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: Screw—Thread Sﬁandards for I‘ederaI.Serv

-:_._Recommenda.txons for: Wast

: 1
- Recomimendations for the: DlSpOSﬂI of: Carbon—M
o Protectlon ‘Against. Betatron-Syncht

i Measurement. of Absorbed: Dose: of Neutrons and o

i, P;ecmon Measurément; and: Calibratios

The followmg I—Iandbodks are available |

(Amends in par(; H?..S 1944' nd in part.s its 1950 ipp!
- ment)

- Sorew-Thread Standardsfor Federal Servicgs 1957 Part 111
National Electrical Safety: Codeli

- Safe Handling of Radioactive Isotopes;
Specxﬁcat:ons, Tolerances, and’ Regulations for ' Commere
- 'Weighing and. Measuring: Devices-~2d Edi

: Control and Removai of Radi ive.:

o Laboratories

is
v, and Todine-131 for Medical Users. .
- Xeray Protection Designi s
< Riadiclogical Monitoring Methods.

- 100: Million Eleetron Volts

-'.-.Photographm Dostmetry of X-: _
Radioactive-Waste Disposal in'the Océan:
Permissible.. Doge’: From Dxt nal’ Source

- Protection: Against \R,utron
*:: Eleetron Volts. ST,
- Digsign of Free-Alr Iomzatlon Chambers
- Bafe Handling of Bodies Containing. Radmactwe Isotope
- Safe Derign and Use of Industrial Beta-Ras
. Checking: Prepackaged Cotimoditisg .
. Tabulation of Data on’ Receiving Tubss:
Maximum Pérmissible: Body. Burdens and. Maximiinn
. miasiblé” Concentrations of Radxonuehdes in Afe and in
. Water for Os:eu%atzonal Expo;.ure E
Measurement: of ;
- and Biological Apphca.tlons = -
: Pmtectmn Against Radistions from Sesled Gamma
Building Code Requirements for: Reinforced: Masonr

tures of Neutrons and Gainma: Rays.:
. Medical X-Ray Proteetion up to Three: M;lho Vol

. Vol. I Electricity and Electronics

- Vol. IL, Heat and Mechanicgi.

© Vol: IIL Optics;: '\/Ietrologé -and: Radia
Report of ‘the International: Com ic

Units and Measurements, 1959
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. 'manual,

Bé_éémsé“;of. the nature of the

~“with: basie standardization procedures.
~-under the chairmanship of Dr.
+and third parts, dealing with specialized ¢}
CDr. W K. Sinclair. There has been
-~ mingling of responsibility between the

problems ‘encounter
- “clinical radiology, it appeared desirable to yFepa;
-7 tion of this manusl into three parts, the first part. deahin

which: was: p‘repar'_eﬁ
K W G ) 86C0

- applications, were prepared under. the - clisirmanship - of
a _'s_u-bstant_i_ﬁlf-:i te

divide the prepara:

eiger. The second
inical and biological

" Handbook}.
search in the References section should be

one of its task groups;

. W. B, Man_n, Chairman®

_membership of s
“comprised of representatives from .
Canada and the L

nited States. .

manual, the members of the

- draw to the attention of its readers s

- will be found to be of particular value in many sreas in the
active materials,

“cliical -application of radio
are listed 1 the General References
. In some cases references

‘appearonly under General References

perusal of the short General
- The following are mem

J. Hale
. Campion

. : he: two' countries; the
this subcommittee and its -task “groups was

‘. In addition to the recommendations con
Subcommittee: would: like:

References section. - HR e
bers of either the subcommittee o

laboratories -in both

od in thi

fained:

number of texts t
at the end of ‘this-
Jinthe text . ma:

(o.g., an NCRP-NB

followed ' by

‘These text

M. Cavallo

. P. Eberhard#*t

R. W, Hay.wdrd - : '

W. F. Marlow.. .
E. H. Quimby

P

L

~- C. Tn Comar
T
B

~W.E

8. A. Reynelds, .- -

b W. Gross®-

R, Rugh*, .

H. H. Seliger .
oy Carfinke W. K. Sinclairs"
oW Geiger®

"*Membérs of Subcommitiee M-1,
tDeceasod

H. Q. Wyckoff =~ ..
W I Yeuden-.._ _': B
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I’art III Disposal of radioactive materials

Part II Measuremenh of zadloactlwty f
B Iogical purposes—Continued
8 Preadmlmstratmn sample measurement_

: 8.1. General_
8.3, Radioactivity a,ssay methods :
8.3. Radionuelids identification. = %
: 8.4, Chemiecal purity and pyrogen actwﬂ;y_
- 8.5, Measurement of dose rate from smaH sealéd sdurces
for direct application: . !

10, In wivo eotmtmg methods%dlstubutton studles_
<o 1001 General
10.2: Manual SCANRINgG... o __iil Lo
-10.3. Automatie scanning____.__ .. .
oo 104, Interpretation of seans. oo 7.
: 11 In vive counting methods—time studxes
Lo 11.1. Genem!

g . dlrcctlv into the bloodstream ________________ :
g 11 3. Studies in which the m{ilonucllde s nJected'
: direotly into a $issue.. Ll ___ il :

: 11 4, Background. . . _Lli il
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12,1, General . '
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.7 12.3." Catibration techniques._ . ___ ...
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12.7. Autoradicgraphy
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Nuclear decay data for radionuelides whlch may be useful :

. in medicine ‘
. B. Preferred methods of measurement for chn:eﬂ and blo»
o logieal purposes L
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LT rétion
.. such g standard has been cali srated:in térms of
0 standards of mass; length: and time, it is daj

o determined. i absolute measure..” Such. s stan A bion
< known as an absolute standardization: and’ the’ standard:
offen called an absolute or primary . standard.  Sue L gl
. :solute measurements may have heen” reades in: a-mational
. laboratory or elsewhere. Tt has recently heen proposed
© [McNish, 1958 and 1960], however;" that such standards
- of- & national or internati

: Std-ncia'rcl- Is & prep

onal character be ‘designate
- matonal standards or international standards Tespectively
= A'relative standard (or, as it is somebimes called, & der
-.or secondary standard) is one which has been - calibrated
" terms of one whose value has been determined: in “absolute
- measure. Many  standards ave - commercially - available
. "and may be used to calibrate routine medsuring: equipmen
- This équipment may then be used to calibrite those rixdi
“’nctive preparations which the wnser employs: for. his:t
- these Jattor may be called working, leboratory, or éqlibrat
. standards, - T R I
o+ In some cases it is féasible to replace short-lived standa;
by simulated standords which consist. of a ' mixtire of:
lived radionuclides. Cver a substantial part of -th 15}
~spectrum, and usually for a Hmifed time, these simulate
- standards have almost identical radiation chardcteristics
" the short-lived Tadionuclide they replace.

esignates s long-lived - radicactive’ source;  the - actua
stréngth of which does not need to be known; : This type
‘source is used to check the constancy of radiation-detéects
eGuipment. . Such equipment in conjutiction: with. a0

- lived reference source, such as raditm, may, after calib fion
o with a standard of a short-lived radionuclide, actially cons;
“ tute & user’s laboratory or working standard’of thai sh
lived radionuclide. Even in man ' ;
" laboratories this combination of equipmerit

t8equiva _n_t,_suqh ;
emperature of a gas, ma
vities of radioactive .

o true value 6f the quantity bein :
. to the influence of unknown systematic eITOTE.
“expresses the degree of reproducibi of mieasurémenits,
. The standard deviation of & set of measurements”is: ofte
coouged as the' ériterion of precision.  (For more detailed
o vdefinitions of these items, Kendall and: Buckland;: 1957
- may be'consulted.) BT




LA Tonazation measitrements.
xpended’ by radiation in forming one
own, the total energy of the radi
o determined. from  ionization.
- detérmination: of t
o knowledge of the
. integration
01205, Loss-of-charg
- ters” the loss-of-
- particles emitte
.- the charge tran
© -1t 8 Tot recommende
1260 detivity fro
- irradiation data an

Coa :
kK ation fx Source can
1-CUITENt:  medsirements: o

he activity equi
average radia
, for the nuclide in g

‘of ‘the- source ‘then Tequire
tion’ efiergy emitted per'd
uestion. . ol s
e method. Tor charged-particle” it
charge method -allows the number: of siich
d to be calculated from 8- measurenent
Since the method is rather insensitive.
d for practical use:: RIS SN e S0
m production date.. Knowledge of ‘th
d production cross ssetion for artificially
o~ produced radionuclides allows a fair estimate of the activity
127, Summary., Table 1.2-1
. formulas giving disintegration. rates in ternis: of - vario
- measured quantities for different methods. RO N
w5 TaBLE 1.2-1. Conversion of various tmeasures -of radioactivity’ inte
Ll disintegrations per gecomd :

shows  the  conversion:

o Strength of radioactive nuelide expressed
IR R as

Digintegrations) ** | . Hemarks
per second T

3.7601630

6.025}&023?\ A ‘deeay: ., constant” " (gea
824100 | 7 average enetiy émitiod B

I #oéntgen/hour at 1 om (from gamma-
o emitding point soure

3.7003107 For values of ) tie spectlc

'l-m'icrbampere charge loss B.24X1012 | p number of eléctron '_'ciiérg‘e_s

A atomic weight_:_(p_l_lysica]
disintegration {Mev),

gamma-ray emission; sees,
pendin A, s

emitted per disintegratio

* “stable nuclides can be
whose catalogs should _
“descriptions of materials and ser
. prehensive purchasing guide, The
- yearly by the Scientific Equipmen

1.3. Supply of Radioactive Materials - i
e materials are produced by neutron bombird
- ment, usually in a reactor, or bombardment with: charg
- onaclear particles in a eyclot

. radioactive materials are al
~ from reactors.
isolated by appr

 Radioactiv

ron or other accelerator. - Som
so available as fission products
Radionueclides which oeceur in nature. can: b
opriate methods: .- Sl
- Artifieial and naturaily occurring radionuclides. and” also
obtained from. various organizations
be consulted.for’ detailsd liste an
vices: furnished.: A ¢on
Isotope:Index; is published
0., Indianapolis' 19, Ind.




