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INSTRUMENTATION AND ASSAY PROCEDURES FOR 
VERIFICATION OF THE RADIONUCLIDE CONTENT OF 

LOW-LEVEL WASTE PACKAGES 

S!J.1MARY 

The preferred embodiment of waste package assay instrl.lTlentation for veri
fication of the radionuclide content is a high resolution germanium diode 
gamma-ray spectrometer incorporated in a segmented gamma scanner and a passive 
neutron interrogation system for measurement of the neutrons emitted spontane
ously from a waste package. The selection criteria and rationale for this 
choice are discussed. Assembly and operation procedures for the instrumenta
tion are recommended, and methods for data acquisition and reduction are given. 
The choice of radioisotopes for fabrication of calibration standards is 60co 
at ..r 10 mCi/m3, 90sr at ..r 10 mCi/m3, 134cs at ..r 14 mCi/m3, 137cs at ..r 15 mCi/m3, 

and transuranic alpha activity at ..r 10 nCi/g. Suggested matrix materials are 
given. 

BACKGROUND 

The objective of this research program was to organize, apply, and develop 
as required, instrumentation for assaying the radionuclide content of waste 
packages received by land burial operators, both to verify the data provided 
by the generator/shipper and to provide the most accurate records possible of 
buried materials. Furthermore, the waste classification requirements imposed 
under 10 CFR 61 demand additional assurance that specific radioisotope con
centrations are known to be within certain limits. The technology to assay 
waste packages within these confines is not currently in routine use by gen
erators/shippers. The effects of 10 CFR 61 on nuclear power plant operation 
were documented in the EPRI report NP-2734 which found that "meeting the waste 
identification needs of 10 CFR 61 will require a significant analytic effort 
beyond present plant practice." 

In order to alleviate any potential crisis among waste generators/shippers 
and in order to clarify the overall procedures which may be used by licensees 
to determine the presence and concentrations of the radionuclides listed in 
10 CFR 61.55, the NRC Low-Level Waste Licensing Branch has prepared technical 
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position papers on waste classification and waste form. The NRC considers 
reasonable accuracy for determining measured or inferred radionuclide con
centrations to be plus or minus an order of magnitude. They further recognize 
at least four basic methods which may be used individually or in combination 
to determine these concentrations: 1) materials accountability, 2) classifi
cation by source, 3) gross radioactivity measurements, and 4) direct measure
ment of individual radionuclides. 

Obviously, it would be ideal if all radionuclides listed in 10 CFR 61 
could be analyzed simultaneously, quantitatively, and nondestructively in a 
sealed waste package. Just as obviously, that is not possible. Hence, it is 
advisable that all those radionuclides which can be quantitatively analyzed, 
be determined to the maximum practical accuracy in order that those radionuclide 

concentrations which are to be inferred from the measured ones have a greater 
probability of remaining within the guidelines for overall uncertainty. 

An accurate inventory of the radionuclide content of a disposal site will 
provide a use!able source term for modeling efforts attempting to predict the 
effectiveness of confinement or the magnitude of potential releases. 

WASTE PACKAGE PARAMETERS 

Unquestionably, the most important aspect of radioactive waste disposal 
by land buria.l is the ability to confine the wastes until they have decayed to 
innocuous levels. Proper operation of a land disposal site with respect to 
long-term management can be generally defined as the efficient interment of 
radioactive wastes in a manner such that hazardous quantities of radionuclides 
never enter the biosphere under normal climatic conditions or from predictable 
catastrophic events. This means that the combination of engineered barriers 
and geological containment should be adequate to confine the wastes for periods 
of time far beyond the anticipated operation and maintenance period of a dis
posal site. Through proper choice of waste form, matrix material, waste pack
age, trench construction, and terrestrial geology, such confinement can proba
b 1 y be ass ured • 

Low-level waste disposal activities at DOE sites are not as well docu

mented as those at commercial disposal sites. Consequently, information on 
waste packages, matrices, and radionuclide concentrations used in this report 
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were obtained from readily available data to be found in DOE Low Level Waste 
Management Pr·ogram sponsored surveys of commercial activities. The relative 
radionuclide concentrations and disposal considerations are similar for both 
defense and c:ommerci al waste. The waste packages and matrices, however, are 
not as well defined at defense sites as they are at commercial sites, and in 
order to makE! maximllll use of the assay procedures and instrumentation described 
in this repor·t, defense sites would have to adopt more uniform packaging pro
cedures. 

