-covered probe, and with each of the three aluminum absorbers. 
All readings must be made at the same source-to-detector distance and should 
have reasonably good counting statistics. Counting times wit,", the pancake probe 
depend upon the source strength. The RO-7 dose rates were read off the display. 
At low-dose rates, the digital display is limited to one significant figure and 
we found that making small changes in the source-to-probe distance and obtaining 
several sets of data '.-/as helpful. Each set oF data was evaluated and we used an 
average value for E r a a x . 



The dose or count rates obtained with the bare and lucite-covered probes are used 
to determine the beta component of the dose by subtracting the shielded probe 
reading from the bare probe reading. The assumption is made that the bare probe 
correctly reads the beta- and gamma-dose rate and the Lucite-shielded probe 
correctly reads the gamma-dose rate. This assumption ignores the gamma 
absorption in the Lucite, the small component of high-energy beta that penetrates 
the 1-cm thick beta shield, secondary electrons produced by gamma interactions 
in the source or in the air, geometry factors caused by the Lucite shield and 
possibly other variables. All of these factors are usually small and this 
assumption is adequate for f ield work. 

I 

The X- and gamma-ray component of the instrument readings must be removed f i r s t 
by subtracting the reading of the Lucite-covered probe from each of the other 
readings. Then, the ratio (or relative readings) of the beta readings with each 
aluminum absorber and the readings without absorber is determined. This is done 
by dividing the beta reading of the instrument with the aluminum absorbers by 
the beta reading of the instrument without absorber. The relative readings for 
each of the three absorbers is then plotted on the solid lines in Fig. 6 which 
was derived from the curves shown in Fig. 4. 

If the source is a Type 1 source, the points plotted or\ the solid lines in Fig. 
6 will be at the same beta energy. ( I f the relative reading is >Q.% or 
<0.05, that piece of data is probably not useful and does not need to be 
plotted.) If the data points do not give the same energy on the solid line, the 
source is not a Type 1 source. Then, in order to determine the type source, the 
points are plotted on the dashed curve for Type 2 sources and the dot/dash curve 
f i r Type 3 sources. The type of line on which the data points give the same 
energy (align vertically) is the type of source being evaluated and the energy 
where alignment occurs is the E ^ of the predominant beta in the spectrum. 

In some cases, the data aligned reasonably well on two of these three curves. 
This means the source spectra is between the types indicated and the E m a x is 
also between the two values of E m a x obtained on the figures. Usually, 
additional reading or counting times wi l l give data which wi l l favor one type of 
spectra over the other. 

I f the spectra is a Type 4 source, alignment will not occur. The results with 
the thin absorber indicate a low energy and the medium and thick absorbers 
indicate progressively higher energies. The fact that this is a Type 4 source 
can be useful in health physics work. One can use this technique to evaluate 
the higher energy component of Type 4 sources by removing the lower energy 
component with an appropriate absorbor, (see complete text for details, HA82c). 
The energy of the beta determined with the additional absorber wi l l be slightly 
less than the original beta energy and a correction for this may be designed. 
(Again see complete text.) 

When using Fig. 6 care is required to assure that the correct curves for each 
spectral type ire being used. I t is easy to get confused and use a combination 
of curves; for example, plot the data from the thin absorber on a Type 2 line 
and the medium absorber on a Type 1 l ine. 
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Fig. 6 Curves used to determine the energy and spectral type of beta sources 
from the decrease in instrument reading (relative instrument reading) caused by 
each of three absorber thicknesses. The beta energy and type is obtained when 
the relative instrument readings for each absorber thickness indicate the same 
energy (align vertically) on lines for one of the spectral types. Type 1 is 
symbolized by a solid line; Type 2 by a dashed l ine; and Type 3 by a dot/dash 
l ine. 



Discussion 

The results obtained with numerous sources of all four types (see HA82c) indicate 
that the known and evaluated source types and energies agree reasonably well and 
are adequate for health physics work. In most cases where differences were 
found, they could be explained by source shielding or other factors. 

