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CALIBRATION PROCEDURES FOR IN-VIVO SODIUM “IODIDE SPECTROMETRY
OF PLUTOi41UM AilD AMERICILA IiiTHE HUMAN LUilG

C. John Utiarger
Jams H. Jett

Los Alamos Scientific Laboratory
University of California

LOS Alarm , h ~Xi CO 87545

INTRODUCTION

This paper describes the calibration techniques and associated error

analysis for the in-vivo measurenmt by NaI spectrcmtry of heavy elements

In the lung, specificallyplutonium andamricium. A very brlefdescrlp-

tion of the instrumentationsystem is included.

INSTRUMENTATIONSYSTEM

The detection system consists of twin phoswich detectors, each with a “.

3-nnIthick front NaI (TI) crystal and a 51-mn thick back CSI (Tl ) cyystal

coupled to a single 5-in. phototube. The two circular detectors are

covered with G.25 mn beryllium and have a total surface area of 206 cm2.

The signals from the phototubes are amplif~ed and routed to a pulse-shape

analyzer and linear gate. Those s~gnals with the proper rise tim char-

acteristics (NaI) are passed through the linear gate to an ADC. Shielding

for the system is provided by a steel room with 20-cm thick walls, floor,

and ceiling. A 3-Innthick lead lining is attached to the inner surfaces

of the room for improved background reduction. The background in the rocm

measured with the phoswich detectors (including electronic cosmic-ray over-

load rejection) is approximately0.06 cpm/cm2 of detector surface in the

14- to 25-KeV region.. The high altitude,cf our Laborato~ (2,200 meters)

is a contributingfactor to our high backgrounds compared to other

laboratories.

For signal processing, a minicomputer is interfaced to the,ADC. The

computer is used for data storage (twenty 100-channel spectra), as well as

automatic data analysis. The latter Includes background subtraction (both

room and natural body), lung burden calculation using an Internal



callb~ation, and calculation of errors. :or routine human counting, the

detector system Is calibrated daily for electronic efficiency (this checks

the pulse gating and timing circuitry), absolute counting efficiency in a

standard counting position, and energy calibration (electronic gain).

The calibration of lung burden vs count rate is highly dependent on the

thickness of tissue overlying the 1ungs, particularly for the 14- to 25-KeV

region. Hence, the chest wall of each subject is measured ultrasonically

. in 12 locations, six over each lung on a 4.5-i~. dianter circle tangent to

the sternum and clavicle. This circle is the location for the placenent of

the outer edge of each detector. These 12 individual measurenmts are

entered into the co~uter which calculates an exponential average of the 12.

This average chest wall thickness is then used to calculate the plutonium

and anuwicium calibrationsand, hence, burdens for the subject. The subjects

are normally counted for 30 minutes, while the room background is counted for

60 minutes. The two counts are taken within a few hours of each other.

The room backgrounds are measured with the detectors placed on a Lucite

phantom to simlate the self-shielding by the subjects. During the actual

count of each subject, the detectors are held to the chest of the prone

person with elastic straps to prevent movement of the detectors away from

the subject.

SYSTEM CALIBRATION

For the masurenmt of 241Am, we nmitor its 60-KeV gamma ra: using

an energy band of 51 to 70 KeV. For plutonium, both 23*Pu and Pu, we

nmitor their L X-ray region in a band from 14 to 25 KeV. (Due to the
241absence or uncertainty in the Am content of our plutonium, we are not

241Am for plutonium determination asallowed the luxury of monitoring the

is done at some other laboratories.) To’account for the natural human

backgrounds (40K and 137Cs), we monitbr the region 75 co 100 KeV which has

no interference from plutonium or amricium. Using a large group of known

“clean” LASL workers, we obtained natural boctybackground strip-out fac-

tors for the contributions in the 17-

grounds are subtracted from the gross

background strip-out factors are then

and 60-KeV regions. Once

spectrum of each subject,

applied.to that.spectrum.

room back-

these body

The
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remaining counts (net) in the 17-W region are then considered to be due

entirely to L“X-rays from both 241Am and plutonium. The net counts in the

- 51- to 70-KeV region are considered due only to 241Am. In the event that

241AM is present with the plutonium,which is nearly always the case with
239Pu workers, a final correction must be made to the counts remaining in

the 17-W region due to 241Am. These last remaining counts are then

considered due only to plutonium. This amricium strip-out factor is”

determined using tissue transmissionmasurenmts of the relative intensity

of the anmicium 17-KeV region to the 60-KeV region.