/air; eXpended in the

and Curran, 1958).

;."_"3_an'd Price [1958].

- will Tecombine. In‘some gases Y
attiched to neutral molecules to form négative fons.: Whe
an electric field is applied to the gas, the 1ong drift along:
o lines of force, thus producing an ionization current. 3
- usual conditions, electrons drift at speeds of the order o
emfsec.  The drift velocity of fons is many orders of m
stude less. .- Collisions with gas molecules prevent their att
“ing high velocities. Table 2.1-1: shows the ave
production of an ion pairin sca
.- be seen, this quantity does not depend markedly ‘on ‘the
- - energy; and is approximately the same for electro
- particles, when measured in the same gas (see al

For details of the ionization process see: Wilkinson:

: 'II_AI}'L};} '2_.1—~1. Average energy experide

ases the clectrons may: 'bé'c_ome :

10
agni:

rage enel
alrc i Asean

ns and:alpha
so- Valenting

[1950

d in the production, of an fon pa
in air o re e

Radiation

Waiein |- R
electronvolts| " " Relerérica -
por fon pair S

S iR
s ZMev X rays .

Tesse and Sadaiskis, 1055,

459

387 Bflmg, Mann, Saliger, and ¥
33.6 Gross, Wingats, 2 Faills, 195
B3¢ Jesse and Sadauskis; 1955, .
33.9 Weiss and Berastein, 195

35.3 Jesse and Sadduskis, 195

350

Bortner and Hurst, 195¢

2.1 The current ionization chamber.. When' an ‘ion
tion chamber is in a radiation field; the m
~eurrent first increases with increasing:
- levels off.  Tigure 2.1-1. shows the so-¢
‘eurve. In general, the voltage re _
¢ cutrent for any chamber will depend on- the rate. af which
-lonization is being produced, - '
-lonization current, 7, is related
‘produced per-unit time, N, by the equation -

_'['ﬁNe;;' o

- where ¢ is the electronic charge.’ The: chamber ‘therefore

mheasures the integrated offect of a large niij

o events. The time constant of the currefit-dete

- Is generally made long to suppress statistical fluctuations, and
“.whether the electrons are collected

-instance in argon), or attachoed to slow:

easured: ionizatio
voltage: and then
alled: “saturatios

quired to attain saturation

At saturation;. the’ averag
to the nunibe of ion pairs

e number of ionizing
obing: dovice

as free. electrons (as for

moving moleculés s




POTENTIAL.-

TIME

chamber, _ R
[Ealliday, 1955; courtesy of John Wiley and Sons.] - S

- ':.'_'cm'_}t,-'ﬁ__E 2.1-2. Voltage pulse on collecting electiode of pulse .z‘bﬁiz_az'z"b

“.'by the movement of the electrons.
. dons induce a charge in the. elect
and reduce the pulse amplitude,
- depending on the location of the
.- fore,"in a parallel-plate chamber,
- depend on where the ionizing partic
- This undesirable effect can be ove
" in the chamber {e.g., Frisch _ 1
> collecting électrode from the positive ions.  The indu
"+ charges from the positive ions can also be reduced: by using
-8 wire as the collecting electrode; usually in & cylindrical:
.. ionization chamber. o LT
- The use of a fast ionization chamber is Hmited at low
. particle encrgies by the inherent noise of the - associated
w.amplifier. This noise is equivalent to the arrival ‘on th
ionization-chamber anode of about 2000 electrons;’ whic
might represent an energy of about 7 0,000 ev' dissipated: by
¢ & particle traversing the chamber. For details: see fo
©- instance, Price [1958]. e :

S 2.2. Proportional Counters =~ g
“i When the electric field strength at the center electrode of
.~ fast lonization chamber is inereased above a certain level:
"+ the size of the output pulse from the chamber starts to n-
crease but is still proportional to the initial ionization.. A
-« device which is operated in such a fashion is called 4 Propo
<" tional counter. The great advantage of the proportional
~ counter is that it allows one to detect & very low: initial
. lonization, even down to a single ion pair. . PR T

g 8 .




o
/

//

500 1000 CIBO0
VOLTS, : L

: - Frevee 2.2-1. Mulliplication factor, M, as func'tz'bh- of applzed bblﬁag :
-0.00

Jor argon at pressures of 10 and 40 em Hg, radius of center wiress
e, radius of outer electrode==0.485 in, R SRR R
[Segrd, 1958, pt. I, Detection methods, I, H. Staub; eonrtesy of Tohn Wilcy-dr Sons; Nev
YOl‘k‘, N~Y-} . R '.

“short distances and their effect on the pulse rise is rathe
small.  Figure 2.2-2. shows a typical pulse shape. A delay

H of time #, elapses béfore the primery electrons reach. th
- multiplication region. This time £, ja determimed by the

- location of the injtial lonization in the counter and (depend

ing on its construction) may be of the order of I usec. ~This:
delay time, which is variable, should not he oveﬂoo‘ke‘d when

coincidence experiments are carried out, - T

10

: Sy A ulse;..ris . ; st (eur
In?;;;illg (f? ghg iiio:'v_éil:nénﬁ' ol the electrons
osifive ions travelin ‘m . the stron
s positive; s move into the region of |
swer and coases when the jons reach
average counter, t
< the shape of th
eranode wire

xcept Ev‘&:\ﬁf}ié}rﬁ-'.'"i‘;hé‘:'-i(‘_arii:z'i.hg:;;' éy_enﬁ tal
he "W_]Ei)i‘é) , the heiglit of the clipped pul
{0 the initial ionization:: Howeve
fo e 1101




shape of the outer. electrode . is " unimportant Sin
- avalanche takes place very close to the wire and it is
. Necessary to have saturation for jon collection throug
.- whole of the sensitive volume; proporticnal. counters
“ be built having variously shaped outer electrodes, o
L1 2.2.2, Choiee of counting gas.. A proportional :counte
-+ should be filled with a gas in which the negative charge is
o earried by electrons. However, some such gases such’a
~ hydrogen, nitrogen and the noble gases  exhibit a rapi
- change of multiplication factor, M, with applied voltag
. due to the appearance of photoelectrons.  Complex molecules
which absorb photons give better stability.  Methane or
~“methane-argon mixtures are in common use and multiplics
+. tion factors up to 10° are possible. SRR R R e
L2238, Applications of proportional counters. The propor:
“ - tional counter can be used to determine the energy of particle
«-~and photons if they are totally absorbed. in the counting ges.
-~ For Jow-energy X and gamma radiation, ‘almost completa
“absorption can be achieved with g suitable gas filling ' (fig

beer tly used s axg i1
i Hg with ethyl aleohol vapor, o
rccettio of about 1 om g, The stabili

ie to the following fac

993,

oo

@
(=)
I

o
=3
i

EFFICIENCY OF COUNTER.
F-Y
o
1

-— ~n
oo
¥ ¥

o} i 20 30 40 50 80 7O .. B0 -

QUANTUM ENERGY OF THE ELECTROMAGNETIC RADIATI_OE\.‘-,KG'V i

- Tiqure 2.2-3. Percentage of quanta absorbed in 50 mgfom?: GO
krypton, and zenon (t.e., -em path of & atmospheres tn argow, Gt

" 2.9 almospheres in krypton, or af 1.5 atinospheres tn gemon). 0
[Curran, 1959; courtesy of Atomie World, formerly Atomids.} .

-~ Proportional counters also have wide application’ to
“particle counting without energy discrimination.  The source.
" itself can be placed inside the counter, avoiding window:
- absorption, and it is possible to work at atmospheric pressure,:
- generally with methane or methane-argon: mixtures, unde
- a continuous gas flow (fow counter). Counter pulses due.
"7 to a beta spectrum may vary in size by a factor of abou
S12




I ‘rate change per hundred volts can bhe achieved. Therefore

. When gamma radiation is incident, there are three prinei]

absorption coefficients for total. absorption (attenuation)

figure 2.4-2.