Based on data reported in the Massachusetts Low-Level Radioactive Waste 
Management Survey, DOE/LLW-19T, approximately 50% by volt.ane of the low-level 
waste being 9enerated today is shipped in 4• x 4• x a• plywood boxes (or simi
lar container·s including 4• x 4• x 7• plywood boxes, steel boxes, fiberglass 
boxes, designated WIPP containers, etc.), approximately 33% in 55 gallon drt.ans, 
and approximately a% in 30 gallon drums with the balance being in containers 
designated 11 0ther. 11 Precision waste package assay instrt.anentation should not 
be expected to accept all conceivable waste package geometries. Standardiza
tion of waste packages would facilitate assay, provide additional barriers to 
mobilization and migration of the wastes, and aid in stabilization of the dis
posal site. Waste package assay instrumentation development has been con
centrated on the 4• x 4• x a• boxes and the steel drums, and generators should 
make efforts to package all wastes in one of these three configurations. 

The choice of a waste form or matrix material is not as clear cut as the 
choice of the package itself. According to the Massachusetts Survey, no single 
waste form or matrix material comprised a significant fraction of the total. 
In fact, the majority of waste forms or matrix materials are not even identifi
able. Some improvements in waste form standardization will result from the 
requirements of 10 CFR 61 and the NRC Technical Position on Waste Form. The 
NRC also recommends a process control program to assure the consistent solidi
fication of liquid waste and provides requirements in the NRC Standard Review 
Plan 11.4, 11Solid Waste Management Systems, .. (NUREG-OaOO) and its accompanying 
Branch Technical Position ETJB 11-3, 11 0esign Guidance for Solid Waste Manage
ment Systems Installed in Light-Water-Cooled Nuclear Power Reactor Plants ... 
Consistent use of a minimum number of matrix materials would simplify the assay 
process and result in more accurate determinations of radionuclide concentra
tions. 
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RADIOISOTOPES 

In order to make reasonable predictions of management potentials, it will 
be necessary to know the concentrations and total activities of the radionu
clides present in the waste package. Again, however, it is expedient to con
sider only those radionuclides which present a long-term potential hazard. 
Relatively short-lived nuclides or those which represent minimal biological 
hazard can realistically be presumed to be containable for periods of time 
sufficient to render them innocuous. Radionuclides with half-lives less than 
five years are 1 umped together into a single category in 10 CFR 61 whi 1 e 3H, 
14c, 59Ni, 60co, 63Ni, 90sr, 94Nb, 99Tc, 129I, 137cs, and transuranics are 
classified individually. 

The Massachusetts Survey indicates that greater than 99% of the activity 
in shipped low-level waste is comprised of 3H, 14c, 55fe, 60co, 90sr, 134cs, 
137cs, and transuranics, and the 1981 State-by-State Assessment of Low-Level 
Radioactive Wastes Shipped to Commercial Disposal Sites, DOE/LLW-15T, lists 
the typical radionuclides contained in low-level wastes as 3H, 14c, 5lcr, 54Mn, 
58c0 , 60c0 , 65zn, 125I, 131r, 134cs, 137cs, 192rr, and 23Bu. In addition to 
these nuclides, 93Mo has also been identified as a radioisotope having poten

tial impact on the management of a low-level waste disposal site. 

It is prudent to eliminate those isotopes from the above lists having 
half-lives less than one year in considering qualifications and requirements 
for assay instrumentation. Of the remaining radionuclides, 3H, 14c, 55fe, 
59Ni, 63Ni, and 99Tc are not at this time measurable nondestructively in a 
sealed waste package, and 93Mo, 94Nb, and 1291 would be only marginally mea
surable under ideal conditions. These would include the absence of any other 
photon emitting radioisotopes -- a condition which is not likely to occur. 
Consequently, the only measurable radionuclides of interest are 60co, 90sr, 
134cs, 137cs, and transuranics, and the assay instrumentation should be 
designed specifically to measure these isotopes. The other long-lived activ
ities will have to be determined by inference or by one of the other accept
able methods outlined in the NRC technical position paper. 
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INSTRUMENTATION 

The selection criteria for instrumentation have been defined in the preced
ing section, and can be summarized by saying that the system need be capable 
of measuring only 60co, 90sr, 134cs, 137cs, and transuranics. Of these, 60co, 
134cs, and 13:7cs all emit monoenergetic high energy photons which can be mea
sured accurately with a high resolution germanilJTl diode gamma-ray spectrometer 
even in the presence of large quantities of other gamma-ray emitting radio
nuclides. Strontium-90 and its equilibrium daughter product, 90y, are both 
pure beta emitters and as such would not normally be considered measurable by 
gamma-ray spectrometry. However, the high energy beta particles emit copious 
quantities of Bremsstrahlung radiation during deceleration in the matrix mate

rial, and this Bremsstrahlung radiation can be detected with a germanium diode 
gamma-ray spectrometer. Due to the nature of the formation and use of 90sr, 
when present in waste it is normally a major component which facilitates quan
titative analysis. Data reduction for 90sr assay will be discussed in more 

detail in the following section. 

