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Abstract

A very quantitative, destructive assay procedure was devised for accurately measuring the 32P activity content of

TiNi-encapsulated intravascular brachytherapy sources and was applied to four di�erent sources (termed `seeds')
which were developed and provided by Guidant Intravascular Intervention (formerly NeoCardia). These seeds are
intended for use in the prophylactic treatment of restenosis following balloon angioplasty in heart-disease patients.
The assays involved the dissolution of the TiNi jacket, extraction of the activity from the internal 32P-containing

source material, quantitative solution transfers, and a gravimetrically-based dilution; followed by liquid scintillation
(LS) spectrometry of the resulting master solution with 3H-standard e�ciency tracing using composition-matched
LS cocktails. The LS spectrometry utilized a previously-developed method for resolving the always-present 33P

impurity. The protocol included provisions for accounting for all possible losses of 32P in the digestion procedure
(based on radiochemical tracing experiments), for any unrecovered activity in the remaining source material, and for
any residual activity in the solution-transfer and containing vessels. Sections of the TiNi jackets adjacent to the cut-

o� active seed portions were also assayed for any contained activity. Such destructive assays were required for
relating measurements of the absorbed dose spatial distribution for the seeds to theoretic dose modelling and for
establishing calibration factors for subsequent non-destructive radionuclidic measurements on the seeds. Published
by Elsevier Science Ltd.

1. Introductory considerations

1.1. On the use of intravascular brachytherapy sources
for the prophylactic treatment of restenosis

Heart diseases are the leading causes of both mor-
bidity and mortality in the western world. Based on
1994 estimates by the American Heart Association,

nearly 60 million Americans alone have one or more
of its forms, of which coronary-artery disease causes
nearly a half-million deaths per year and is the single
leading cause of death in the US today (AHA, 1997).

This cardiovascular disease is caused by athero-
sclerotic narrowing (or stenosis) of the heart's arteries,

which is likely to produce angina pectoris, heart

attack, or both. Balloon angioplasty is one invasive

procedure that is used for widening the coronary

arteries. As a result, approximately 400,000 angioplas-

ties are now performed annually in the US. However,

one third or more of patients undergoing angioplasty

procedures have restenosis, or renewed narrowing, of

the widened artery within six months of the treatment

and restenosed arteries may then have to undergo yet

another angioplasty procedure. Restenosis is believed

to occur because of reclosing of the artery by scar-tis-

sue formation during the post-angioplasty healing pro-

cess. Restenosis may also occur after coronary-artery-

bypass graft operations. This type of heart surgery is

done to `bypass', or reroute blood around clogged

arteries to improve the supply of oxygenated blood to

the heart. In this case, the stenosis might occur in the

blood-vessel segments that were transplanted and
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grafted. As for other stenosed arteries, they may have

to undergo angioplasty or atherectomy to reopen
them.

Extensive research is currently underway to investi-
gate ways to prevent restenosis. In addition to the pla-
cement of coronary stents (expandable supports that

are placed inside arteries that restenose repeatedly) in
conjunction with angioplasty, recent preclinical studies

indicate that radiation doses in the range of 10 to
30 Gy through the temporal placement of intravascular
brachytherapy sources may substantially reduce the

rate of occurrence of restenosis. Inasmuch as the US
societal cost of restenosis has been estimated to be

between 800 million and two billion dollars per year
(CIRMS, 1998), there is a tremendous ongoing e�ort
within the cardiology and radiation oncology commu-

nities to more fully research the use of intravascular
brachytherapy sources for the prophylactic treatment

of restenosis.
Several high-energy beta emitters have been pro-

posed as suitable candidate radionuclides for such
intravascular brachytherapy sources (Coursey et al.,
1994, 1998). For example, Guidant Vascular

Intervention (Houston, TX), formerly NeoCardia, has
developed and has been investigating the use of a

TiNi-encapsulated 32P source (Lott, 1997). The
National Institute of Standards and Technology
(NIST), in collaboration with Guidant, has performed

the necessary radiochromic-®lm dosimetry (Soares,
1997) and Monte-Carlo-calculational dose modelling

(Seltzer, 1997) to establish dose pro®les. At the same
time, NIST initiated e�orts to perform destructive
radionuclidic assays that could be used to relate the
32P activity content of the Guidant source to these
measured and calculated absorbed dose spatial distri-
butions. This paper describes the results of that latter

work.

1.2. On the importance and need for destructive,

radionuclidic assays of the sources

The importance of these radionuclidic assays is illus-

trated in the schematic of Fig. 1. The need for accurate
determinations of the activity content of brachytherapy
sources by destructive (chemically-digestive), analytical
methods may be considered from at least ®ve perspec-

tives.
Firstly, the activity content of the sources must be

known in order to unequivocally relate measurements

and calculations of the absorbed dose spatial distri-
butions. These dose determinations are critical for
evaluating the e�cacy of the radiation-induced preven-

tion of restenosis and for the meaningful interpretation
of results from various preclinical studies and clinical
trials. Uniform and consistently-determined dose pro-
®les are particularly important since the restenosis

Fig. 1. Illustration of the central role of the destructive radionuclidic assay in providing the necessary link for unequivocally relat-

ing absorbed dose spatial distributions from dosimetry to those obtained from dose modelling calculations and for providing cali-

bration factors for subsequent non-destructive activity measurements by relative measurement methods. Refer to the text for

additional considerations on the importance and need for these assays.
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treatments may use a variety of radionuclides and dif-
fering dose delivery systems.

Secondly, the activity contained within a source nor-
mally must be determined after the source is manufac-
tured since it is usually exceedingly di�cult (if not

impossible) to quantitatively fabricate sealed sources
with known quantities of starting activity. The small-
scale dimensions of intravascular brachytherapy

sources and their need to be chemically inert within
the human body, only exacerbate the di�culties.
Thirdly, relative activity measurements, e.g. with re-

entrant ionization-chamber-based instruments (often
described in the medical community by the misnomer
`dose calibrators'), cannot be performed in the absence
of pre-determined calibration factors (like a dose cali-

brator `dial setting') for the instruments. Such cali-
bration factors can only be established by relating the
instrument's relative response to some previously

known activity determination for the source.
Fourthly, sealed sources of single-transition, pure b-

emitting nuclides like 32P have no distinctive, external,

radiative signatures (e.g. monoenergetic g rays) or co-
incident transitions which precludes use of measure-
ment techniques like g-ray spectrometry or more

exacting coincidence measurement methods. Hence, the
radionuclidic content of these sources must be assayed
by destructive means.
Lastly, one cannot ignore the legal and commercial

considerations. Governmental regulatory authorities,
be they agencies concerned with the licensing of the
use of radioactive materials (like the US Nuclear

Regulatory Commission) or those concerned with the
e�cacious use of medical devices (like the US Food
and Drug Administration's Center for Devices and

Radiological Health), normally require that manufac-
turers and users of sealed sources have knowledge of
their activity content. Furthermore, for equity-in-trade
purposes, the high cost of su�ciently-pure radioactive

materials that are used to prepare the sources and the
vast potential market for the use of these sources in
the global medical marketplace dictates that they have

activity contents that are based on accurate and inter-
nationally-compatible measurements.
As shown by the interrelationships of Fig. 1, the

destructive assays, performed and described herein,
served as the necessary link for relating the dose
measurements and calculations and for providing cali-

bration factors for subsequent activity determinations
by relative non-destructive measurement methods.

1.3. On the decay and radionuclidic assay of 32P

The nuclide 32P, with a half-life of

T32=14.26220.014 d, decays by pure b-emission to
the ground state of 32S by an allowed transition
(J p=1+40+) having a well-known b-spectrum maxi-

mum endpoint energy of Eb(max)=1710.320.6 keV

and a number-weighted mean energy of
Eb(mean)=694.920.3 keV (ENSDF, 1997).
Determinations of the activity for nuclides that decay

by pure b-emission to the ground state of their daugh-
ters are amongst the more di�cult within the realm of
radionuclidic metrology. The di�culty arises because

their emitted b particles in many counting conditions
are easily absorbed in counting sources (and thereby

require large scattering and absorption-loss correc-
tions) and from the absence of any g rays and other
coincident transitions (which, as noted above, pre-

cludes the use of standardization techniques like g-ray
spectrometry or primary b±g coincidence methods). In
the past decade, considerable progress has been made

in applying liquid scintillation (LS) spectrometry to the
assay of such radionuclides through 4p detection of

the b particles. The overall LS detection e�ciency for
high-energy b emitters like 32P is very high and
approaches nearly 100% for moderately quenched LS

cocktails.
Most commercial supplies of 32P invariably contain

a longer-lived (T33=25.3420.12 d) impurity of 33P.
The impurity ratio I, for the 32P-to-33P activities, is
typically of the order of IR0.008 for relatively fresh

supplies that have not undergone substantial decay.
With the passage of time t, the initial I increases by a
growth factor of exp[(l32ÿl33)t] where l32=(ln 2)/T32

and l33=(ln 2)/T33 are the respective decay constants
for 32P and 33P. As a result, assays of 32P normally

require an independent or corollary determination of
this increasingly attendant impurity.
This impurity determination is somewhat di�cult in

that 33P is also a pure b emitter having, as previously
noted, no other distinctive signature (e.g. g rays)
and because their two decay constants (or half-lifes)

di�er by less than a factor of two. Furthermore, the
usually less abundant 33P impurity has a substantially

lower maximum b endpoint energy
[Eb(max)=248.521.5 keV] compared to that for 32P so
that its b spectrum is largely buried underneath the

dominant 32P spectrum. The b spectra for 32P and 33P,
plotted on logarithmic energy axes, are shown in Fig. 2.