The tissue transmission masurenm~~lwere made using mock 1ungs

uniformly Ioaded with 2mPu , 23%u, or Am. The absorption medium was

lean beefsteak cut into l-cm thicknesses. Each transmission masurenmt

was made with one or more pieces of beefsteak placed directly on top of the

mock lung, with the phoswicn detector (only one was used for these masure-

mnts) directly in contact with the beefsteak. Using this method, the “r2”””

dependence of the transmission data was automatically included as the

tissue thicknesswas changed. Comparedwith the conventionalmethodof

using fixed detector-sourcegeomet~ in such transmission measurements, the

non-fixed geometry mthod eliminated a potential =16% error in the overall

1ung burden calibration,

The tissue transmission masuremnts provide a relative calibration

as a function of chest wall thickness. To provide an absolute calibration,

a REMAB phantom was loaded with the distributed source mock lungs men-

tioned ~bove (RANDO lung stock; Alde~on Research Laboratories, Inc.).

The average tissue-equivalentchest thi~..nessof the phantom was deter-

mined by a series of ultrasonic measurenmts coupled to the relative

transmissionof the 17- and 60-KeV regiohs from the distributed 241AM nmck

lung in the phantom. The chest wall of the phantom thus determined was
3.2~0.15 cm. For the three isotopes of interest here, the phantom data

. provided their respective nutier of counts per second per nCi of activity

(cps/nCi) at a tissue thickness of 3.2 cm. The relative transmission data

then allow sealing of that absolute masuremnt to other chest wal1 thick-

nesses.



Figure 1 shows the plutoniurnL X-ray transmission data (14 to 25 KeV)

as a function of tissue thickness. Note that the data are normalized to

1.00 at 1 cm of tissue. Both 238Pu and 2WPU transmission data are plotted

on the san graph. The error bars for the 1-, 2-, and 3-cm data are within

their plotted synbols. Since the data for the two isotopes of plutonium

agreed so well, a composite least-squares fit to all of the data was per-

formd. This final fit is given in Table 1.

Figure 22:~ows similar data for the 60-KeV gansnaray (51- to 70-KeV

region) from Am. Also includedon the figure are the data for 103Pd

(17 to 27 KeV) which is being used in plutoniurncounting intercalibration

studies. Table 1 gives the computer-fit equations for the two sets of

transmissiondata.

Sylli)ols. Figure 3

25-KeV and the 51-

These data provide

Error hars for the data of Figure 2 are within the

shows the relative transmission data for the 14- to

to 70-KeV regions using the
241Am distributed source.

:he 241Am strip-out factor, P, when it is desired to

determine the plutonium burden in the presence of 241Am. The computer

fit for these data is also shown in Table 1.

The natural body background strip-out factors, K, were obtained

from a group of 92 “clean” LASL plutonium workers. These factors are

just the ratios of the 14- to 25-KeV region counts or the 51- to 70-KeV

region counts (room background subtracted) to the counts.in the 75- to”

100-KeV region, respectively. These factors and their standard deviations

are shown in Table 1. As nme “clean” workers are counted, these factors

will be updated.

The final absolute calibration factors were determined using the

phantom as described~bove. This factor,,Fi (nCi/cps),was masured at

3.2-cm tissue thickness for the three nuclides, as well as for 103Pd. By

solving the equation C+ = FiT1 for each Isotope, where C is the calibration

constant and T is the transmissionequation as given in Tabie 1 and eval-
.

uated at 3.2 cm, the final calibration equations, Fi, were obtained. These

are listed in Table 1. Figure 4 shows these calibration factors drawn as a

function of tissue thickness. Note that the curves are just the inverse of

the transmissioncurves (Figures 2 ard 3) normalized to the phantom results

u



at.3.2 cm. Using these calibration factors, Table 2 defines tne terns and

gives the final expression for the lung burden determination in nCi. As

i~lied by the var:ous eq:~~ions for the burden calculation,we have no way

to d~fferentiate between Pu and 23 Pu in the actual measurennt. We must

have isotopic information on the exposure before a correct burden can be

talc’llated.The 241Am interference,however, can be determined in the

nasurenmt as described above. Note that the ratio of F23$F239 iS 2.1

and not ‘2.5 as WOUld be indicated by the data found in the tabul~tion of

“ Swinth.’1) We have masured this ratio (distributed sources in phantoms)

nunwous tim with the same result. We have no explanation for t:is

apparent discrepancy.

ERROR ANALYSIS

Errors associated with the calculated lung burdens, B, are determined

by first assuming that no measurenmt biases are present (this is not

necessarily true and will be discussed later) and that the errors tn all of

the terms are co~letely random in nature and not correlated. Since all of

the burden calculations are of the formB = N ● F, we use the general

expression:

AB/B = [(~N/N)2 + (AF/F)2]l/2, (Eq. 1)

where A signifies a random error. .