The four nuclides, 60co, 90sr, 134cs, and 137cs, should be measured with 

a high resolution germanium diode gamma-ray spectrometer. There is no partic
ular preference with regard to style, make, or type, but the preferred embodi

ment should be in a device commonly known as a segmented gamma scanner (SGS). 
The assembly and operation of this type of system incorporates a turntable 
that rotates the waste package through 360° relative to the germanium diode 
while transversely scanning the waste package by either moving the turntable 
or the diode. Normally, rotational/translational rate ratios are such that 
11 Segments 11 on the order of a few centimeters thick are scanned, and the resul
tant spectra are summed to provide an 11 average 11 spectrum representing the entire 
waste package. This procedure is reasonably successful in compensating for 
inhomogeneous distributions and variations in the matrix density. Although no 
commercial instruments are currently available designed specifically for mea
surement of nuclides which can demonstrate compliance with 10 CFR 61, modifica
tions to the software used with a system such as the Canberra Model 2220B could 
provide assay capability for high energy photon emitting fission product con
centrations. Much more extensive modifications to the software system could 
also provide quantitative 90sr concentration determinations, and the addition 
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of a passive neutron detection system to the hardware, as well as additional 
data reduction capability, would be required in order to provide simultaneous 
quantitative assay of transuranic concentrations. 

The selection criteria for measurement of transuranics are not as clear 
cut. First, transuranics include a broad spectrum of radioactive decays with
out any single feature in common. Only a few emit relatively high energy gamma
rays, and most of these are very low yield. Most decay by alpha particle emis
sion accompanied by the corresponding x-rays, but neither of these radiations 
can be measured nondestructively from a typical sealed waste package. In fact, 
the only radiations from transuranics which are unequivocally measurable in 
the presence of other typical radionuclides are the neutrons emitted from fis
sion or from (a,n) interactions in light isotopes present in the matrix mate

rial. These neutron emissions are commonly categorized passive (those emitted 
spontaneously by the waste) or active (those emitted following interrogation 
of the waste with pulsed neutron or photon sources). 

Active neutron interrogation techniques measure either the prompt or delay
ed fission neutrons or the beta delayed neutrons from fission products follow
ing induced fission. These techniques normally only measure fissile transuran
ics (235u, 239pu, and 24lpu) and are commonly applied only to contact hand
leable wastes(l-8), although application of the technique to high gamma activ
ity wastes has been investigated(9). 

Passive neutron interrogation techniques, on the other hand, are capable 
of measuring all transuranics except 235u with adequate sensitivity and will 
work on both contact handleable and high gamma activity wastes. Although sev
eral different embodiments of this technology have been reported (8,10-12), 
the general approach is to utilize neutron sensitive proportional counters, 
such as lOBF3 or 3He, to record the total spontaneous neutron emission rate of 
the package and compare that to known standards for quantitative determination 
of the transuranic concentrations in the unknown package. Since the passive 
techniques are sensitive to a wider spectrum of transuranic isotopes than the 
active techniques and since they are substantially less complex and less expens
ive than the active systems, the passive neutron TRU assay technology is recom
mended for low-1 evel waste assay instrumentation. The preferred embodiment 
would i ncorpo,rate the neutron counters with the SGS system recommended for 
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assaying the photon emitting nuclides. This could simply be an array of neu
tron counters around the rotating package to measure the neutron flux while 
the gamma-ray spectrum is being acquired. A drawing of such an instrument is 
shown in Figure 1. 

Although most of the SGS and TRU assay systems described in the literature 

are for application to waste barrels, at least one neutron detection system 
has been applied to 4• x 4• x a• crates(l3). It would be a relatively simple 
matter to include a scanning germani urn diode gamma-ray spectrometer in the 
crate counter for analysis of the photon emitting radioisotopes, and although 
the entire system would be unwieldly large, its function would be similar to 
the proposed system for barrel analysis. 