In common practice, these two components are
resolved by following the counting rate of a source as
a function of time and ®tting the background-corrected

net rate to a function consisting of the sum of the two
32P and 33P exponentially-decaying terms to extract (as
®tted parameters) the 32P and 33P activities. Resolution

of the two components is di�cult because they have
very comparable half-lifes. It becomes an even more

di�cult task when the impurity ratio I is less than a
few percent. In this case, one must perform the
measurements over relatively long decay-time intervals

to e�ect an adequate resolution of the two com-
ponents. An additional complication may arise if the
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respective detection e�ciencies of the two components

vary with time.
One approach for the resolution and assay of such

33P/32P mixtures by LS spectrometry, over a wide var-
iety of conditions, has been described in detail by

ColleÂ (1997a). This earlier work demonstrated the uti-
lity of using a simple linearizing transform for graphi-
cally judging the quality of the available measurement

data and of critically evaluating how well the com-
ponents are resolved.

2. Experimental considerations

2.1. On the TiNi-encapsulated Guidant seeds

Four seeds were submitted to NIST by Guidant for
assay. The upper part of Table 1 summarizes the

source descriptions, to the extent that their proprietary
composition can be disclosed. They consisted of a 32P-
containing source material that was encapsulated in a

thin-cladded, tubular jacket (of nominal 0.46 mm o.d.)
of a TiNi alloy, whose ends had inserted TiNi wires.
One end of the tube was sealed by a hemispherical
weld of a nominal 1-mm long TiNi wire plug to the

TiNi tube. The other end was a long multi-meter wire
that would normally be used for insertion into suitable
artery catheters. Fig. 3 illustrates the source con®gur-

ation.
As noted in Table 1, three of the sources had an in-

ternal source length of 27 mm, which comprised the
32P-containing `active' portion of the wires. The fourth
(identi®ed as #5) was an earlier prototype which had
an `active' portion of 3 mm. These `active' portions

were located roughly 1 mm from the ends of the long

wires. Sections of the long wires containing the `active'

portions were ultimately cut o� to varying lengths

(Table 1) for the subsequent chemical digestion. Short

lengths of the wires adjacent to the `active' portions

were also cut o� for assay.

Information on the internal structure and compo-

sition of the of the 32P-containing source material in

the four sources is proprietary, and cannot be dis-

closed. The digestion procedure (see below) was

devised, however, in consideration of this structure

and composition. The internal `active' portions of all

four were somewhat di�erent since the design and fab-

rication was still under development by Guidant.

Nevertheless, they had varying but relatable chemical

compositions and physical characteristics. One part of

this internal-source material was expected to be nearly

chemically impervious. As discussed later, these chemi-

cal and physical di�erences would become manifest in

the ease and degree to which the 32P activity could be

extracted from the source material in the digestion pro-

cedure.

The 32P activities for these sources, as reported by

Guidant (Table 1), were very preliminary in nature.

Part of this work, of course, was to provide the necess-

ary assay results which were then used to establish

suitable calibration factors. These, in turn, were used

for in-house quality control measurements and for pro-

viding reliable and accurate results for all subsequent

non-destructive 32P activity assays. Guidant's initial ac-

tivity values were based on two kinds of preliminary

calibrations (Lott, 1997). The ®rst was obtained from

relative ionization current measurements of the seeds

in an ionization-chamber-type `well counter' compared

Fig. 2. Theoretical b-particle spectra for 32P and 33P in terms of the probability P(E) of emission of a b particle of energy E (in

units of keV) as calculated by the EFFY4 code using the well-known Fermi distribution. The spectra are plotted on logarithmic

energy axes with normalizations such that the integral of P(E) over all E is unity.
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to a NIST 32P solution standard (within a 5-ml glass

ampoule) which was used in the absence of a 32P stan-
dard in a more suitable geometry. This calibration was
not expected, a priori, to necessarily be very reliable

because the instrument's response must be very di�er-
ent for the resulting bremsstrahlung spectra from these
two very di�erent source geometries. The second cali-

bration was obtained by LS measurements on a very
aged seed that had been placed directly into an LS
cocktail for counting. Such measurements could not be
performed until the source had su�ciently decayed to

a level that was within a counting-rate range that
could be handled by the LS spectrometer (less than a
few thousand counts per second). The 32P activity of

this aged source, which was used to determine a new
calibration factor for the well counter, was then
obtained from calculations of the 32P b spectrum that

exited the source's TiNi jacket, from estimates of the
overall LS detection e�ciency for these degraded b
particles and from a huge 32P decay correction.

Activity measurements of the sources as obtained with
these two preliminary calibrations were noted to result
in di�erences of approximately 30%. Neither cali-
bration was initially considered to be more reliable

than the other.

2.2. On the protocol for the chemical digestion, and the

basis for the radionuclidic assay

The overall protocol for the chemical digestion and

radionuclidic assay is outlined in the schematic of
Fig. 4. In general terms, the scheme may be viewed as
consisting of the following sequential steps: (i) follow-

ing all earlier non-destructive measurements (e.g. do-

simetry, photonic-emission-spectrometry impurity

analyses and relative ionization-chamber-based activity

assessments), the `active' portion of the long TiNi wire

was cut o�; (ii) the seed's jacket was dissolved to

expose the internal 32P-containing source material; (iii)

the 32P activity was extracted from the source material

by repetitive solution transfers to a master solution;

(iv) the master solution was appropriately diluted and

assayed by LS spectrometry and (v) the residual ac-

tivity in the remaining part of the extracted source ma-

terial, along with the apparatus used to e�ect the

solution transfers, was also assayed by LS spec-

trometry and was used to correct the master solution

assay. A similar set of steps were performed on the

adjacent section of the TiNi wire.

The nature of the internal source material precluded

®nding any single solvent that could completely digest

the entire seed while ensuring the quantitative retention

of 32P in solution. The task would have been decidedly

easier had such a `magic' solvent existed! The reason-

ing for the ultimately-chosen digestive solvents may

prove to be instructive. The relevant questions, of

course, involved: how should one dissolve the seed's

TiNi jacket?; how should one extract the activity from

the internal source which contained a nearly chemi-

cally-impervious component?; what will be the fate of

the extracted activity during these chemical treatments?

and how does one insure that the process will be quan-

titative in accounting for all of the activity contained

in the seed? Additional concerns were that any result-

ing diluted solution had to be stable for the extracted

Fig. 3. Schematic of the Guidant 27-mm TiNi-encapsulated 32P intravascular brachytherapy sources. The chemical and physical

composition of the internal 32P source material is proprietary and cannot be disclosed.
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32P and that this solution had to be compatible in

forming adequate LS cocktails.

The answer to the ®rst question presented an im-

mediate dilemma. Titanium steels and alloys retain
almost all of the dissolution properties of Ti metal

itself (Landis and Kaye, 1971). It is very resistive and

largely unreactive to all common alkalies, mineral
acids (except HF), gases, salts and even liquid metals.