% distribution observed in the Compton process, and heng

: counters, values of less than I percent variation i s i
~rate per hundred volts being uncommon: unl N artific
“dead time is used to reduce sparious counts: “When-it
- necessary to establish an absolute counting rats, it is diffical
“+ to know which point of the plateau corresponds to: thie tru
counting rate. This is not so serious with 8’ proportion:
counter where & platean slope as low as 0.1-percent counting

.. for standardization work, or for any other precise ‘counting

- preference should be given to the proportional. counter

.+ Length-compensated counters, for internal- counbing 1o
- radioactive nuclides in the gaseous form; give relativel
- flat differential plateaus in both the Geiger-Miiller. an
. proportional regions (sec. 3.3). EER R by

2.4, Scintillation Counters R COTAL AGS0RP

. Tt has been long known that many substanices emit; visibl;
- light when exposed to nuclear radiations, and this property.
- has been employed as the basis for the detection of- these
- radiations. The operation of a scintillation detector-can be
~ divided into the following distinct and eonsecutive stages:

coo 2410 The absorption of the primary radiation. A charged
.- particle incident on the scintillator may dissipate all 'its
. energy within the scintillator provided that the dimensions
© of the seintillator are greater than the range of the particle;

- processes which result in the production of charged parti¢ ey
whose energy may be absorbed; namely, the Compton effect;
© the photoelectric effect, and pair production.:. The -masy

- and true (energy)? absorption for these processes in sodiam:
lodide are shown in figure 2.4-1. as a function of gamma-riy
energy, while similar quantities for anthracene are given i

The photoelectric and pair-production pfoéesséé 'reg'li_lt"_in.:
a well-defined energy release, as opposed to the continuous

discrete lines are obtained in the pulse-height spectrum 54,2, ] WErsion, -0

Some typical distributions obtained with monoenergeti A small portion of the energy
gamma rays incident on a sodium iodide (thalliwm-sctivated cleiin g scintillating m diuny:

crystal, are shown in figures 2.4-3. to 2.4-6. - . o] vd ultraviolet Lght. - o e
: o energy hy, produced by the absorp
tIn considering energy conversion fn 2 small mass, one must alse i‘emémber that in "the : th SCHitll_l?FtO.? miW’

photoeleetric effect and in pair production, energy may escape in the form of characteristic’,
X rays and anuihilation quanta, B S :

14




‘ CITTLTIATS

" ANTHRACENE
p=125g/cm?

0.2

a4 . S
\\<rom MISORPTION 1/
TRUE ASSORPTION 12q /p : _
R . Pl
002 T,

{em?/g) ANTHRACENE " .

0.05

R

~
~

0.04

0.005

MASS ABSORPTION COEFFICIENT

0.002 p~ -
§ P
0o i gy I AT 74
) 001002 005 o1 o2 65 4
: FHOTON ENERGY, Mev - T TR
Frourg 2.4-2, The vray  mass-absorption. coefficients of onthracer
S VEIsus y-ray energy. L

- Tress.

..:."The quantity e, is often referred to as the intriﬁs_ic‘efﬁdi‘eﬁcy'

- of the scintillator. It is independent of energy for particles
2 of low specific ionization ; however for certain scintillators;
. notably the organic ones, the intrinsic efficiency ‘decresse
“with increased specific ionization. R RE R R
The time dependence of photon emission appears to. follow

.-;_'a',n exponential law of the type T
p{t)=const (1—e~t7) =~ Sy

. where p(?) is the total number of photons emitted during the
ctime ¢ The decay time 7 is a characteristic of the seintils

lating material and essentially determines the maximiim

v

1

- times which are several orders

-main decay time [Harrison, 1954), Lo
o243, The attenuation of the emitted photons’ and their de
‘tection.  Of the photons produced in the scintillator; th,

- number detected depends on the geometry and the bptics.@l_'---
- properties of the system, including those of ¥eflectors and any:

light guides between the scintillator and the cathode of the
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s with an officiency e, Thus,

oLl o 1
1s produced by p initial phiotons

ypically, & may be as large as 50 percerif

;igg,_fbetweén-- 5 and 10 percent. - In order to mak

4s possible;” the ' phototube:. should be so. chose
“gpectral response curve closely matches the photo:

of the seintillator. . Combinirg eqs: (1):and (3

‘of ‘photoelectrons: obtained fo ven:energy. relea
the scintillator is given by «

otfnpared with tie.
airan a-gad counter: i

ween 500 an

o 44 The - electron-multiplication. . pr
electrons ejected from: the. cathode ‘of .
celerated towards the first dynode und ¢
electric " field: +The: dynode “surface has

sruitting ‘secondary. electrons. (the

- funetion-of ‘the accelerating pote
between 8 and :5) when struck

These secondary electrons: ar
further dynode: and’the proces
more, such ‘stages, an overall:gain up to
readily achieved.. . :

9.4 5. Characteristics of seintiliato

characteristics of some of the more common:
_are given in tables'214-1,2.4-2, and 2. :

Of the inorganic scintillators,: the most widely:
thallinmeactivated ~sodium - iodid cerystal Thi
is highly transparent to its own iation: a1
be used in large thicknesses.  This propet 4
high density; make it particularly su
of - gamima-ray: spectra.. Hach

is6 to several peaksin the: puls
mplex gamma-r
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Aucrogeapic methods with ultraviolet light geemn to lie it

quiid sind. plastie seintillators. oo

Giams of solute pet 1,000'g of solven

“other peaks together wit

nragent in the: spectrum ’(see:figs:

' resg ; 'A-_diécuI;Sibﬁ:"'ofﬁ_ the ~distribut

figures is piven by Heath (1957): An

“tion in the analysis of spectra is the res
hals height, of the full engrg{;;--g k. T

05
arises from. the yariande in:the num

toduced at the cathode of the photo ﬁbg nd

- gté;’r}isticalﬂ nafure of the electron-multiplicatio
herefore varies with energy.  Under the b
resently available this may: be perhe ;
ha 662-kev radiation of bariam=137

Owing: to - the low ‘average: ator
scinbillators,” the' photoelectric. and. 1

aotions are greatly reduced and hence s
themselves primarily to the detection

“and also neutrons; which prodice proton rec

_hydrogeneous’ material of the scintillator
energy curves for lonizing particles m anthrac




sub]e(,t £ Smtlstlcal ﬁucma.tlons.. _The probablht,y

.certam number 0[' events n occurs Wlthm & tlm
ELECTRONS

; I‘rom these an’ e‘zp:t ession for the efTor of'a, Teasur
“ean be derwed thls 18 the standa,rd devmtlon : Fo 1;

o a,bout 10,000 counts are necessary for a 'standar .
_ T i the total couiit'of 4= 100 orof &+ 1 percent. The pro
PROTONS | 0 i ol a single observation’ being within: the. standard devia
FUU R - from’ the mean is' 0.68. . In other words; when many ob
- vations are made, -approximately. two- thnds it -
- tions ‘ought: to he within: the standard: devmtlo
- hnean, and the rcmamder outSIde ~/This fact _:_allo

T R : Smce radloactwe decay is'a sta,mstxcal.-process
Q- PARTICLES RN be equally suspicious when the: set: of: ob_servat
R " -eonsiderably move. precise. than predlcte .
siderably: less precise. A 1igorois evalu; tlon
:"performance may be: obtamed from't
S [Flsher 1950]. Tl 5 '
e Ing the plesentatlon of d&ta the standard,
-usually oiven to indicate the. L ec,lsmn ‘of mdasure

Freurk 2.4-7. Range-energy curves for ionizing partzcles 'm mmﬂ;cme ':fﬁ:_foﬂowmg confidence limits’ apply to Tepresentative
[Birks, 195%; courtesy of MeGraw-HilL] - - ... ool the stsmciard &evmtlon

i Dewatmn

. Probablhty that observatlon'
' lms Wlthm th1s dewatmn &

588089—61——3




_ The deviation equsl to - 0:675¢ is called the “probabl

“error” of an observation. There is a 50<percent chance that:
-~ another observation will lie within these Limits, =~ 2
.. The above date allow one to estimate if a counting rate.

- deviates by more than the statistical fluctuations from a
.- previously determined rate. This is of importance when

- equipment is checked routinely with a performance standard
“iv(see sec. 1.1). For instance, a deviation of more than 24
~from a previously established mean should be considered
.o with suspicion since the probability of this occurring is only
v Bopercent,  (For further details, see Evans, 1955, ch. 27;.
i and Quimby, Feitelberg, and Silver, 1958, pp. 179 to 182.)
s 2,820 Background considerations. In most instances the:
- radiation counter exhibits a background rate which is not:
-~ negligible and which has to be subtracted from the gross
- counting rate. The statistical fluctuations of the background
.. must be included in the estimate of the error. According to-
- the theory of errors the standard deviation of the net counting -

o rate is

o=y Fob= g R BN
tp 'ty . S

i T refers to the total counts and B to the backeround. In.
= counting sources of reasonable activity, it is usually sufficient
. to determine the background counting rate only once (or -
“. perhaps before and after a series of samples) by counting long
- enough to make oy negligible compared to or.  The optimum
. division of available time between background and source

. counting is given by

a_ s
ty rr

. Here rp and ry have to be obtained from a preliminary run..
2~ The minimum combined time necessary in order to achieve

- a predetermined precision can be estimated for particular .
- values of total counting rate relative to background counting.
"rate. Curves published by Loevinger and Berman [1951]:
- enable this to be accomplished for any practical case. These
- curves are reproduced in figure 2.5-1.  As an example of the "
= application of these curves, suppose that it is desired to deter=".
-+ mine with & precision of -5 percent the activity of a sample’
- which has a counting rate approximately half that of the:

¥ background. Then k, the ratio of total to background count=
.. ingrate, 18 1.5, and from figure 2.5-1, the 5-percent line inter.