MEASUREMENTS AND CALIBRATIONS 

Prior to analysis of an unknown waste package, it wi 11 be necessary to 
have calibrated the instrumentation using standard waste packages fabricated 

with known concentrations of radioactivities homogeneously distributed through
out selected matrices. A small computer for data handling and reduction as 
well as storage of reference and calibration data will greatly facilitate high 
throughput and reduce analytical costs. Standards containing 60co, 134cs, and 

137cs in matrices with different densities, such as Dow modified vinyl ester 
binder and Portland cement, can be used to generate efficiency curves as a 
function of photon energy and matrix density. Analysis of an unknown waste 
package would begin by first identifying the gamma-ray emitting radioisotopes 
in the package based on the full energy photopeaks present in the spectrum. 
Next, the average matrix density of the unknown package would be determined on 
the basis of spectrum shape. Basically, the procedure involves comparison of 
the relative intensity of different photopeaks from the same radioisotope and 
matching these ratios to those observed in standards of known density. This 
procedure for determining matrix density is preferable to the use of a trans
mission source for two reasons: 1) the measured density will more accurately 
reflect the localized environment in the vicinity of the radioactivity in case 
of inhomogenieties and 2) a transmission source may suffer interferences from 
activities present in the waste. A previously published discussion(l4) of 
matrix effects on spectral shape demonstrates the wide range of sensitivity of 
this technique. Finally, the intensities of the full energy photopeaks in the 
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Figure 1. A Segmented Gamma Scanner Fit with Neutron Counters and 
Capable of Simultaneously Measuring Gamma-Ray Emitting 
Radionuclides, 90Sr, and Transuranics. 



unknown are compared to the efficiency curve at the corresponding matrix dens
ity in order to determine the concentration of all gamma-ray emitting radio
isotopes identified in the waste package. 

Next, the 90sr concentration in the unknown waste package is determined 
with the aid of computer data reduction techniques which yield the absolute 
intensity of the Bremsstrahlung radiation. Basically, the procedure involves 
first identifying and quantifying the gamma-ray emitting isotopes present in 
the spectrum based on their full energy photo peaks and then 11 stripping out 11 

each component utilizing an intensity normalized reference library spectrum 
leaving only 90sr Bremsstrahlung radiation as the residual component. The 
90sr concentration is then determined by comparison to a library reference 
spectrum on tlhe basis of intensity. The entire process requires acquisition 
of the net reference library of spectra from isotopically pure standards in 

various matrices so that their shape duplicates the corresponding component in 
the unknown spectrum, gain normalizing all spectra so that the photon energies 
in the unknown and reference spectra coincide, and intensity normalization so 
that subtract·ion of the various components is quantitative. The details of 
this data handling process are discussed elsewhere(l5) and will not be re
peated here. 

Analysis of the transuranic content of unknown barrels is also accomplished 
by comparison to standards. The effects of matrix changes are much more severe 
in the case of neutron emissions since not only density but also moderation 
capability, high cross section neutron absorbing materials, and high neutron 
yield 1 i ght isotopes such as fluorine have a profound effect on the neutron 
flux emitted by a waste package having a given transuranic isotope concentra
tion. In addition, neutrons are emitted from both (a,n) interactions and spon
taneous fission, and different mixtures of transurani cs could yield identical 
neutron fluxes. Unfortunately, many of the matrix effects which impact the 
neutron yield are not determinable by nondestructive techniques. Although 
some sophisticated data acquisition and reduction techniques are being devel
oped(12) which can locate inhomogenieties in transuranic isotope distribu
tions, determine moderation and/or absorption qualities of the matrix, and 
independently quantify many transuranic isotope concentrations regardless of 
matrix effects, it will probably be most time and cost effective to compare 
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neutron count rates in the unknown sample and the standard on a worst-possible
case basis. This would provide a general screening of all barrels and a go/no
go decision r·egarding disposal could be made. Any waste packages which could 
conceivably contain more than 100 nCi/g of transuranic activities could then 
be withheld for more detailed analysis or designated potential transuranic 

waste. 

STANDARDS 

In order to provide complete calibration capabilities for all low-level 
waste package assay instrumentation, it will be necessary to prepare standards 
in all conceivable package configurations, in a wide variety of matrix densi
ties, and for each of the radioisotopes identifiable in the unknown packages. 
Practically speaking, packages should be confined to 30 and 55 gallon drums 

and 4' x 4' x 8' boxes, and a few different matrices such as Dow modified vinyl 
ester binder and Portland cement should suffice. 

Five 55 gallon drums have been filled with a single radioisotope homogene
ously distributed throughout Dow modified vinyl ester binder using Dow Chemical 
Company proprietary procedures. The filled drums are used as standards and 
are available for instrument calibration. The author should be contacted to 
make arrangements for borrowing them or for nonproprietary details of the fabri
cation process. Concentrations are approximately 10 mCi/m3 for 60co, 10 mCi/m3 
for 90sr, 14 mCi/m3 for 134cs, 15 mCi/m3 for 137cs, and 10 nCi/g for trans
uranic alpha activity. 
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