It initially reacts with most non-oxidizing acids (HCl,

H2SO4, etc.), but then often forms an insoluble oxide
layer of TiO2 that prohibits further dissolution

(Barksdale, 1953). Even the use of strong oxidizing

acids (like concentrated hot HNO3 or HCl±HNO3

aqua regia) tends to form an oxide layer and fails to

dissolve the metal. Any Ti alloy in bulk may therefore

not dissolve in most oxidizing or non-oxidizing acids
(except HF) or even in combination (like aqua regia)

under usual conditions. Titanium alloys, like TiNi, in

non-bulk form may dissolve in non-oxidizing acids like
HCl, but the usual way is under vigorous boiling (and

agitation) in a re¯ux condenser and over very long

time intervals. For example, it has been reported
(Landis and Kaye, 1971) that a 100-mg sample of pul-

verized Ti steel in 200 ml of 6 mol lÿ1 HCl required

over 90 h of vigorous boiling to achieve dissolution
(and about 0.2% of the sample remained as undis-

solved solids). It may also be noted that any type of

re¯ux-condenser arrangement would also require more

than heroic e�orts to keep the seed-dissolution process
quantitative on a radiochemical basis. Titanium and its

alloys can however be readily dissolved in HF, which

is about the only non-oxidizing acid that is known to
always reliably work. Exceptions to this include more

exotic stu� like HBF4 and other ¯uoroboric acids

(Barksdale, 1953). The dilemma occurs because use of
HF (or any other non-oxidizing acid like HCl or

H2SO4) can create serious problems for the retention

of 32P since their use may result in the formation and
release of the volatile and exceedingly poisonous, phos-

phine (PH3) gas (Cotton and Wilkinson, 1966). In fact,

phosphorus is often separated from solutions by the
use of HCl to form PH3, which is removed by sweep-

ing with an inert gas stream like Ar (Landis and Kaye,

1971). Stable 32P solutions require an oxidizing med-

ium (like HNO3), which, as noted, is unlikely to dis-
solve the TiNi alloy, and an excess of PO4

ÿ3 ions. In

Fig. 4. Illustration of the overall protocol used for the chemical digestion and radionuclidic assay of Guidant 32P brachytherapy

sources.
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short, HF (as a non-oxidizing acid) is best for dissol-

ving TiNi, but worst for possible 32P losses.
Let's now consider the next questions, which are

concerned with the internal source-material portion of

the seed. Based on its known composition, it was evi-
dent that a principal physical part of its internal struc-

ture was not likely to be dissolved by any usual
solvent. At least not any inorganic solvent or any or-
ganic solvent that would possibly survive in the pre-

sence of the acid needed to dissolve the TiNi jacket.
Yet, it seemed likely that the 32P activity in its known
chemical and physical form might be adequately

extracted from this physical, chemically-impervious
part by exchange with a HNO3 solution. Furthermore,

it seemed that if the seed were immersed in a HNO3

bath prior to the addition of HF to dissolve the TiNi
jacket, then one could lessen (or obviate) any loss of

activity by using a large excess of PO4
ÿ3 ions in the

HNO3 bath.
Further re¯ection on the remaining questions as to

how to insure that the procedure was quantitative lead
directly to the scheme laid out in Fig. 4, which was

designed to utilize a minimum of solution vessels and
transfer tools (all of which could be subsequently
examined for residual activity). Ultimately, to verify

the quantitative retention of 32P by this scheme, radio-
chemical tracing experiments were performed on each
of the individual operations shown in Fig. 4.

The adopted method then consisted of initially
immersing the cut-o� seed in a small-volume (nominal

5 to 10 ml) bath of a dilute 1.5 mol lÿ1 HNO3 solution
which had a large excess of inactive PO4

3ÿ carrier ions
(240 to 400 mg PO4

3ÿ per g of solution). The bath and

seed were contained inside a conventional 22-ml, high-
density polyethylene LS vial (which was used for later,

direct evaluations of any residual activity). The TiNi
jacket was subsequently dissolved by adding a few
tenth's of a ml of concentrated HF (nominal 30 mol

lÿ1) to the bath. As noted, dissolution of the TiNi
required the use of HF, but could not be directly used
because of the possibility of losing 32P by the for-

mation and release of PH3. Hence, the HNO3/PO4
3ÿ

bath was used to insure retention of the 32P in sol-

ution. The TiNi dissolution in the HNO3/PO4
3ÿ/HF

bath was usually complete within 6 or more hours. In
several trials, the resulting solution (containing the dis-

solved jacket) initially appeared to have traces of an
insoluble black-¯aky particulate matter that had been
previously observed to have formed on the surface of

the TiNi during the dissolution process. These undis-
solved solids invariably disappeared after the passage

of another 12 to 24 h, particularly if heat was applied.
Excess HF was removed in some trials by gentle heat-
ing (less than 708C) over the course of another several

hours. The removal of excess HF was done only in
those cases where very small dilutions of the master

solution were made. Even traces of HF in LS cocktails

are known to have very deleterious e�ects on the per-
formance of commercially-available scintillation ¯uids
(scintillants).

Following the TiNi-jacket dissolution and possible
removal of excess HF, the 32P that was still contained

in the residual source material was brought into sol-
ution by exchange with the HNO3/PO4

3ÿ bath. This
step was e�ected by a repetitive sequence of carefully-

executed quantitative solution transfers and rinses
(using an aspirating polyethylene pycnometer) that
were typically performed over the course of many

days. After each of these transfers, the bath was
replenished with fresh HNO3/PO4

3ÿ carrier solution.

Periodic ultrasonic agitation over these periods was
employed to accelerate the exchange. The ultrasonic
agitation was used very intermittently, and lasted for

only periods of 1 or 2 h to avoid excessive ultrasonic
heating of the bath. Typically, several such short agita-
tions (followed by bath cooling periods) were per-

formed between each solution transfer and rinse. The
e�ectiveness of the exchange removal of 32P during

these operations was highly dependent on the internal
composition of the source materials, and was logically
consistent with the known, but varying composition of

each of the four sources. The variations were dramatic
in the sense that nearly complete removal of the 32P
was achieved in one of the sources (#5) over only a

three-day digestion period, whereas source P-97-15-2
required over a 50-day e�ort. Many of these timing

details are summarized in Table 1. The progress of the
exchange removal was monitored in all cases by mak-
ing relative bremsstrahlung-emission measurements of

the bath (after replenishments) with a thin-windowed
NaI(Tl) ratemeter. Fig. 5 demonstrates the temporally-
dependent removal of the activity from one of the

more easily extractable seeds (P-96-32-3) as obtained
from these relative measurements.

All of the transfers and rinses from these steps were
added to a relatively large-volume (nominally from less
than 100 up to 2000 ml), very dilute 0.005 to 0.01 mol

lÿ1 H3PO4 master solution whose total diluted mass
was gravimetrically determined. This solution was then
assayed by e�ciency-tracing LS spectrometry (see

Section 2.3).
Any residual activity in the remaining solid portion

of the source material was also evaluated by LS spec-
trometry. This was e�ected by adding scintillant to the
original LS vial (in which all of the previous oper-

ations were performed) and counting it to perform the
assay. Similarly, the solution transfer and rinse tools

were also evaluated. In this case, the sole solution-
transfer instrument (the transfer pycnometer) was ®lled
with the scintillation ¯uid and placed inside another

LS vial. This second LS vial was one that had been
used as an intermediate vessel that held the carrier sol-
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ution for ®lling the pycnometer for replenishment of
the bath. Additional scintillant was then added to ®ll

the vial and this vial was also assayed. This approach
of directly assaying all of the component parts and
tools, of necessity, could account for the total 32P ac-
tivity originally contained in the original cut-o� seed.

Using a virtually identical sequence of steps, various
cut-o� lengths of the originally submitted sources adja-
cent to the active seed portions (see Table 1) were also

digested and assayed for any contained activity.

2.3. On the LS e�ciency-tracing methodology

The resultant large-volume master solution and var-
ious residual-activity vials were then assayed for 32P

and 33P by an e�ciency-tracing 4pb LS spectrometric
method that is somewhat routine for this laboratory
(ColleÂ , 1997a). It is based on well-established pro-
cedures for the assay of gravimetrically-determined ali-

quots of solutions containing b-emitting radionuclides
(ColleÂ and Zimmerman, 1996a,b, 1997; ColleÂ , 1997b,
1998; Zimmerman and ColleÂ , 1997a,b,c).

For a given LS cocktail formed with an aliquant of
mass m of a 33P/32P solution in some suitable scintil-
lant, the total number of counts Ci detected in a count-

ing interval T can be given by

Ci=mT � A32�0�E32 exp�ÿl32ti �

� A33�0�E33 exp�ÿl33ti � � Bi=T �1�

where A32(0) and A33(0) are the massic activities of 32P

and 33P in solution (activity per unit mass of solution)
at some ti=0 reference time, respectively; E32 and E33
are the respective 4pb LS detection e�ciencies (at time
ti if they are temporally dependent); l32 and l33 are the
32P and 33P decay constants, respectively, and Bi/T is
the estimation of the background counting rate for a

composition-matched blank cocktail at time ti. The
symbolic notation used here follows that given in the
more detailed treatment of ColleÂ (1997a). In the assay

of the residual-activity vials, the mass m is irrelevant
and A32(0) and A33(0) in Eq. (1) then represent the total
activities in the vials. The counting intervals T are

always 1/l32>>T<<1/l33. The E32 and E33 e�ciencies are
evaluated by e�ciency tracing with composition-
matched 3H-standard cocktails using the CIEMAT/

NIST methodology (outlined below). Therefore, the
background-corrected counting rate Ri=(CiÿBi)/mT at
time ti at the midpoint of the counting interval T is
just

Ri � A32�0�E32 exp�ÿl32ti � � A33�0�E33 exp�ÿl33ti � �2�

which is easily transformed into a linear form:

Y � A32�0� � XA33�0� �3�

with Y= Ri/E32 exp(ÿl32ti) and X= [E33 exp(ÿl33ti)]/
[E32 exp(ÿl32ti)]. With su�cient (Ri, ti) counting data
pairs, A32(0) and A33(0) could be obtained as constant

parameters by ®tting the (Ri, ti) data to the functional
form of Eq. (2). The linearized equation (Eq. (3)), in
which the intercept of Y at X = 0 is equal to the 32P

Fig. 5. Normalized results of relative bremsstrahlung-emission measurements for seed P-96-32-3 (as obtained with a NaI(Tl) rate-

meter) after sequential bath replenishments (following each solution transfer). Values of the so-called `exposure rate' r were normal-

ized to the initial reading rinit to give a removal fraction (1ÿ r/rinit) as a function of the digestion time tdigest (in units of days). The

curve illustrates typical data that was used to monitor the extraction of activity out of the residual source material. Neither the

number and duration of ultrasonic agitations, nor the number of solution transfers and rinses between each reading were constant.