6

SAMPLE PERGENT ERRON© °

et

T

g TOTAL COURTING RATE:: 1 T

s AT VACKCRODND BTG RATE -
IO I K Y SR TR S I
S i(!_‘.i.- CEa

_ I«‘réﬁﬁﬁﬁ.ﬁ?—l.' Ré'lations'.?ﬁp'._ .bei_iueé'n.'.g}?‘e:c.z;éiobif

.eounts taking décount of buckground:

" Tor & given desited percentage grrar in the medsurenicht of Satiple aetivit

distribution of counts hetween background and the combined bickground pluss

o can be chosen so that the tlme spent in'counting Is & minfmumi: The curves dre partictl
" useful when a.predetermined precision is reqitived:in counting a sample. of.law-'countin%

using the pre-sef count tecknique.  [Logvinget and Bermaxn 10515 courtesy of

" “sects the: obliqiie line for F=1.5 ut = total count of

The point of intersection lies: about one-third of the di

" between the backgroundscount: curves for 3,000
- Thus, the background. count should be about 3,600

‘curves are very valuable whenever the preset-count techni

“can beused:« A preliminary rough determinatio
“ground @nd the total counting rates is necessa:
establish the: valué of k.- The preset-count techniqu

‘- with these curves. then enables all saniple activities
. determined with the same. precision: -
o 205,80 Mingmum detectable activity.- Counting 1
“not be made: indefinitely. long; therefore backer
- giderations determiné the mintmum’ ci_e_t_ec_tablez_;._
*.good rule of thumb in this'connection is the follo
' sider & count whick is different from the backgr

" by little more thar the standard deviation of the b kgr
- fluctiations. Such a count suggests that, an effect has 1
observed but does not ‘establish-it; If-the countis differ

from the backeround ¢ount by more than twice th d

-+ deviation of t?he-_backgxfoun'd_.i_(':Ount---___o'nq--:t}an belie
" regervations, that an effect has been observed. - Onl
“ effect is such that the count is different from the:backgr
 ¢ount by more than three times the standard devia
~backgrotnd count can‘it-be considered as est:




- the probability of its being due to background fuctuation ce the counting r
- alone is then only 0.3 percent. (See table in sec. 2.5-1.) \n - approximate expre
{De Benedetti and Findley, 1958]. S T ~araple, Price, 1958} is-

The minimum detectable activity can therefore, on' this:
- basis, be considered to be that amount of activity which, in
o the same counting time, gives a count which is different from:
. the background count by three times the standard deviation. L e e e -

of the background count, S where. ther’s are the total counting rates and the:
- 2.5.4. Background equivalent activity. A useful concept = - refer fo ‘the two sourees; ry designates the backgrc
- for expressing the intrinsic sensitivity of any detector is that .- " Sinee (6) contains differences of large numbers, th
- of the Background Equivalent Activity (BEA) [Seliger and . coumting rates have to be: determined with' hig

Schwebel, 1954; Mann and Seliger, 1958a, table 3] This 0 " " (¢) Measurement with  an. oscilloscope

- Geiger-Miiller counters can be from 100 to 300 usec. Dead -

2. mining the dead time:

quantity, for any given instrument and radiosctive nuclide,” - “estimate of the: resolving time can. be: max

is, as iis name implies, the activity of that nuclide which “triggered oscilloscope is connected at a point bet
- will, in the particular geometry used, produce a response of - amplifier and séaler. . Using theé equipmient at a high
© that instrument which is equal to its background reading.” L ing s rate, s the: minimum time between -the- two
The minimum detectable activity with regard to any radio- ' pulses: can . be reéad on' the: oscilloscope scre
- nuclide and measuring system will be a fraction of the back-- " must have a shorfer dead: tivie than: the precec
- ground equivalent activity. T . the equipment; but this condition is nearly: alw

- 2.8.5. Counting losses. After detection of a pulse the - s dnpractices o

~ counter and the associated electronic equipment are inop--" " ‘i 2.5.6. Stalistics of tonization chambers: . Statisti

- erative for a short interval (the “dead” time r) causing a . . tions in. the number of particles produced in ¢
certain fraction of counts to be lost. A complete treatment. - " decay process is reflected in the: variation of total
on counting losses has been given, amongst others, by Elmore - released in an ionization chamber (or ‘‘mean-level’:

L 11950). For a nonextendable dead time, 7, the true counting . - see Price, 1958).. The total charge; ¢, collected in
rate, A, is given by L " time in the chamber will be squal to: the product ¢
' g is the average charge released: per nuclear particl

R=—" 5y . - .-is the number of particlés interacting within &
1—r7 S  that time. - Therefore. the standard: deviatic
L R - ¢ times as large ds the standard ‘deviation i
‘where 7 is the observed counting rate. Dead times for - Substituting @=g¢n one obtains

times for proportional and scintillation counters depend es-""
sentially on the associated electronic circuitry and are usgally T e T T
of the order of a few microseconds. Counting rates where - This ireatment neglects the fluctuations: i
" the losses exceed 10 percent should be avoided. - leased - by . the individual® nuclear  particles
The following are some of the methods available for deter- - - gives: the . treatmient. for - rate-type  ioni

{a) Half-life measurement. Theactivity of a radionuclide _._.mstx_ume_nts._ TR R
- of relatively short half-life, for instance iodine-128, Ty @
'==24.99 min, is followed. The decay is plotted on semiloga- .
rithmic graph paper and compared with a straight line drawni = :
for Ty;=24.99. Corrections can then be taken directly from -0 R e T R R
the graph, and avoids any caleulation. R - - Perhaps the most widely applicable method
(b) The two-source method. Two sources of about equal - drdization, of alpha- and:beta-emitting nuclides
activity are counted individually and together. Care should- 47 counting. - This method involves:the use of a
be taken that the presence of one source does not . as possible for the source mount and this film

28
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S i_ﬁéth. sides by twd"deét'ectoﬁ's' each Sﬁbﬁendiﬁg’ a°solid angle of:
.. essentially 2x steradians at the source. This section will be:
limited to gas counters as detectors. R

- Beveral designs of 47 counters have appeared in the liter~-
7 ature, ineluding spherical, cylindrical, and pillbox types.-
- [Hawkings, Merritt, and Craven, 1952 ; Smith, D. B., 1953 and -
2. 1954]. Representative examples of these are given in figures. -
1 8.1-1, 3.1~2, and 3.1-3. Co

- Figure 3.1-1 shows the National Bureau of Standards :
~'spherical counter in which a source is placed on the center
- of a metallized collodion film supported on an apnular slumiz.
o num foil which divides the counter in half. Two loops of
.70.001-in.-diameter wire form the anodes. Methane or a
+mixture of argon and methane is used as a flow gas at -
- atmospheric pressure. A eylindrical type of 4r counter -
designed by the Atomic Energy Research Establishment
at Harwell, is shown in figure 3.1-2. "This counter is oper-
ated in the Geiger-Miller region using a “one-shot” filling'
-~ of 90 percent argon and 10 percent ethyl alcohol at 10 cmi.

~of Hg pressure. It is, therefore, necessary to pump out the
counter thoroughly, or flush with argon, before filling, each -
time a source is inserted. A counter of this geometry could
. equally well be operated in the proportional region. Figure
©3.1-3 shows a sketch of a simple pillbox type of counter:
which has been used by the Chalk River Laboratories:
One desirable feature which is necessary for any counter
- which employs an internal source is that it should be readily -

- demountable for decontamination should a source acciden-

~ tally be dispersed inside the counter. R
- The intrmsic efficiency of a well designed 4» counter is-
- assumed te be 100 percent for charged particles [Hawkings; -~
Merritt, and Craven, 1952; Seliger and Schwebel, 1954].. -
Any departure from 100-percent efficiency that has been .
.~ observed can be attributed to absorption by the source and - -
- the source mount. High efficiencies are also possible for .-
o X rays (electron-capturing nuclides) by operating at ele-
- vated pressures [Allen, 1957; Campilon and Merritt, 19571 .