Considering the second term first, the g~neral formof the calibration

factor, F, is the sam for all

F=

cases, namely:

~ea + bt + ct2

Therefore, for all cases, we have ●

= Cef(t).

[ 1AF/F= (Ac/c)2 + (Aef(t)/ef(t))2 1/2,

(Eqo 2)

(Eq. 3)

where



~ef(t)/ef(t) = Af(t) =
12[(da) + (Ab/b)2 + (At/t)2](bt)2

[ II+(Ct2)2 (AC/C)2 + z(At/t)2 ‘/2. (Eq. 4)

Using the estimates of the errors in the parameters obtained in the

conputer fits of the transmission data, the values obtained for Af(t) are:

Due to the slow variation ofAf(t) with chest thickness, t, these

values are approximately constant (-7% relative) over the range 1.5~t

~ 3.0 cm.

ForAC/C, we have the following estimated uncertainties:

238*9PU ~ck Iung loadinY 10%

Variation in area coveredby ribs 5%

Phantom chest wall measurenmt 14$

Phantom-nmck lung measurenmt 5%

Total error AC/C = 19%

24’Ammock lung 10%

Phantom chest wall measurenmt 4.3%

Phantm-nnck lung measurement 5%

Total error AC/C = 12%

Ther6fore, using Eq. 3, we have for AF/F:

238’9Pu: 32%

241* * 13%,

which are approximately constant as a function of tissue thickness, t.

ForAN/N in Eq. 1, we have for 238~9pu: .

’17 n ‘1 - ‘1R3=G1 - ‘1 - ‘1 (G3 - ‘3)’
(Eq. 5)



where

G, = gross

Bi = gross

.

{

“. AN,7/P$7 = ‘+TC

subject count rate in

room background count

region i

rate in region i

+ B,/Tb + (+G3)2[(AK,/K,)2
1

+ 1/TcG3

1
1/;11/+ (K1B3)2 (AIj/K, )2 + vTbB3 1$~.

.
where

‘i = (GiTc)l/2/T 1‘2/Tb CPS
c

CpS andABi = (BiTb)

and Tc = subject count tim (see) and

‘b = room background count tire.

241hoS?milarly for .

J

(Eq. 6)

’60 = ‘2 - ‘2R3 = ‘2 - ‘2 - K2 (G3 - B3) (Eq. 7)

“. AN60/N60 =
{
G2/Tc + B2/Tb + (K2G3)

[
? (AK2/~)2 +1/TcG3.

1

1}/
+ (~B3)2 [{ AK2/K2)2 + l/TbB3 1’2 N60. (Eq. 8)

For N;7, the case where 241Am interferes with plutonium, we have:..

‘i7 = ’17 - ‘N60
(Eq. 9)

“. AN;7/N;7 ~
{ [ }/

*1 1/2 ,
@N17)2 + (PNW)2 (AP/P)2 + hN60/N60) , (Eq. 10)● ‘$7”

Bht p = e(-o.909 - 0.748t + 0.094t2) [see Table 1]

and AP/P = Aef(t)~ef~t) = Af(t) =

I(Aa)2 + (bt)2 [(Ah/b)2 + (At/t)2] + (ct2)2 [(At/c)2 ,1[1/2+ 2(At/t)2 .

Using the appropriate valIIQSin AP/P, we find that

AP/P--14%; 1.5~t~3. (Eq. 11)



. Using the

we can readily

Returning

results of Eqs. G, 8, and

solve for ANi7/Ni7.

now to Eq. 1, we have for

11 and substituting into Eq. 10,

the

[.
238 SgpU: AB/B = (AN,7/N,7)2 +

[
241Am: AB/B’= (A[tw/N60)2 +

final erro~ onB:

1(0.32)2 1’2 (Eq. 12)

+ (0.32)121/2
(Eq. 13)

1*1/2
(0:13)- . (Eq. 14)

Although involved, Eqs. 12, 13, and 14 are handled in a straightforward

manner by using the results of Eqs. 6, 7, and 10. It should be noted that

the errors represent lU error limits. Also, no matter what the lun~ bur-

den, a plutoniurnburdenhas at least a 32% absolute error and an Am

burden has at least a 13% ernr.