R. ColleÂ / Applied Radiation and Isotopes 50 (1999) 811±833 819



activity A32(0) and the slope dY/dX is equal to the 33P
activity A33(0), was used as a powerful graphical tool

for examining the quality of the input (Ri, ti) measure-
ment data and the quality of the resolution (ColleÂ ,
1997a).

The acronym CIEMAT/NIST refers to the two lab-
oratories that collaborated in developing the employed
LS spectrometry tracing methodology, viz. the Centro

de Investigaciones Energeticas, Medioambientales y
Technologicas (CIEMAT) and NIST. Features of the
method have been described in numerous publications

by the CIEMAT/NIST originators (Grau Malonda
and Garcia-Torano, 1982; Coursey et al., 1985, 1986,
1989, 1991). The references that follow are given to
direct the reader to some of the method's most import-

ant aspects as employed for this work. Speci®c details
on the method's practical application, as it is presently
invoked in this laboratory, are given by ColleÂ and

Zimmerman (1996a,b, 1997) and Zimmerman and
ColleÂ (1997a,b,c). They (ColleÂ and Zimmerman, 1996b,
1997) have also nicely summarized and given an over-

view of the calculational protocol. This protocol
employs various updated and revised versions of the
CIEMAT-developed EFFY code (Garcia-Torano and

Grau Malonda, 1985; Grau Malonda et al., 1985;
Garcia-Torano, 1993) to determine the detection e�-
ciencies for cocktails of the traced radionuclide (under
known and varying quench conditions) by following

the experimentally-determined e�ciencies for closely-
matched cocktails of 3H. Tritium (3H) is recommended
to serve as the matched (in terms of cocktail compo-

sition and quenching) standard since extrapolations to
the lower-energy portions of the b spectra are more
sensitive than that obtained with higher-energy b-emit-

ting standards like 14C (Coursey et al., 1986, 1989).
The importance of cocktail matching between the stan-
dard cocktails and those of the traced radionuclide has
been treated by ColleÂ (1997c). Similarly, the need to

understand the cocktail-composition systematics, such
as the e�ects of the aqueous mass fraction (ColleÂ and
Zimmerman, 1996a,b) or ionic loading (as it a�ects

cocktail stability and what has been termed cocktail
`tractability'), is critical (ColleÂ , 1998). Zimmerman and
ColleÂ (1997a), ColleÂ (1997c) and ColleÂ and

Zimmerman (1997) have also identi®ed and addressed
some of the critical underlying assumptions regarding
the method's applicability. They too (ColleÂ and

Zimmerman, 1996b) have developed and presented a
detailed uncertainty model for the CIEMAT/NIST
method's measurement process.

2.4. On the LS cocktail preparations, LS spectrometers
and measurements

The routine gravimetric, source-preparation pro-
cedures used in our laboratory as they apply to the

preparation of LS counting sources (such as those pre-

pared for this work), as well as estimations of their as-
sociated uncertainties, have been treated at length
previously (ColleÂ , 1995; ColleÂ et al., 1995; ColleÂ and

Kishore, 1997). Mass determinations for the aliquants
have relative standard uncertainties of about20.05%
(refer to Taylor and Kuyatt (1994) for internationally-

accepted de®nitions of the uncertainty terms). The LS
counting sources were prepared in all cases with a di-

isopropylnapthalene (DIPN)-based, `ready-to-use',
commercially-prepared scintillant (namely, `Ultima
Gold AB' (Packard Instrument Co., Meriden, CT))

and were contained in 22-ml, high-density polyethylene
vials with polymerized-urea screw caps. The total cock-
tail mass was always kept constant at 10 g to within

about 0.01 g (refer to Zimmerman and ColleÂ , 1997c)
for cocktail volume (mass) e�ects).

The 3H-standard cocktails used for the 32P and 33P
e�ciency tracing were prepared with aliquants of care-
fully-prepared gravimetric dilutions of a NIST 3H (tri-

tiated-water) standard (NIST, 1991). E�ciency
variations for the tracing were achieved by either using

varying aliquant sizes (and hence variable aqueous
mass fraction and quenching) or by the use of a 10%
solution of CH3NO2 in ethanol as an imposed quench-

ing agent. The 3H cocktails were in all cases compo-
sition matched to the 33P/32P cocktails by the addition
of proportionate amounts of the blank carrier sol-

utions that were used to prepare the 33P/32P master
solution.

Measurements on the prepared cocktails were mainly
performed with one of our two LS spectrometers,
namely the NIST `system B'. A few measurements

were also performed with our `system P'. The principal
operating characteristics of the two spectrometers have
been outlined previously (ColleÂ and Kishore, 1997;

ColleÂ and Zimmerman, 1997). Descriptions of these
operating characteristics, their respective performance

and use within this laboratory for various radionucli-
dic calibrations are available (ColleÂ , 1993, 1995, 1997b;
ColleÂ and Thomas, 1993; ColleÂ et al., 1995; ColleÂ and

Zimmerman, 1996b, 1997; ColleÂ and Kishore, 1997).
Use of the two spectrometers on the identical set of
cocktails provides the bene®t of being able to verify

that the e�ciency tracing (and hence the accuracy of
the assay) is indeed instrument independent. The two

instruments have some similar and some substantially
di�erent operating characteristics and have decidedly
di�erent detection thresholds (refer particularly to

ColleÂ et al. (1994)).
The quench indicating parameter (QIP) used to

account for small quenching di�erences between the
matched 3H-standard and 33P/32P cocktails was an
instrument-derived Horrocks number H for the `system

B' spectrometer and a `transformed spectral index of
the external standard' (tSIE) for `system P'. The calcu-
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lated QIP-adjusted 32P and 33P e�ciencies, E32 and E33,
as obtained from tracing with the experimentally-deter-
mined 3H e�ciencies were obtained with the EFFY4
code (Garcia-Torano, 1993). Table 1 includes the

nuclear data (ENSDF, 1997) for the Eb(max) values
that were as input for the EFFY4-code calculations, as

well as the half-lifes that were used for decay correc-
tions. Fig. 6 shows the slight dependence of the E32 and
E33 e�ciencies as a function of the 3H e�ciency.
Each master-solution assay typically used more

than one set of prepared cocktails which were
measured over periods of weeks (see Table 1) to
adequately resolve the 33P and 32P components.

Typical LS measurement data and the analyses for
these assays has been presented in ColleÂ (1997a).

This paper, in its ®rst example, actually contains a
tabular summary of the experimental conditions for
the assay of the master solution that was obtained

from the digestion of seed P-96-32-3. It includes
complete speci®cations on: the number of cocktails

used; the cocktail masses, solution aliquant sizes and
aqueous mass fractions; the imposed quenching agent

(to vary e�ciencies); the e�ciency ranges for 3H, 32P
and 33P; the number of measurements on each cock-
tail; the cocktail `ages' at the measurement times; the

counting-time intervals and the time intervals over
which the measurements were made. The conditions

are very representative of those used for the assays
of the other three seeds.

Assay of the residual activity vials were based on
relative LS counting rate measurements (with compari-
sons made to cocktails prepared with the master sol-

ution) with corrections for e�ciency di�erences. The

LS detection e�ciencies for these vials were estimated

from 3H e�ciencies obtained with comparably-pre-

pared 3H-spiked blanks.

Fig. 6. EFFY4-code calculations for the 32P and 33P LS detec-

tion e�ciencies (E32 and E33) as a function of that for 3H over

the range of typical experimental 3H e�ciencies:

0.40RE3R0.50.