Since the source mount forms an integral part of the . .
counter cathode it must be sufficiently condueting to provide -
adequate field strength at the source and to prevent local -
charging. At the same time the mount must be as thin as -
pmcticaj to reduce absorption losses. A common technique =
is the use of a thin plastic film, which can be made as thin
as 1 or 2 pgfem? (see, for example, Pate and Yaffe, 19554),
and rendered conducting by the vacuum evaporation of a
suitable metal onto the surface. Gold is commonly used:
since it is stable to most chemicals and can be readily evap-’
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ional or Geiger-Miller counter; it is not-necessas
mplifier:to_be linear, since an-ndication. of an eve
that is-:-requn,ed_. - T R e

igiitegra

- The measuremerit of the Hotivity: of 8

‘made by plotting & curve of coutiting rate :
" potential applied to.the counter,” keeping the digériimn
" bias level constant; or against the diseriminator. bias f
- fixed counter potenitial. - (The first alternative must be used
with Geiger-Milller counters.). . The plateau may exte
some 200 volts of the applied potential and its slop
- mines the precision of the counting rate. - The slope ma
" of the order of 0.1 percent per 100 volts..  The counting ra
1 o8 obtained must be treated for the following correction
oo 30t Dead tiimes. See section 2500 n i
“173:1.2; Background. - This is readily obtained by
i g blank source mount into: the counter.  The ba
i raté is then subtracted from the obseérved: counting
" the correction for dead-time lossés.” The backgrou
oo . _ R o in w/well shielded proportional counter may be.about 0
- orated; other elements have been used. The amount of gold - - counts per second, but depends on-the size.. Part at lea;
“required to make a conducting surface is in some doubt, and " the background is due to natural activity in the mab
- apparently depends on the counter used; however, about 20~ from which the counter is constructed, and a usefu
" pgfem?® s’ probably sufficient for most cases. A simpler - : of the “cleanliness” of such. materials is given by Gr
" source mount can be made by depositing the source on a . Brown, Cruikshank; and Fowler [1956]: - However; b
~ ¢ plastic film and then covering 1t with aluminum leaf (~200" - dead times of proportional-eounter systems allow suc
< ugfem?®). This method resuits in a considerably thicker . counting rates that the background-rate correction i
source mount and a correction musé be made to allow for - ©tively very small s 0 LTl s
“ the absorption of the low-energy particles by the mount, - ' - 8.1.8.  Source-mount: absorption. - IE Necessary,
- These corrections have been discussed by Smith [1954], " tion for the absorption in the source miount should be
Hawkings, Merritt, and Craven [1952], Mann and Seliger ~ The analysis of Pate and Yaffe [1955b] is recommenc
[1953], and more recently by Pate and Yaffe [1955¢]. | the'miost precise work. Rl T o

Fravne 3.1-3. 4xp Proportional counter: pillbox type.

The output pulse from proportional and some Geiger- . For eiectron-capburing'_Iiuclidés-"(Xz_:_gxyé);"_"difﬁéu.};ﬁ__e
- Muller counters is such that external amplification is neces- " because of uncertainties in the absorption of the soft Aug
. sary. In the case of a proportional counter, the pulse height - ~‘electrons.  They are therefore filtered bUt.__-by_foﬂ_s; olsuitabl

.. may vary over a considerable range, perhaps three orders of ™ - thickness.. The fluorescence yield (fig. 3.1-4.) is th
- magnitude, and hence, good overload properties are required: o to correct fo the total disintegration rate.  The

o of the circuitry. The ideal characteristic of the external . empirical corrections aré also required for possible
- amplifier is a short dead time which is independent of input Cepbures v e e R
“ . pulse height. This characteristic has been approached in ° 3.1.4. Self-absorption correction.. There is:at presen

. recent amplifiers [Kelly, 1956; Fairstein, 1956].  If, however, - seneral method for detérmining “this corréction. with
- there 1s a variable (extendable) dead time present anywhere " aoeuracy comparable with that: for other correctio
- in the counting system, this may be corrected by artificially - - counting. . The"technique of ‘progressively: diluting
- ‘introducing a constant paralysis time which is longer than o golution unitil the observed activity expressed in term
o any possibly occurring dead time. Such a technique is .- “original solution is a constant merely indicates that m

desirable when using Geiger~-Miler counters, which have
32




" FLUORESCENCE YIELD: =~

"6 ! | ! L
o] 20 40 80 80
ATOMIC NUMBER

o Ficure 3.1-4. Fluorescence yield as @ function of alemic number'.

[See Condon and Odishaw, 1958, ch. 6 of pt, 9, Nuclear electromagnetic radiations, R. W. ° .

- Hayward, pp. 9-115.]

“gelf-absorption has been obtained rather than that the cor---
« - rection is zero. Calculated estimates based on the size of -
- the crystals forming the active deposits and maeroscopic =

~ absorption coefficients have been made by Meyer-Schiifz~ °

meister and Vincent [1952] and Seliger and Schwebel [1954].

“Yaffe and Fishman [1960] have used a vacuuwm-distillation -
-method to set up self-absorption curves applicable to this -
. source-preparation technique. Carswell and Milsted [1957] -
~‘have used a spray technique to produce very thin sources
< but this technique does not permit, of quantitative deposition.” .
- Recently Merritt, Taylor, and Campion [1959] have used
" the 4nf-y coincidence-counting technique to measure, under -
- specified conditions, the self-absorption for & number of

34

lides amenable to thi
mean superficial density of 2ug/c pare
vard evaporation; the self-absorp varied. bet

1.0 percent for sodium-24" (beta end-point energy

and 40, percent for ‘the 86-kev beta. transition in cesi

“ An appreciable improvement: was found by usi

‘agents. (e.g.; nsulin as & wetting agent and. colloida

a seeding agent in' the erystallization process), particul

 foi-the weaker betacemitters.” -

By incorporating into: the same chemical com

“ radionucldes, one a beta emitter and the othera p

standardized beta-pamma emitter, Merritt, Taylor, M
arid Campion [1960] (see also, Campion; Taylor, and-Mer
1960) have used 48~y coincidence counting to- determi
self-absorption of subfur-35. i 7T

3:1.5. Decay.  When making a serics of Uree

o shortJived radionuclide; the observations are usuall
o rected for decay to some reference time.. If th

time for which a count is taken is an appreciable fra

. the half-life, a correction for the decay during t
- must-also be made. * It can be readily shown that the
- ing rate at the beginning of the count Ny, is given by

" whiere nigs, s tlie total number of counts observed duri

counting period ¢ and N the decay constant.

.2 8.1.6. Standardization. by Zx’ counting.. - For ‘the
ization of alpha-emitting nuclides it is possible to

géometry, which is essentially one-half: 6f

- Although “all ‘of* the - considerations™in. 4r co

equally well here, certain characteristics-of the alp]
cle~disintegration process allow “this more :restric

simpler geomietry to beused. . -

The source may: be: electrodeposited o evaporat

. & polished metal: backing that behaves: as’ |
“miediagm. -Alpha particles, being more massive .th

trons, are less easily backscattered:from’the backing

L the fraction of the alpha particles scabtered into the fo
©-" direction is far less than in' the case of beta particles
-‘alpha particles are. emitted in. monoenergetic group,

much higher energies than beta particles which aire cha

- istically emitted in a spectrum of energies. The sp
~ yoltage pulses from the 2w proportional counter wil
indicate the degree of source self-absorption presen
“due regard is paid to the preparation of the sourc
" should be effectively ‘fweightless” on-a smooth back




B_écks'c:a,'ttering and source s’éi.f.wabsor'{jtibﬂ offects cari b mad
to be of the order of o few percent or

- for these effects are of opposite arithmetical sign and tend to
. -’be self-canceling, so that the ultimate accuracy approaches
.. that obtained by 4x counting. S

3.2. Coincidence Counting

oo II a nuclide emits two or more simultancous radiations, -
. a measurement of its absolute disintegration rate may be
made by the method of coincidence counting. Two detectors

are required, each of which will respond, ideally, to one radi-
- ation only. In principle at least, it is not necessary to know

" the efficiency of either detector. For example, if we consider

+. o radionuclide having a gamma ray following a beta transi--

- tiom, and having an absolute disintegration rate N, then,
~in principle®, the counting rates in the two counters and in’

“the coincidence channel may be written: '
s NﬂmNgéﬂ

Noy:Ngé-y g (1)

No=Noeges,

- where ¢ and ¢, are the efficiencies (intrinsic detector efficiency

and efficiency due to solid angle subtended by each detector’ :
~>.t0 the source) of the beta and gamma detectors. L

':j: © We thus obtain
S NomNﬁ]\L,

“eounter.,

Due to the spread in rise time of the pulses in the indi vidual
--channels it is necessary to employ a coincidence mixer with a -

. finite resolving time, 74, so that no true coincidences will be

~ lost. As a consequence, not only will true coincidences be -
-tecorded in the coincidence channel, but also random events: -
“that occur within a time »g of one another. These random”

AR coincidencesf, often called accidental coincidences, are given,
. for low-efficiency detectors (Dunworth, 1940), by 3

NamQTRNﬁNy. (3)

.7 *I'he relationships in the following peragraphe, and eguations, have been diseussed and-
- “derived in general terms and it must be understood that Np, N., and N. are counting rates to.

whieh appropuiate and small corrections, e.g., for background, should be made. Thus. if

sl N Ny, and N are obserred counting rates, eq (2) is correct only in principle as corrections -
=7 which are discussed later should be applied to it. .
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s9, while the corrections

SOUTCE. L7

N ® | o

& - scintillation counter for the bets détector has be
““"independent of the overall efficiency e or e, of eith_ef- g

Campion (1959) is shown in:flgure 3.2-1. It.