The sources which have no beta, with one exception (<^Bi), g a ve readings with 
the thick absorber which were less than the count rate of the instrument with 
the Lucite shield. Only ?35(j gave a similar negative reading among the beta 
sources. The negative reading is caused by their being very few betas or 
electrons compared to the abundance of X rays and low-energy gammas and the thick 
aluminum absorber being a more efficient absorber of X- and gamma-rays than the 
1-cm thick Lucite. When negative readings with the thick aluminum absorber are 
obtained, the beta dose is low compared to X- and gamma-ray dose and wil l not 
contribute significantly to the health physics exposure problems with the source. 
The , ( ^Bi source has high energy electrons and does not align as a beta source. 
This is because the electrons are monoenergetic or line sources and therefore 
have a unique curve which drops rapidly beyond a fa i r ly well-defined absorber 
thickness. 

Field Surveys Using a Single Absorber 

One goal of our study was to develop a technique where a single absorber thick­
ness could be used to evaluate the exposure problems caused by beta particles in 
health physics f ie ld work. What is needed is an estimate of the beta energy 
which can be used to evaluate the effectiveness of clothing for shielding and 
determine the type of personnel dosimetry that is required. 

The curves on Fig. 5 indicate that the only absorber that would cover the entir? 
energy range is the medium-thickness absorber. Unfortunately the three curves 
(one for each source type) for the medium absorber are appreciably separated at 
low energies and are spread further apart at higher energies which limits the 
accuracy that could be obtained using a single f i l t e r . 

We selected ? 25X and 75% criterion which we fel t could be determined in the 
f ield without having to use a calculator. A decrease in reading of 25% or less 
would indicate high-energy betas and a drop of 75% or greater (<25% remaining) 
would indicate low-energy betas. From Fig. 5 the energies at 25% (which 
correspond to the 75% decrease) are 0.43, 0.60, and 0.82 MeV for Types 1, 2 and 
3, respectively. We selected an approximate value of 0.5 MeV which gives more 
weight to the more frequently encountered Type 1 sources. At the higher 
energies, a 25% drop corresponds to energies of 1.25, 1.9 and 3.5 MeV for the 
Type 1, 2 and 3 sources. We selected an approximate value of 1.5 MeV, again 
giving more weight to the Type 1 sources. 

The f ield procedure consists of three dose-rate readings: (1) the bare probe, 
(2) the beta (Lucite) shielded probe and (3) the medium absorber reading. The 
reading with the beta shield (x and gaimia rays) is subtracted from both the bare 
probe reading to obtain the beta dose rate and from the reading with the 
absorber. The beta dose rate and dose rate with absorber are compared and the 



amount of decrease caused by the absorber is determined. If i t is small '25% 
the beta energy is high ani is assumed to be ;1.5 MeV. If the decrease is 
large, W555, the beta energies are low -0.5 MeV. Readings between ?5 and 
75% would indicate beta energies between 0.5 and 1.5 MeV. 

If experience in the f ield indicates that the beta spectra are mostly of a given 
type, the energies used in this evaluation can be changed to give values in l ire 
with the actual spectra being encountered. This may be necessary in some cases 
since many f ield spectra are composites and would fa l l into the Type 2 or 3 
spectra category. 

The single-absorber method indicates beta energies from sources having low energy 
X rays even i f no betas or electrons are present (see for example the 241/\m 

results). For health physics purposes, this is not a serious problem since the 
X rays are being absorbed at the same rates as the beta particles and would 
present the same type of exposure problems. 

Analysis of the beta energy using the single-filter technique gives a good 
estimate of the actual energy for the sourc3S. However, i ts accuracy in a f ie ld 
location would depend upon the particular isotope or combination of several 
isotopes being evaluated, as well as the errors usually associated with f ield 
work. The technique is easy to use and a health physics technician making f ie ld 
surveys should be able to obtain the information necessary to evaluate 
protective clothing and personnel dosimetry requirements. 
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