Table 2

Results of the tracing experiments to evaluate possible losses in the chemical digestion procedure. The fractional recovery is de®ned

as Q= Aafter/Abefore (see text). The cited uncertainty intervals correspond to standard uncertainties propagated from the LS

measurement precision and the uncertainties in the gravimetrically-determined mass normalizations

Experimental conditions for the procedural step tested Fractional recovery, Q

trial 1 trial 2 trial 3

Immerse seed in HNO3/PO4
3ÿ bath; add HF to dissolve

TiNi jacket; after 4 to 6 h

0.998420.0029 1.001320.0038 ±

Residual source material in HNO3/PO4
3ÿ/HF bath (TiNi

jacket dissolved); after 18 to 45 h

1.000620.0034 0.998920.0030 1.001620.0022

Heat uncovered bath in vial to 72238C for 5 h to remove

excess HF

1.000920.0032 0.998020.0053 ±

Transfer bath solution from vial with three rinses 0.997420.0031 ± ±

Ultrasonic agitation (with attendant warming) of

HNO3/PO4
3ÿ bath for 1.2 to 3.7 h

0.998520.0053 1.003020.0035 ±

Eight repetitive solution transfers (about twice per day)

over six days

0.997820.0045 ± ±

Repetitive ultrasonic agitations (two or three times per

day) over four to ®ve days with intermediate solution

transfers and rinses

0.998120.0035 0.998620.0056 0.997820.0033
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2.5. On the radiochemical tracing experiments used to
evaluate the digestion procedure

Each of the individual steps of the chemical pro-
cedure (outlined in Fig. 4) was independently evaluated

for possible 32P losses by radiochemical tracing exper-
iments. One or more trials were conducted for each
step listed in Table 2. The fractional recovery Q was

de®ned as Q = Aafter/Abefore where Abefore is the initial
activity in a test vial at the starting conditions of the
step to be evaluated and where Aafter is the total ac-

tivity remaining in the vial after the procedural step
was performed. The ratio of these activities could in
turn be related to mass-normalized relative LS count-
ing rate measurements on LS cocktails that contained

aliquants of Aafter and Abefore.
Two slightly varying approaches were used. In both

cases, test vials were prepared with solutions and

blank source materials that simulated the step's start-
ing conditions. Using a 32P/33P solution that had an
equivalent massic activity C (with an arbitrary 33P/32P

impurity ratio I), the test vials (having a total solution
mass M) were spiked with aliquants of mass madd so
that the initial activity in the vial was Abefore=Cmadd

with a massic activity of Abefore/(M+ madd) = Cmadd/
(M + madd). At the conclusion of the step's procedure,
multiple aliquants of mass ma were taken from the test
vial and added to LS cocktails for counting. To evalu-

ate C on a relative basis in terms of Abefore, another
set of composition-matched LS reference cocktails
were prepared using aliquants of mass mref from the
32P/33P spiking solution. The background-corrected LS
rates for the two sets are: Rafter=AafterE[ma/
(M + madd)] and Rref=CEmref where E is a common

LS detection e�ciency for the reasonably-matched
cocktails. With C= Rref/Emref, it follows that
Abefore=Rrefmadd/Emref and

Q � �Rafter=Rref���M�madd�=ma��mref=madd�: �4�

In the second approach, Abefore was evaluated di�er-

ently by taking multiple aliquants of mass mb from the
spiked test vial (prior to the procedural step) to form
yet another set of LS cocktails. In this case, the LS
rates are Rbefore=AbeforeEmb/(M + madd) and

Rafter=AafterEma/(M + maddÿmout) where mout is the
total mass of solution extracted (for the mb aliquants)
from the starting (M + madd) solution. In this second

case, Q was obtained from

Q � �Rafter=Rbefore��mb=ma���M�madd ÿmout�=�M

�madd��: �5�

In both approaches, the two sets of cocktails (typically
three to ®ve of each) were interspersed for counting
over relatively short time intervals (TR20 min) so that

the LS counting rate ratios Rafter/Rref or Rafter/Rbefore

were largely independent of the impurity ratio I in the

spiking solution. This conditional (of having each
Rafter measurement bracketed between measurements
of Rref or Rbefore, and vice versa, over short time inter-

vals) obviated the need for knowing (or determining) I
and the need for performing two-component decay
corrections.

3. Results and discussion

3.1. On the evaluation of possible 32P losses in the
chemical digestion procedure

The results of the radiochemical tracing experiments
which were used to validate the quantitative retention

of 32P during the chemical digestion procedure are
summarized in Table 2. All of the trial 1 results for
each tested step were derived from the Eq. (4)

approach, while those for trials 2 and 3 were obtained
from the Eq. (5) approach.
The fractional recovery Q in every case is wholly

consistent with virtually no losses (i.e., Q= 1) within

the measurement uncertainties for the tracing exper-
iment. The cited standard uncertainties in Q, derived
from the replication precision in determining either

Rafter/Rref or Rafter/Rbefore and estimates for the uncer-
tainty in the gravimetrically-determined mass normali-
zations, largely re¯ect the inherent within-sample and

between-sample variations in the LS measurements
that were used for these recovery experiments.
These ®ndings not only veri®ed the quantitative

nature of the devised digestion procedure, but could
also be used to establish realistic uncertainty estimates
for possible activity losses during the chemical diges-
tion and solution transfers. These estimates were used

in the uncertainty assessment for the assay results
(Section 3.3).

3.2. On the LS spectrometry of intact, aged seeds

The very-aged, 3-mm seed #5 (see Table 1) was

examined directly by LS spectrometry (in its intact
form) prior to its digestion. This was done largely out
of mere intellectual curiosity and insofar as it served as
the basis for one of the preliminary Guidant calibra-

tions (see above).
For this examination, the seed was immersed into

the scintillant and supported in a vertical, upright pos-

ition in the near center of the LS vial using a loosely-
wound, nichrome-wire stanchion. Neither the LS spec-
tral shape nor the counting rate was found to be pos-

ition sensitive. Relative LS counting rates for the seed
inside the stanchion and lying at the bottom of the LS
vial di�ered by less than 0.04%.
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Despite the source's large 33P internal content at the

time of measurement, the resultant LS spectrum for

the intact TiNi-encapsulated seed appeared to be that

for a pure 32P spectrum. The spectrum, shown in

Fig. 7(a), was obtained with the `system B' spec-

trometer which has logarithmic pulse ampli®cation so

that the di�erence between any two channels (c2ÿc1) is
proportional to the logarithmic energy ratio log(E2/

E1). The contrast with the spectrum obtained with this

seed's master solution (following the digestion) is dra-

matic. As seen in Fig. 7(b), the large 33P content in the

solution is evident. Based on the LS decay data and

resolution of the A32(0) and A33(0) components (from

Eq. (2)), the impurity ratio at the reference time was

I = 7.220.2, that is over seven times more 33P than
32P. This very large 33P content allowed a direct deter-

mination of the relative 33P and 32P activity com-

ponents by spectral stripping procedures, whose results

comported reasonably well (within26%) with that

obtained from the resolved decay data.

Fig. 7. Experimental LS spectra obtained with the NIST `system B' spectrometer for (a) the aged, intact TiNi-encapsulated seed #5

and (b) for the master solution obtained from the chemical digestion of seed #5. Both spectra have been normalized so that their

integral areas equal unity. Refer to the text for discussion.
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The e�ective LS detection e�ciency ELS for the

intact seed, obtained from the ratio of the apparent,

background-corrected, LS counting rate RLS and the

assayed 32P activity A32 (decay corrected to the RLS

measurement time), was ELS=RLS/A32=0.9420.08.

This high e�ciency was a very surprising ®nding since

there was no evidence to suggest that any of the 33P b
particles escaped from the TiNi seed, and since this

value was substantially greater than the number of 32P

b particles that could possibly emerge from the TiNi

jacket. Calculations by Seltzer (1997) con®rmed that

less than 0.1% of the 33P b particles and approxi-

mately 70% of those from the decay of 32P exited the

source. Fig. 8 compares a 32P b spectrum to the results

of Seltzer's calculation for the spectrum exiting from a

27-mm seed TiNi seed. Calculational results for a 3-

mm seed were essentially identical. Even calculations

of the production and emission of secondary electrons

(produced by stopped b particles in the TiNi) cannot

account for an e�ciency as high as ELS=0.9. The only

plausible explanation is that a substantial fraction of

the low-energy-bremsstrahlung photons (which are not

coincident with any emitted b particles that escape the

seed) are also being detected.

This unexpected ELS ®nding may account for the

apparent overestimation by Guidant for their reported
32P activities, which were derived by a preliminary cali-

bration based on this LS-measurement approach.

3.3. On the 32P and 33P-impurity radionuclidic assay
results

Table 3 contains the results for the 32P and 33P ac-
tivities in the four seeds, at their respective reference

times, as certi®ed by NIST. The results were primarily
derived from assays of the master solutions for the
digested seeds, but also included corrections for the

fraction of activity in the undigested portion of the
seed and for the fraction of residual activity in the
transfer tools. As noted in Table 3, the uncertainties in

both the 32P and 33P-impurity activities were consider-
ably variable and were highly dependent on the impur-
ity ratios at the assay times and on the residual
activity fractions. These issues will be addressed more

fully in Sections 3.4 and 3.5.