[n practice some modifications to the above equati
necessary, as will be discussed below. : The techniqiie

- applied to g~y [Dunworth, 1940}, =y [Lyon ‘and: Reyno
- 1956], vy [Hayward, Hoppes; and’ Mani,; 1955], or y-X.
b

i Allen, 1957; Liyon and Reynolds; 1957} coinciden

© Since. the basic principle is the same for each of the
- By and 4~y coincidence counting will be described
" examples.: e LI T

As has been 'émpi.ié._sifzed' by Pu t:r_h'a;n: [1953] t

method is valid with respect to Zexﬁeﬁdﬁd'ﬁ@ﬂfﬁ ;
- that either detector is: equally sensitive to all par

3.2.1." Beta-

amma cotneidence” counting. = The

applicable to f—y coincidernice couriting using detectors ir'hq_
- efficiencies are relatively small havebeen described by se

authors [Dunworth, 1940; Barnothy and: Forro,:

" bahn; 1955, c¢h. 26 “Measurement of Disintegr:
* by J. L. Putman; and Bay, 1956]. 1f, however, on

approaches 100-percent. efficiency; as,” for exampl

- ploying a 47 counter.for the beta defector; th

probably becomes one of the most powerful'n

able at the present time for the standardization of th

emitting nuclides which may have a gamina
decay scheme. - A 478~y coincidénce unit emplo

ying
by Steyn and Haasbroeck [1958]; while a similar uni

o Geiger-Miller. counter: and liquid scintillation coun

the beta and gamma detectors respectively has'b

by Smith [1854], . 0 i o £

A sketeh of ‘a 4n8-~y. coinicidetice anit: as __j'c}e_sq_lj;b_e
478 gas-flow proportional counter having a turnt:

hig cotnter are mounted two 33X 3-in-sodium iodide (t)

- anism to facilitate the loading of soulces:  ‘Above and be
~ Hum-activated) erystals and - associated: electron-muliip
- phototubes.: The whole detecting system:is moun
" suitable lead shielding; not. shown. . Thé.use‘of two

coiricidence work. . The outputs of the gamma-ray de
ate amplified, pulse-height ah&lyze@_'_a;ﬁ finally

a¥ shown in figure 3,2-1 is, of course, not necessary fo

entering the coincidenice mixer. "7




Fioure 8.2~1. A 4wf—v coincidence counting unit.

Left, the complete assembly, excluding shielding, Right, an exploded view of the 41.-3 " ’

_' proportional gas-flow counter.

In any coincidence arrangement it is essential that no

.- coincidences be lost due to the use of too short a resolving -

Ctime. A convenlent way to check this is to introduce a varia-

ble delay in each channel and then {0 observe the coincidence

“ecounting rate as a function of the relative delay between

channels. A family of such curves should be obtained for
- different resolving times. Provided the latter are sufficiently
long the curves will exhibit a plateau, the absolute height of

-which is almost independent of the resolving time. An accu-

“vate value of the resolving time, x, can be obtained by intro-

ducing completely random pulses into each channel, when

‘the observed coincidence counting rate will be given by eq

2 1(8) above. o
oo In 4wB-y coinecidence counting Np is invariably much

_higher, scme 10 to 100 times, than N,. Insuch eircumstances
- it1s also important to be certain that the 8 and v pulses, arising
= from the same disintegration, arrive at the coincidence ana- =
Iyzer with no relative delay. Otherwise “instrumental’’:

-coineidences [Gandy, 1961] will affect the result.

- Only a very brief discussion of the corrections applicable:
to 4w~y coincidence counting can be given here, and the
‘Teader is referred to Campion {1959] for a more detailed .
treatment of such corrections. They may, however, be.
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oughly classified into: twoigroup

wiportance depends on the counting rate and (b) th
onob. e i
S Tnigroup () there are the.random coincidenic

tion,’ the dead-time-loss. correction, and _the
CeorTeetion: ot e

For high-efficiency detectors the correction for the ranc

“or accidental, coincidence rate is given :[Cani 1959

NN e,

For small values of @ and en, eqi (5) _(}I'_eé_i_f?i:y:'i_*edi_i_cejsﬁto
‘The: genéral expression for the. dead-time  correctio

j"co'mpieéx-, but it has been discussed in some detail by Campi
[1959]. T el

I howex;er,- the ae:.ld'—tim'ésﬁ in the mdlwdual 3

the same and are equal to 7 the disintegration rate Ny

be exprossed; in termis of the. obsérved counting rates

- and N, and neglecting second-order terms b

NN

o Ne— NZe

where' NS, N and N2 are the respective backe
- counting rates. . Ny and N, are the observed counting
- uncorrected: for dead-time lossés, which have alresd

talen info account it the derivation of'eq (6

= T the “second. elass: of. corrections; grou
effects due to the angular correlation:betwe

" gamma- ray, internal:éonversion:of the g

. sensitivity of the beta detector to gamma-radiation, an
- " response. of ‘the  gamma ~detéctor to. bremsstrahlung ar

from the slowing. down of the beta particles.. Since.e
these corrections is zero for 100:percent efficiency in th

* . counter. the advantages. of: the drg-y: coincidenc

are again apparent.

- Finally the case of éOnipiéX_ deca,yschemes has been tre
by Wiedenbeck [1947]) and: Putman [1953}. - For such d

schemes it has been shown [Putman; 1953} that the si

-~ expression: (2) requires s modifying “coeflicient whic

- finetion of the efficiencias of the: detectors for the. )

" branches.: This coefficient: is unity provided ‘that the effi
‘ciencies of either detector are the sime for all branch

“'thé reasonably high efficiencies obtainable m &

i
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S Treure 3.2-2. Integral pulse-height curve for gamma rays of 1.17 and
o 1 :

.38 Mev.

“#:-this particnlar coefficient can be neglected for many of the

“=idecay schemes encountered.

o 3.2.20 Gamma-gamme eoineidence counting.  As.a second
éxample of the general technique, we shall consider the case

.of y—y coincidence counting. Although this technique is
- even more limited in application than that of 8-y coincidence.
Jecounting, it has the advantage that sources in the form of

“wires or pellets can be readily standardized without the
" preparation of thin samples such as are required for particle
= dounting, .

o In the y—y coincidence method there are the following
- Impertant considerations, (a) the relative efficiency of each

: o of the counters for the two gamma rays, (b) possible spurious -
- coincidences due to the Compton scattering of a gamma ray

" from one counter into the other, (¢) possible angular correla-

.. tion of the gamma rays, and {d) the attenuation of this
- correlation due to finite geometrical size of the source and.”

- counters. The method is perhaps best illustrated by refer-
“ence to its use in the standardization of cobalt-60 [Hayward,

» Hoppes, and Mann, 1955]. _
: hen two gamma rays of nearly equal energies, such as

“oceur in the decay of cobalt-60, are used, it is impossible to

-~ make one counter sensitive only to the first radiation and the .

= other counter sensitive only to the second. In this case it is

~‘eonvenient, by appropriate setting of the bias in each chan-’

- nel, to adjust the efficiencies to be nearly the same for each
 radiation, as determined by integration under the pulse-
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height—distribution curve, as shown in figure 3.2-2. The Cuse of eq-(5) above,. i

:' parent disintegration rateis . ..

" When the'¢'s sre equial ‘to tnity the coefficient

for example, the ¢'s are adjusted’ to'no better tha

' the coefficient is 1/2.02; iie.; if a 20-percent, error

the bias is made; a 1-percent error in the coefficien
With. reasonable care, - therefore, “good accu

~ achieved. -

* The setting of the bisses by the above eriterion u

results in biases so high that: spurious coincidences.

scattered gamma rays will be -eliminated;: except pe

* in situations where the angular separation of the tw

tor's with respect to thé sotirce is small: “A 1-Mev gamm
when scattered through an angle of 90° to 180 1s deg

in'energy to about 200 kev.- -

The disintegration rate in ‘tertis of obs _'v"abi'gi '

' peglecting second-order terins and for rp small,

e (N NES (NGNS
- PRGN ry o) (142

where Ny and Ny are the counting rates in each of two
detectors, N, is the coineidence counting rate, F'
efficiency coefficient defined above and f(8) i a fun
pending on.the geometry [see Feingold and Franke
and on anyangular “correlation between : the coi
gamme rays.  NTS, N5& and NJ° are the resp
ground counting rates. oo st e

‘Az In the . beta-gamma. coincidence’ me

above,” the resolving: timeé’ of ‘the coincidence mixer. cir

must be sufficiently long to avoid: any loss of true

- “cidences.. The optimum resolving time may be f
~sithilar, way to that in section 3.2.F. . Since, howe
‘random rate is’considerably greater:in this applic
“coincidence counting. rate as: a.function’ of résolving tir
- exhibits & marked slope above: somnie critical val

latter: Below this value the cirve departs fro

- duie to loss of gehuire coincidences.  The irie col
~ counting rate can be found by extrapolation:of th

portion of the curve back to'zero: resolving: tim

. 5885R0—61——d




3.3. Sténdardiiﬁtidn by Internal Gas Coun ng e

o 'The_ standardization of low energy beta emitters prescnts
-~ a special problem because of the relatively large self-absorp-.
©tion associated with 4nf counter sources prepared in the .