Recent autopsy data at LASL(2) indicate that plutonium distributional

effects are real and large in a limited number of cases examined. Measura-

nnts with phantoms at LASL have also shown that reasonable placemnt of

point plutonium sources can easily lead to errors of 200 to 300%, compared

to the uniform calibration discussed here. Therefore, it is paramount that

we recognize the possibility of large biases (both positive and negative)

in in-vivo lung counting. Repeated positive counts indicate a real pluto-

nih burden, albeit with a potentially large error. However, a repeated

null result, in reality, may be false if the plutonium Is “hiding.”

DETECTABILITY

Any treatment of plutonium lung counting should include a discussion

of detection limits. This complicated subject has been discussed in detail

by Currie.‘3) Instead of the 2U or k“ levels above background commonly

used in trace elenmt analysis, we choose to define detectability (Currle’s

Lc, critical level) as the 1.64u level, where u refers hewm to the-total

uncertainty in the net count rate measurenmt (body background also sub-

tracted), In Currie’s treatment, the deviation in background from a wel1

characterized blank was used in his critical level definition. Our “blank”



background is a much more complicated function due to va~ing natural hunan

body radioactivity.

For determiningour detection limits, we assure that the frequency

distributionof

now find iisuch

burden giving a

’60 = ‘“64 ’60

net counts above background (N17 or Na) is normal. We

thatN = 1.64 AH. This gives a 95% probability ofa real

positive net count. Hence, we solve N17 = 1.64 AN,7 and

using Eqs. 6 and 8, respectively,for AN with G1 or G2

replaced by Eqs. 5 or 7, respectively. The resulting equations are quad-

‘atic ‘n ’17 ‘r ’60
but can easily be solved. By application of the appro-

priate calibration factor, F, we can obtain the detection limits in nCi for

any particular count.

Using the above

age detection limits

count, and a subject

forLASL workers):

method and typical data, we find the following aver-

fora single 30-m”nute count, a 60-minute background

having a 2.3-cm chest wall thickness (about average

2WPu: D106% = 10 nCi
.

239PU: ‘1.64a
= 21 nCi

241h: D1 6~ = 0.24 nCi
■
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TABLE 1. Computer Fits and Other Factors

ission E(Iuatfons

il. 2B’9PU: ~=e(l .438- i.545t+0.096t2)

c. 103Pd: T = #“873 - 0.883t)

t ● tissue thickness, cm

11. 241Am StrfwOut Factor, P

p = e(-0.909 - 0.748t + 0.094t2)

al: Boa Background Strip-Out Fdctor, K

$ = 0.136 ~0.026; 17-*V mgfon

“K2=0.908 ~0.060; 60-KeV region

IV. Calibration Factors: Fi (nCi/cps) = Cf/Ti, C constant

A. 238Pu: F2n _ ~le-(l.438 - 1.545t + &096t2) .

B. 239Pu: F2B - ~e-(l .438 - 1.545t + 0.096t2)

c. 241AM: F241 = 1.4e-(0.301 - o.303t)

D. ‘03Pd: F103“= 1.7e-(0-873 - 0“8B3t)



TABLE 2. Definitions and Lung Burden Equations forPu and 241Am

1. Reqions of Interest: Count Rates! R (cPs)

14 to25 KeV: R, (room background removed)

51 to 70 KeV: R2 (room background removed)

75 to 100 KeV: R3 (roornbackgroundremoved)

II. Net Rates, N (CPS): Room and Body Backgrounds Remved

’17 = ‘1 - ‘1R3; ‘ithout 241Am present

‘i7 ‘N17- ‘N~o;with 241Am present

’60 = ‘2 “ ‘2R3

~ Lunq Burden Calculations: Burden, B (nCi)

238PU, No 241Am
‘239= ’17 “ ‘239; ‘0

23%U, With.‘;39 ❑ ‘i7 “ ‘239; ‘0 241Am

’238 ‘N17 “ ‘238; ‘0 2WPU, No 241Am

‘;38 = ‘i7 “ ‘238; ‘0 239Pu, With 241J!m

’241 = ’60 “ ’241



c~g. 1. Distributedsource transmission data tur plutonium with beefsteak
medium and using the photon energy re ion 14 to 25 KeV. The line is the

8ccmposite conputer-fitto both the 23 Pu and 239Pu data.

Fig. 2. Distributedsource transmissiondata for 241Am and 103Pd. Energy
regions are 51 to 70 KeV and 17 to 27KeV, respectively. The l~nes are the
respectivecomputer fits.

Fig. 3. Signal ratio (17 KeV/60 KeV) for 247AM distributed source and
beefsteak mdium.

Fig. 4. Absolute calibration factors (FnCi/cps) for the in-vivo detection
of 238Pu, 239Pu, 103Pd, and 241Am as a function of tissue thickness.
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