3.4. On other radionuclidic impurities

Impurity analyses for possible photon-emitting

impurities were performed on the originally-submitted,
undigested seeds P-96-32-3 and P-97-23-6 by high res-
olution g-ray spectrometry using high-purity germa-

nium (HPGe) detectors.
The ®rst of these seeds was extensively examined

over nearly a nine-day period and was found to have

an 124Sb impurity of 19.324.9 Bq as of a NIST
Report of Test reference time of 1200 EST 1
November 1996, which corresponded to an 124Sb/32P
impurity ratio of (6.121.5)10ÿ7. Decay corrections to

the earliest known Guidant reference time (which pre-
sumably was near the source preparation time) yielded

Fig. 8. Theoretical energy spectra (a) of b particles from 32P decay, normalized to
�
[P(E)/E] dE = 1; and (b) of laterally-escaping

electrons from a 27-mm TiNi-encapsulated 32P seed, normalized to one b particle. The former spectrum (a) was obtained by calcu-

lations with the EFFY4 code; the latter (b) was the result of calculations by Seltzer (1997). The horizontal bars in spectrum (b) are

the energy-bin widths used for the Monte Carlo calculations.
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an `initial' impurity ratio of 6�10ÿ8. ColleÂ (1997a,b,c)

recently noted that most commercial sources of 32P, in

addition to the 33P impurity, often contains 124Sb. Its

origin is inexplicable considering the likely irradiation

mechanisms and target materials used to prepare the
32P sources. The 124Sb/32P impurity ratio is generally

in the range of 10ÿ6 to 10ÿ8 for freshly-prepared 32P

supplies. Based on over a decade of g-ray spectrometry

results from this laboratory (Schima, 1996) with many

di�erent commercial source of 32P, it has been

observed that 124Sb is not only almost always detected,

but it is largely the only g-emitting impurity ever

observed.

A more cursory examination of seed P-97-23-6 failed

to detect any g-ray emitting impurities.

The energy-dependent upper limits for any other

unobserved g-rays in either seed were:

<8�10ÿ5 g sÿ1 per Bq of 32P

for energies 12 keVREgR88 keV,

<4�10ÿ5 g sÿ1 per Bq of 32P

for 96 keVREgR507 keV,

<2�10ÿ6 g sÿ1 per Bq of 32P

for 515 keVREgR1456 keV,

<6�10ÿ6 g sÿ1 per Bq of 32P

for energies 1465 keVREgR2250 keV,

at the reference times for the 32P activities given in

Table 3.
From the time-dependent LS data which was used

to resolve the 32P and 33P activity components (typi-

cally accumulated over many weeks), there was no evi-
dence to suspect the presence of any other pure b-
emitting impurity. Upper limits for any such impurity
could be established from the quality of the 32P and
33P ®tted resolutions. These upper limits range from
<0.2% for seed P-96-32-3, to <0.04% for P-97-15-2,
to <0.1% for seed P-97-23-6 where the percentages

are with respect to the 32P activity at the start time of
the LS measurements as given in Table 1. For pur-
poses of these calculations, it was assumed that the

hypothetical, unobserved, pure b-emitting impurity
had a LS detection e�ciency of 0.7 and that it had a
half-life T1/2 in the range 10 d < T1/2<400 d.

3.5. On the residual activity determinations

Determinations of the fraction fres of the
32P and 33P

activity that was not extracted, and that remained

unrecovered in the remaining portion of the digested
seed, were the most di�cult measurements that had to
be performed. Firstly, in order to perform the LS

measurements on these remaining portions, the activity
content had to be low enough for the LS counting rate
to be within a range that could be handled by the spec-

Table 3

Assay results for 32P and 33P on the four submitted sources

Source identi®cation #5 P-96-32-3a P-97-15-2 P-97-23-6

Reference timeb 1200 EST

1 December 1996

1200 EST

14 January 1997

1200 EST

22 August 1997

1200 EST

6 October 1997

Phosphorus-32 activity 1.004 kBq 874.5 kBq 1.211 MBq 14.15 MBq

Expanded uncertainty on 32P activityc 0.078 kBq 8.4 kBq 0.047 MBq 0.20 MBq

Phosphorus-33 activity 7.215 kBq 150.4 kBq 0.5003 MBq 1.567 Mbq

Expanded uncertainty on 33P activityc 0.121 kBq 6.5 kBq 0.0187 MBq 0.121 MBq
33P/32P activity ratio 7.186 0.1720 0.4131 0.1107

Expanded uncertainty on 33P/32P activity ratiod 0.219 0.0080 0.0183 0.0085

Fraction of total activity in adjacent TiNi

sectione
section not

available

22�10ÿ4f (622)10ÿ7 (823)10ÿ8

Fraction of total residual activity (unrecovered

from digestion and dilution) in seede
0.001720.0001 0.002120.0003 0.07520.009 0.009020.0053g

Fraction of total residual activity on toolse not detectablef 23�10ÿ5f (1.520.3)10ÿ5h (1.520.2)10ÿ4

Values certi®ed by NIST are in bold-face type.aThe values reported here di�er from those given on a previous NIST Report of

Test (NIST, 1997) because of decay corrections to the reference time for the dosimetry measurements.bThe reference times given

here are those for the LS measurements and regression.cFor a coverage factor of k = 2 which is assumed to correspond to an

uncertainty interval at a 95% con®dence level (see Tables 4 and 5).dFor a coverage factor of k = 2. The uncertainty in the 33P/32P

activity ratio can not be directly propagated from the uncertainties in the 32P and 33P activities because of measurement corre-

lations (see Table 6).eThe given uncertainty intervals are that for a k= 2 coverage factor.f E�orts were not made to determine this

value more precisely, and may be considered to be an upper bound.gThis value could have been determined more precisely (at later

times) with additional measurements after subsequent decay of the residual source to lower LS counting rates.hThis value may be

underestimated since the established procedure was modi®ed during the chemical digestion. Additional handling tools were

employed to extract and cut the solid portion of the seed into four pieces while it was contained in the dissolution vessel.
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trometer without either paralyzing the pulse electronics

or introducing impossible-to-correct deadtime errors.

One could, alternatively, delay the LS measurements

until the activity in the remaining portion decayed to

su�ciently low levels. Secondly, the LS detection e�-

ciencies for the 32P and 33P activities in the remaining

portion had to be estimated. The e�ciencies undoubt-

edly had to dwell somewhere between those for 32P

and 33P in solution (Fig. 6) and that found by spec-

trometry of the intact TiNi-encapsulated seed (above).

These determinations therefore were decidedly more

uncertain (as re¯ected in their assessed uncertainties)

than those for the assay of the master solution. The

e�ect of these uncertainties, as propagated, on the

uncertainties in the 32P and 33P assay results for the

entire seed depended of course on the magnitude of

fres.

As given in Table 3, fres for the four seeds ranged

from a few tenths of a percent to over 7%. These

values by themselves are deceptive in the sense that

they do not re¯ect the ease with which the activity was

extracted from the digested seeds. The digestions were

performed over widely varying time periods (Table 1)

and with vastly di�erent numbers of repetitions of the

solution transfers, rinses, bath replenishments, ultra-

sonic agitations, etc. As described in Section 2 and as

illustrated in Fig. 5, the progress of each digestion was

monitored so that the repetitive sequence of steps

could be continued until it appeared that fres had

reached an acceptable level.

Seed P-97-15-2 was by far the most troublesome and

its digestion required a modi®cation to the procedure.

After nearly two weeks of e�ort, less than 10% (i.e.

fres30.9) of the activity was extracted from the internal

Fig. 9. Reproduction of the image obtained with an SSP imaging sensor from a 1-min exposure with seed #5. The butter¯y-shaped

gray pattern shows the radiation ®eld emanating from and surrounding the seed; while the length of the small, central dark region

(as micrometered) corresponds to its 3-mm active portion.
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source material despite numerous ultrasonic agitation

periods on nearly a daily basis. On continuation, it

became apparent that the activity was being extracted

at a very slow rate, and seemed to be reaching an

asymptotically-approaching plateau of about 35%

( fres30.65). At this point, the remaining solid source

material was cut into four nearly-equally-length pieces

of about 7 mm each before continuing the extraction

procedure. Ultimately, after cutting the source and

after another two weeks of repetitive solution transfers,

over 90% was ®nally extracted. The residual 8%

( fres30.07520.009) was still too much activity for im-

mediate determination by LS spectrometry, so the

source had to be decayed (from counting rates of

about 106 to around 103 sÿ1). The di�culties encoun-

tered with this seed largely led to our understanding of

the relation between the composition of the internal
32P source material and the rate and ease of extracting

the activity from it.

The other three seeds were, by comparison, relatively
easy to extract. Yet, they too exhibited di�erences,

most of which were somewhat understandable because
of their known (but undisclosable) internal chemical
composition. In order, the removal rate was probably

fastest for the short seed #5, followed by P-97-23-6
and P-96-32-3. The larger fres and larger relative uncer-
tainty for seed P-97-23-6 were only a result of not

making greater e�orts to extract more of the activity
(over a longer period) or expending the extra e�ort to
determine fres more precisely (at later decay times).