“ ysual manner. This problem may be eliminated by adding

" the sample, in gaseous form, to the counting gas of & propor-.

o tional or Geiger-Miller counter of known physical dimensions
“IMiller, 1947; Brown and Miller, 1947; Anderson, Libby,
- Weinhouse, Reid, Kirschenbaum, and Grosse, 1947; Fngel-
+Temeir, Hamill, Inghram, and Libby, 1949; Curran, Angus,
~and Cockrolt, 1940; Jones, 1949; Mann and Parkinson,
-5:1949; Hawkings, Hunter, and Mann, 1949; Bernstein and
= Ballentine, 1950; Engelkemeir and Libby, 1950; Jones, 19515

“ Rieck, Myers, and Palmer, 1956; Mann, 1958; Merritt and

- Hawkings, 1960]. The method is also applicable to Auger
electrons of electron-capiuring nuelides. _
The weakening of the field at the counter ends, and beta

- partieles entering the counting volume from the “‘dead’ ends,
+ make corrections necessary, or these can be eliminated by
% using a set of two or three counters of different length but
2 of the same cross section. The ends with the supports for-
2 the anode wire should be of identical construction. By -
o taking differences in counts between any pair of counters,
2% the end effects cancel. R
i Wall effects can be determined by extrapolation of the

“observed counting rate as a function of inverse pressure to

~©. zero inverse pressure. Some experimenters have also varied
"¢ the diameter of their counters, leaving the pressure coustant.

3.4, The Calorimetric Method

Microcalorimeter methods have recently been used at the

.. National Bureau of Standards both for the intercomparison

S of national radium standards and for the standardization -

- of artificially produced radionuclides and poloninm-210.

7 The twin-cup compensated microcalorimeters which were -
= built for this purpose [Mann, 19548 and 1954b] use the .
- Peltier-cooling effect to balance the energy emission of the ~
o radioactive source. T
The National Bureau of Standards radiation balance, as

" this twin calorimeter has been called, has been used to

" prepare standards of tritium, of sulfur-35 [Seliger, Mann, -
- and Cavallo, 1958] and to calibrate a polonium-210 source in |
“conneetion with the measurement of the branching ratio in -
the decay of polonium-210 [Hayward, Hoppes, and Mann, .
- 1955]. A knowledge of this ratio, namely 1.22>(107° gamma
quantum per alpha particle, enables a strong polonium-210
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" gtant to within 490.05

ssayed simply by measurem
‘04-NMev gamma rays from; th daughter

7] o

Yi has also recently. been used to prepare

radiun - solition -standards - [Mann, - Stockm

“Sehwebel, Mullen, and Garfinkel; 1959].- Aprecisioiiof al
0.1 percent is achieved in: calibrating & radium. source.
“forms of the national radium standards, but the stan
“tion of an alpha~ or beta-emitting nuclide depend

- knowledge ol the evergy of: the-alpha-particles o theave
energy of beta deeay: [ T o

A twin calorimeter has: éul's'd:b'éen_ developed: at

Energy of Canada Limited {Bayly, 1950] and used

standardization of & phosphorus-32 source. This calorim
was based on the principle of balarcing the temperature

" in the cup containing the radioactive sotrce by _;p_(;__l_ijus’ciﬁ
" eurrent in an electrical heating coil in the fwin cup:

:here is no temperature difference, measured by a thern
in each cup, between the two cups. -In common

 National Burean of Standards:radiation: balance, it
found necessary to place the calorimeter In & temporatu
© attenuating enclosure, but, it contrast to. the radi

balance, it was found necessary. _a}IsQ'_'_fo_o'{:'maint_q_i_n:_1-_,1"1__.
containing the calorimeter at a temperature which was

The measurement of the disintegration. rate of
phorus-s2 sourte was __m‘s;de__' \_mtl};__&n ._'est_ tc
error’ of 2 percent. ot

. 3.5 Liquid Scintillation' Counting

Liquid sci’nbillsitién: counting;:like internal ga

oliminates the problem of source. self-absorption

method, the material is incorporated into & liquid seintillating

solution and thelight pulses produced are couznted by
of - either- a ‘single electron-multipiier, phototube, ot
coineiderice. - Thus far the téchnique is-nob conside:
ble for the absolute counting of beta particles below 2
or 10 kev because an insufficient number of paotons
duced, having dud regard to the efficiency of Hght ¢
and also to the efficiency of ejection of pljloto:_e'}_eg
Basson and Steyn [1954] have standardized alph

" golutions of p'oi‘on'ium—zi{)"_by_‘inc(jrpomtingf_. the

directly into the. liquid seintillator, 'a-xid_;_S_te;yn:;__;_[:l_%'
Seliger [1958a; and.1958b} have: gxte’nd'ed_'-;t__hls- ‘techt
the standardization of beta-emitting nuclides. =

The method of 4ra-liquid-scintillation countibg using so

“gources has been used in'the -standg;ﬁdi@;ti_o f:alph




" beta emitters. [Belcher, 1953; Basson! and Steyn, 19547 Y PO Ahe AT Faley
7 Steyn, 1956; Seliger, 1958a and 1958b].  For b'etaygmit_ters,_' o sorbeﬁfg;irﬁ?fe%ﬁ%ﬁ& ggg }%a bor

" Belcher [1953] supported the source in the liquid scintillator . ase ofa cavity chamber—rather than to the e
““hetween a sandwich of two thin foils. The absorption cor- I?G-W:e‘-r'---r;.the_ exposure. dose can usually bo: derty
rection for these foils and for source self-absorption can, . from the measurement; and fany instruments ire :
“however, be quite high. - salibrated to read directly in Toentgens. - When the me
g fradiated is air, eq (1) becomes essentially an ex
s X ) ) Jor the exposure dose rafte. - The exposite dose. '
0 If the decay scheme and disintegration rate of a radio- - “exposure’in terms of the production of ‘secondary ¢
“nuclide are known, the gamma-ray dose rate at a given 7 in n standard nass of air, and meagures these latter 1
- distance can be calculated. Conversely, the disintegration of the ionization: they produce:: “Since the average:
" ‘rate of the source can be deduced from a measurement of - expended- in the production’of an ion pair-in aif (!
+the dose rate at a known distance. - yirtially independent of the energy of the secondary elec
‘> The rate, ¢ at which energy from the gamma radiation - - an exposure. dose of 1 Toentgen corresponds to:thi
o is transferred to kinetic energy of secondary electrons per ' fepence of the sanie quantity of photon energy: in

. unit mass of material at distance d, assuming that there is = " of air, irrespective of the quantum energy of the gamma rays
1o absorption in the intervening distance, is given by ' The relation between  the exposure. dose rate R and

ity e, apecified by eq (1);isi oo -
 NEns asten B o qu?‘?t-.__y_.'_"_’ spec ed:. ¥ ed @

3.6. Standardization of Gamma Eraitters by Dosimetry

; | . X621X10°0 x sec .
“where N is the disintegration rate of the source, n; is the _ S TR Tl :

- fraction of disintegrations in which a photon of energy [, “ The International Comimission on Radiological Uni

s emitted, and ypenx is the mass energy absorption coefhicient - . Measurements suggests. the use of 34 ev for Wi, (ICRU
“of t_‘;he nedium for radiation of photon energy ¥,. Ineq (2} ~ NBS Handbook 78], This value is probably accur

: - percent and may be used with gamma-tay energies
mtten=m0aF e Tl (2) . than 20 kev: From eq (1) and (3) one can derive the sp
Y gamima-ray emission, I' (ICRU-NBS Handbook 78

v where mo, is the Compton mass absorption coeflicient, and
Cioyr, and L, are the mass photoelectric and pair production
- coefficients reduced by the fraction of the photon energy . S P PRt e
- re-emitted respectively as characteristic X rays and annihi- " opoa Vi the linear absorption: coefficien
-+ Iation radiation. : ©3.6-1) &ﬁa-'E fg i Mev. o m i

~ In circumstances where the gamma-ray intensity does not .~ The specific gamma-ray emission is shown as o function
‘vary appreciably over the region from which secondary - . gamma-ray energy in figure 3.6-2, and is tabulated

T =1.50X 10°E it psins By ¥ 0= mo~ a6 1 om

" électrons reach the point at which the dose rate is measured, . - certain radionucl : CAS Tt should be
the energy e can be equated to the energy locally absorbed.* that I* does not include the effect: of characteristi

- Hence, under these conditions, which are usually not difficult and bremsstrahlung. - A correction must. be applic
- o satisly, eq (1) gives the absorbed dose rate in the medium. measurements:on radionuclides in which thete is an-ap
. Thus, any dose meter which is valid over the range of gamma- eiablo contribution. from these radiations. Over the
" 'ray energies emitted can, in principle, be used to determine 0.07 to 1.8 Mev, the absorption coefficien t i approxima
. “the disintegration rate of the source. By such means a - constant and b e e
“useful and rapid standardization can often be carried out in o PO T T T

“laboratories lacking the equipment for the more direct I'ov5.25 B rh7hme ;at 1
“methods. _ TR .