3.6. On the activity in adjacent TiNi-wire sections of the
sources

The results for the fraction of activity in the cut-o�

sections (adjacent to the `active seed' portions) of the
originally-submitted wire sources are also presented in
Table 3. A section from the 3-mm prototype seed #5

Fig. 9. Continued
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was not available. Assayed sections of the other three

27-mm seeds varied in length from 7 to 20 mm (see

Table 1).

The fractional activity in these three sections ranged

from 2�10ÿ4 to (823)10ÿ8, with an intermediate value

of (622)10ÿ7. It must be noted that the largest frac-

tion (of 10ÿ4 magnitude) is an upper bound and e�orts

were not made to determine the value more precisely

(at a lower limit of detection).

The well localized containment of the activity in the

`active' 27-mm portions of the seeds, as evidenced by

these results, largely con®rms (by radioactivity

measurements) the same results that were previously

obtained from the dosimetric spatial distributions on

these seeds (Soares, 1997), as well as from some cur-

sory imaging done with a storage photostimulable

phosphor (SSP) imager system on seed #5 and P-96-

32-3. Cheng et al. (1996) described the use of such a
system for radioactivity measurements. Fig. 9 shows

the image obtained on a SSP imaging-sensor plate as
obtained by an exposure with the 3-mm seed #5.

3.7. On the assessment of the uncertainties in the 32P

and 33P activities and their ratios

The uncertainty assessments for both the 32P activity

and 33P activity content of the seeds, as summarized in
Tables 4 and 5, are somewhat straightforward.
Examination of Eq. (2) indicates that one must con-

sider the contributions due to the uncertainty in the
aliquant masses m and in the lifetime intervals T (in
forming Ri), as well as those for the e�ciencies E32 and

E33, decay constants l32 and l33 and the determination
of midpoint times ti. The uncertainties in E32 and E33,

Table 4

Uncertainty assessment for 32P activity at the certi®ed reference times

Uncertainty component Relative standard uncertainty (in percent)

source #5 source P-96-32-3 source P-97-15-2 source P-97-23-6

LS measurement precision and regression to resolve the 32P

and 33P componentsa
1.3 0.097 1.5 0.21

E�ect of 32P half-life on regression resultb 0.19 0.18 0.23 0.20

E�ect of 33P half-life on regression resultb 0.47 0.12 0.68 0.070

Losses for the chemical digestion and solution transfersc 0.07 0.1 0.3d 0.1

Master solution gravimetric dilution 0.05 0.2 0.15 0.1

Correction for residual activity in undigested source 0.01 0.03 0.87 0.53

Correction for residual activity on tools ± 0.003 0.003e 0.02

Gravimetric preparation of LS counting sources 0.05 0.05 0.05 0.05

LS cocktail stability, composition and mismatch e�ectsf <0.1 <0.03 <0.02 <0.05

Counting lifetime determinationsg 0.1 0.1 0.1 0.1

E�ect of timing interval determinations on regression resultsh 0.17 0.031 0.073 0.032

E�ect of 32P detection e�ciency on regression resultsi 0.41 0.32 0.31 0.34

E�ect of 33P detection e�ciency on regression resultsi 3.6 0.068 0.20 0.048

Combined standard uncertainty 3.9 0.48 1.9 0.72

Expanded uncertainty (k = 2) 7.8 0.96 3.8 1.4

a See Table 1 for degrees of freedom in result.bThe e�ects of the 0.098% relative uncertainty in the 32P half-life and the 0.47%

uncertainty in the 33P half-life on the regression results depend on the 33P/32P activity ratios at the measurement times and on the

time interval over which the measurements were performed.cEstimated from 32P tracing experiments for each step of the established

chemical digestion procedure (see Table 2).dThe uncertainty estimate for losses in this case was somewhat arbitrarily increased by a

factor of three since the procedure was modi®ed. See footnote h of Table 3.eThe uncertainty may be underestimated due to the

need to cut the source into pieces during the chemical digestion. See footnote h of Table 3.fEstimated upper limits for the relative

standard uncertainty based on systematic LS cocktail composition trends.gThe lifetime of each counting cycle is determined by

counting pulses from a gated crystal-controlled oscillator.hThe timing uncertainty between intermittent LS measurement cycles, in

terms of real clock times, is negligible. The cited uncertainty given here largely manifests as a result of an empirical correction that

is applied to the LS spectrometer's internal elapsed time counter. The e�ects of these timing uncertainties on the regression results

are dependent on the 33P/32P activity ratios at the measurement times and on the time intervals over which the LS measurements

were performed.iThe relative uncertainties in the 32P and 33P detection e�ciency calculations themselves were typically in the range

of 0.3 to 0.4% and included uncertainty contributions due to: the employed 3H standard: quench indicating parameter (QIP)

measurements; assumed beta maximum endpoint energies; calculational step sizes; ®tted relations between the calculated e�ciencies,

QIP determinations and the EFFY4-code ®gures of merit; ionization quenching model assumptions and phototube response asym-

metry. The resultant e�ects of these uncertainties on the regression results are dependent on the 33P/32P activity ratios at the

measurement times and on the time intervals over which the LS measurements were performed.

R. ColleÂ / Applied Radiation and Isotopes 50 (1999) 811±833828



in turn, are comprised of many components as given

in footnote (i) of Table 4 and were evaluated using the

model developed by ColleÂ and Zimmerman (1996b).

The results for the Eq. (2) regression for the (Ri, ti)

data which yields the ®tted parameters A32(0) and

A33(0) for the master solution has a `®tting' uncertainty,

call it sA, that fully embodies both the within-sample

and between-sample LS measurement precision, and

includes the variability in the background Bi determi-

nations. Uncertainty components due to LS cocktail

stability, composition and mismatch e�ects are evalu-

ated separately (Zimmerman and ColleÂ , 1997b; ColleÂ ,

1999). Lastly, one needs assessments due to the contri-

buting uncertainties on the gravimetrically-determined

master solution dilution, possible losses during the

chemical digestion and solution transfers and correc-

tions for the residual activity in the undigested portion

of the seed and the residual activity on any transfer

tools. Additional comments on these uncertainty com-

ponents have been incorporated as notes to Table 4.

Inspection of Tables 4 and 5 reveals that the more

dominant uncertainty components, depending on con-

ditions, are di�erent for the 32P and 33P assessments

and they vary amongst the four sources.

The uncertainty for the 33P/32P impurity ratio

I0=A33(0)/A32(0) cannot be directly obtained by com-

bining the uncertainties in A33(0) and A32(0) since these

two variables are highly correlated. The uncertainties

in A33(0) and A32(0) as obtained from just the regression

result are of such a nature that they are equal, irre-

spective of the magnitudes of A33(0) and A32(0). The

regression's ®tting uncertainty sA (refer above) applies

to both 33P and 32P, as a result of their Eq. (2) linear
combination, so that their relative uncertainties are sA/
A33(0) and sA/A32(0). One simple way to sort out this

part of the correlation is to re-write Eq. (2) in terms of
parameters A32(0) and I0:

Ri � A32�0��E32 exp�ÿl32ti � � I0E33 exp�ÿl33ti �� �6�
and to the ®t the (Ri, ti) data to the Eq. (6) nonlinear-
combination functional form. In this way, a separate

®tting uncertainty in I0 can be directly obtained from
the regression results. The correlation also occurs
because many of the contributing sources of uncer-
tainty are wholly common, with an exact correlation

coe�cient of unity. These components include: the
uncertainty contributions due to any chemical-diges-
tion or solution-transfer losses, dilution of the master

solution, any corrections for residual activities either in
the remaining portion of the seed or on the tools, ali-
quant masses used to form the LS cocktails, and

counting lifetime determinations. Lastly, one has the
partial correlation in the E32 and E33 e�ciency terms
whose values were obtained from common algorithmic
assumptions and calculations. The uncertainty assess-

ment for the impurity ratio I0, which has removed the
32P and 33P activity determination correlations, is
given in Table 6.

3.8. On the 33P/32P impurity ratios

What might be termed `initial' 33P/32P impurity
ratios IX for the four seeds were obtained by decay
correcting the I0 assay results at their T0 reference

Table 5

Uncertainty assessment for the 33P activity at the certi®ed reference times

Uncertainty component Relative standard uncertainty (in percent)

source #5 source P-96-32-3 source P-97-15-2 source P-97-23-6

LS measurement precision and regression to resolve

the 32P and 33P componentsa
0.19 0.47 1.3 1.8

E�ect of 32P half-life on regression resultb 0.038 1.1 0.20 2.0

E�ect of 33P half-life on regression resultb 0.67 0.73 0.70 0.67

Losses for the chemical digestion and solution transfersc 0.07 0.1 0.3d 0.1

Master solution gravimetric dilution 0.05 0.2 0.2 0.1

Residual activity in undigested source 0.01 0.03 0.87 0.53

Residual activity on tools ± 0.003 0.003e 0.02

Gravimetric preparation of LS counting sources 0.05 0.05 0.05 0.05

LS cocktail stability, composition and mismatch e�ectsf <0.1 <0.03 <0.02 <0.05

Counting lifetime determinationsg 0.1 0.1 0.1 0.1

E�ect of timing interval determinations on regression resultsh 0.034 0.19 0.069 0.30

E�ect of 32P detection e�ciency on regression resultsi 0.050 1.6 0.51 2.6

E�ect of 33P detection e�ciency on regression resulti 0.43 0.34 0.33 0.36

Combined standard uncertainty 0.84 2.2 1.9 3.9

Expanded uncertainty (k = 2) 1.7 4.4 3.7 7.7

a through h are identical to those given in Table 4.
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times (Table 3 and 7) to the earliest reported Guidant
reference times TX. It is presumed that the TX values
represent times that might be considered to approxi-

mate that for freshly-prepared 32P source material. The
decay-corrected IX values range 0.008RIXR0.016
which are entirely consistent with previous obser-
vations (refer to ColleÂ (1997a,c) and the discussion in

Section 1) that typically IXR0.008, particularly consid-
ering that TX may in some cases be at least a few
weeks later than the actual 32P production times.

3.9. On the comparison of the 32P assay results with
Guidant reported activities

A comparison of the decay-corrected, NIST-certi®ed
32P activities ANIST for the four seeds with the activi-

ties AX initially reported by Guidant is summarized in
Table 8. As discussed previously, AX for seed #5 was
reported with respect to both of their preliminary cali-
bration methods and di�ered by about 25 to 30%. The

values of AX for all three 27-mm seeds were given only

with respect to their LS calibration values (which was

used to establish a calibration factor for their well

counter). It should be noted that the apparent discre-

pancy in two values for seed P-97-15-2 (as pointed out

in footnote (b) of Table 1) is believed to be merely a

result of a transcription error for the ®rst.

The consistent results in AX/ANIST for the three 27-

mm seeds are useful in showing the good agreement

amongst the NIST assay results which were obtained

under a wide variety of di�erent conditions (activity

and impurity levels, residual activities, internal source

compositions, digestion times, measurement times,

decay intervals, etc.). In a way, one could consider the

Guidant measurements to be an independent check on

the consistency in the NIST assay results. In fact, these

results, which have a range 1.50RAX/ANISTR1.54,

exhibit greater reproducibility than that obtained by

NIST from ionization current measurements on two of

the seeds using a commercial, `dose calibrator' type,

re-entrant ionization chamber (ColleÂ et al., 1999).

Table 7

Comparison of the `initial' 33P/32P impurity ratios

Source

identi®cation

NIST reference time,

T0
a

Guidant reference time

(earliest reported), TX
b

33P/32P activity ratio

at time T0
a

33P/32P activity ratio

at time TX
c

#5 1200 EST

1 December 1996

29 January 1996d 7.18620.219 0.010620.0009

P-96-32-3 1200 EST

14 January 1997

1100 EST 26 August 1996 0.172020.0080 0.008620.0005

P-97-15-2 1200 EST

22 August 1997

1100 EST 20 February 1997 0.413120.0183 0.015720.0016

P-97-23-6 1200 EST

6 October 1997

1100 EST 6 June 1997 0.110720.0085 0.008320.007

a See Table 3.bSee Table 1.cAssuming the 32P and 33P half-lifes given in Table 1. The cited uncertainty intervals are for a k = 2

coverage factor and include the additional uncertainty components for the 32P and 33P decay corrections from time T0 to time TX.
d

Assumed to be at 1200 EST.

Table 6

Uncertainty assessment for the 33P/32P activity ratio at the certi®ed reference times

Uncertainty component Relative standard uncertainty (in percent)

source #5 source P-96-32-3 source P-97-15-2 source P-97-23-6

LS measurement precision and regression to resolve the
32P and 33P componentsa

1.3 0.56 2.0 1.8

E�ect of 32P half-life on regression resultb 0.038 1.3 0.20 2.0

E�ect of 33P half-life on regression resultb 0.67 0.86 0.70 0.67

E�ect of timing interval determinations on regression resultc 0.034 0.22 0.069 0.30

E�ect of 32P detection e�ciency on regression resultd 0.050 1.6 0.51 2.6

E�ect of 33P detection e�ciency on regression resultd 0.43 0.34 0.33 0.36

Combined standard uncertainty 1.5 2.3 2.2 3.8

Expanded uncertainty (k = 2) 3.0 4.7 4.4 7.7

a See Table 1 for degrees of freedom in result.bSee note b in Table 4.cSee note h in Table 4.dSee note i in Table 4.
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Another interesting point may be useful for other
researchers to consider. Well-chamber ionization cur-
rent measurements of the seeds by comparisons to a
32P solution standard (as for Guidant's ®rst prelimi-

nary calibration) were decidedly worse (yielding results
in error by nearly a factor of two) than the second LS
spectrometry approach (which had to employ an edu-

cated (or calculated) guess at the LS e�ciency for the
intact seeds). The previously given NIST results for the
LS spectrometry of intact seeds (see above) may

suggest a plausible reason for why the estimated LS
e�ciency wasn't calculated (or guessed at) very well.
Calculations show that only about 70% of the 32P b
spectrum exits the seed's TiNi encapsulation, yet the
e�ective LS e�ciency for the intact seeds was found to
be over 90%. Application of this (0.7/0.9) factor to the
AX/ANIST31.5 result moves the comparison ratio much

closer to unity, and agreement between the two sets of
measurements.
Based on the ®ndings summarized in Table 8,

Guidant was able to establish a very accurately-deter-
mined calibration factor for their quality control
measurements, which they immediately e�ected.

ColleÂ et al. (1998), in a companion paper, also used
the results of the present work to establish a `dial set-
ting' calibration factor for the non-destructive assay of
these Guidant seeds by measurements with a widely-

available, commercial `dose calibrator'.

4. Concluding notes

The development and deployment of this chemical
digestion and radionuclidic assay procedure for deter-
mining the 32P content of the TiNi-encapsulated

Guidant intravascular brachytherapy sources were
critical in linking the necessary dosimetric measure-
ments and calculations. The results also established
non-destructive calibration factors for the manufac-

turer's in-house quality control, as well as for a
widely-available, commercial, ionization-chamber-
based instrument (which is being reported on else-

where).
The method and results are, of necessity, unique and

speci®c to their application to the Guidant sources.

Nevertheless, the generalized approach used here, i.e.
in terms of ®rst understanding the underlying radio-
chemistry, designing a complementary detailed pro-

cedure and coupling it to world-class radionuclidic
metrology, may be quite applicable to the development
of comparable procedures for other such sealed sources
that need to be assayed by destructive means. In fact,

work (based on the same principles) for the assay of
stainless-steel-encapsulated, ceramic-based 90Sr/90Y
intravascular brachytherapy sources is currently under-

way at NIST.
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Table 8

Comparison of the 32P assay results with the reported activities

Source

identi®cation

Guidant reference time, TX Guidant reported 32P activity

AX at time TX (Bq)

NIST 32P activity ANIST decay

corrected to time TX
a (Bq)

AX/ANIST
b

#5 29 January 1996c 5.946(109) (3.03120.253)109 1.96220.164

31 January 1996c 5.339(109) (2.75120.229)109 1.94120.162

1 February 1996c 5.080(109) (2.62020.218)109 1.93920.162

5 February 1996c 4.233(109) (2.15720.179)109 1.96220.163

6 February 1996c 4.000(109) (2.05520.171)109 1.94720.162

#5 (LS) 25 September 1996c 4.015(104) (2.60620.204)104 1.54120.121

P-96-32-3 1100 EST 26 August 1996 1.277(109) (8.29420.137)108 1.54020.026

P-97-15-2 1100 EST 20 February 1997 1.236(1010) (8.84420.370)109 1.39820.059d

0830 EST 2 April 1997 1.817(109) (1.21220.489)109 1.49920.061

P-97-23-6 1100 EST 6 June 1997 8.114(109) (5.33020.099)109 1.52220.028

a From the 32P activity values given in Table 3 with decay corrections to TX using a half-life of 14.26220.014 d. The cited uncer-

tainty intervals are for a k= 2 coverage factor and include the additional uncertainty component for the 32P decay correction to

time TX.
bThe cited uncertainty intervals are for a coverage factor of k = 2 and re¯ect only the uncertainties in the ANIST

determinations.cThe times on the given dates are assumed to be at 1200 EST.dThe apparent 7% di�erence in decay-corrected

reported activities was identi®ed in footnote b of Table 1.
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