*Strictly, the enorgy shsorbed is less than e by the quantity of energy re-mitted by the - .
‘secondary electrons as dremssirabiung, ‘This quantity is usually very smail, ’
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‘where E is the average total gamma-ray. energy in M
“disintegration. il T
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"LINEAR ABSORPTION COEFFICIEENT .(N??)'

y-ENERGY, Mev

" Fravee 3.6-1. Linear energy o:bsc{;f‘;?%i)on coeflicient for pholens in air
at NTP.
Prom ICRU-NEBE Mandbook No. 62, 1836.]

If the exposure dose rate is measured, the activity of the

source 18 given by:

S‘—“'—f‘— me, (6)

* where [V is the exposure dose rate in r h! (The disintegration
rate, N, is 3.7 107X S d.p.g)

If the absorbed dose rate is measured it may still be |

- .convenient to make use of the tabulated values of . The
- energy removed from the photon radiation per gram of
. material is given by

r (—’3&5’3—-) erg/me h, (;7 )

mien atr

and in conditions of electronic equilibrium this will be equal
to the absorbed dose rate. (Values of pu. ave given in table
8.1 of ICRU-NBS Handbook 78). 1In light materials such
~as carbon and plastics, absorption is almost wholly by Comp-
ton collisions over the energy range 0.3 to 1.5 Mev. The
ratio of the coefficients, mpen/miten arr 1S then virtually a eon-
stant, the ratio of the electron densities in the two media.”
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- SPECIFIC. GAMMA-RAY EMISSION, r-em?/mesh -

2 A6 80
SN ooy ENERGY, Mey
FIGURE 3.6-2. Specz'fic gamma—ray 'é*r)ﬁés"%'oﬂ-. T fq'a" o Dpoint source 4SSy
- one photon of energy, By per disthlegration

At higher or lower energies, pair productionror photoe,
absorption becomie “appreciable rand: must be ‘taker
aceount:;- In these civcumstinces: the calibiatio cto
dosimeter in terms of exposure dose is likely ‘1o be enet
dependent, and oné sliould be cautions in calibratinga sc
against another of known gamma-ray emmission but of differ:
photon energy. It is assumed that, where necessai o
corrections are made: for the atténuation: of ‘the gamm
radiation by absoiption in: the-soufce, the ihtervenin
and the walls of the dosimeter, and for the effect of scatt
radiation, « G A :

“The disintegration’ rate of ‘sonie radionuclides
difficult to' measure directly becatse of uticertaintie
décay scheme. I such’ cases; as for example: cesiun
the dosimetry ‘method is particularly: useful ¥

‘standards based on gammia-Fay enission.’




306.1. Measurement by donizition chamber: The use of an:

- lonization chamber for the determination of disintegraﬁioh
rate has been described in detail by Gray [1949], 0 Theé rate.

at which energy is absorbed within the air of a cavity
chamber ¢an be calculated from the ionization produced,
assuming a value for W,y If the cavity is small enough to
= produce no appreciable disturbance of the secondary electron
" flux generated by the gamma rays irradiating the surround-

vi.ing medium, the energy absorption per gram in the medium

- ig related to that in the air by the stopping power of the

“medium relative to air. If the chamber walls are thick
. enough to attain “electronic equilibrium” this rate of encrgy
~ absorption is given in terms of the disintegration rate of the
“source by eq {1}, The disintegration rate is thus expressed
~in terms of the ionizaiion cutrent. An absolute measure-

" “ment involves accurate determination of the source-to-

chamber distance, chamber volume, air density and absolute
ionization current; allowances must be made for absorption

- of the gamma rays in the source, chamber wall and inter-
“ vening air, and for the relative stopping power. The
measurement of effective distance presents no great diffi-

o culties; the inverse square law holds good until the distance
is. only a few times the chamber dimensions [Sinclair,

Trott, and Belcher, 1954]. Dependence on the distance can’

~be eliminated entirely by using a spherical “extrapolation”
“chamber surrounding the source [Gross, Wingate, and
Failla, 1957]). Absorpiion within the source can he allowed
for by the methods of Evans and Evans [1948].  Absorption
- in the chamber walls can be estimated from observation of
-the effect of increasing the wall thickness. There is an

‘uncertainty however, leading to an error which is usually Jess

than 1 percent, in deciding the wall thickness to which the
~observation should be extrapolated—for the secondary
- electrons arise from varying depths within the walls. [See,
for instance, Attix and Ritz, 1957.] The correction for relative
stopping power can be made quite small by choosing a wall
material whose atomic number is close to air. Carbon is
. often used for this purpose. Fairly good corrections have
- been derived from observations with chambers having wall
materials of different atomic numbers, by interpolating to
- find the wvalue for a chamber whose walls have the same
Cmean atorpic number as alr.  This procedure assumes that

- stopping power is a smoothly varying function of Z only,

which is not strictly true. A thorough treatment of the
. problem is quite complicated, and involves consideration of
the effects of the density of the medium and the size of the
cavity., [NRC-NBS Handbook 79]
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The calibration is:altogether simpler if it is made relat
to" a standard of known gamma-ray ‘emission, simila
situnted relative to the chamber: The ¢omparison giv
value of ‘the exposure. dose at standard: distance from th
source, and the disintegration raté is found in terris:
Only a ratio of ionization currents is réquired. A correctio)
“or seH-absorption must be made, but the only. correction
“for chamber-wall absorption- and’ rélative ‘stopping.
" arise fromi the differences in-these quantitics between soure
and standard, and, except at-low energies, are usuall;
" than 1 percent [table 3.6-1}." Radiuim: standards aremo
. commonly used for this purpose, since ac¢urately standar
ized sources are widely available and of long half-life
- gamma-ray spectrum: of Tadinn is nbt‘}_acdur&bely senough
- known to admit of a satisfactory calculation of T'; but re

- experimnental valdes are 8.26 [Attix and Ritz; 1957] and
- [Henry, 1957] roentgens per hour at 1 em from 1 mg of rad
. in equilibrium with its decay products when enclose
mm of platinume. "~ . e e

S Tamne 3.6-1. Typidal corvection faclors for ioniz
. o : nieasremenls: I

Absorption in-| Chariber wall |

Radtonuclide * . ° - typieal o |oabsorption
- e © 0. }i . ampoule n 1 relative to

2 radiam

commercial ionization chambers are ot truly: ‘air;
lent” over a wide energy range, and correction for this
have to be applied [Sz%v‘asi-and Whyte, 1959]. . The ¢
tiocrf of jonization chambers is also discussed in: sectior

-3.6.2, Measurement of dose by Geéiger-Miller coun
ionization-chamber tmeasutrenients;’ sources ofthé “orde
several millicuries are needed.” Such: & strength i
well above that of preparations used.for clinjcal’app 0;
The Geiger-Miiller counter is a more sensitive device and
under certain conditiéns,; suitable for measuring exposire d
[Sinclair, 1950; Hine and Brownell; 1956, ¢h. L1, “Stand
zation of X-ray Beams and Radioactive Isotopes”, W

d

s



" The photon efficiencies . for Geiger-Miller counters are
given in figure 3.6-3. It will be noted that for'a wide energy:
range the copper-wall counter exhibits an efficiency which is.
nearly proportional to the photon energy. Since in the
. approximate eq (5) the specific gamma-ray emission is pro-
““portional to the photon energy, one would expect the count-
““ing rate of a copper counter to be proportional to the ex-
- posure dose rate. This is shown in figure 3.6-4, where the
“number of counts per em? of effective cathode area is given
_.-for an exposure dose of 1 roentgen for various wall materials,
A flas response to an accuracy of = 15 percent can be achieved
~ for a brass (copper) counter within an energy range of from
0.3 to 3.0 Mev. Although it is possible, by using figure 3.64, s ' COFPER
““to calculate the response of a QGeiger-Miller counter of o ' '
" known cathode area, it is more advisable to calibrate the
counter with a source of known gamma-ray emission. This _
‘method is very simple to use for a rough determination of B PRI
“source strength and is applicable to gamma emitters in the 5 S A e
 miecrocurie range. : 0 : R DA

o
=4

P

) _ S GAMMA ~RAY ENERGY, Mev o i
TFrousg 3.6-4: Response of Geiger-Miller counters of differ
o wmateriels 0 terms of gammo dose i roenlgens. !
[Hine znd Brownel, 1956, ch. 5, Geiger-Mtieller countess and proportional eo
Sinclair; courtesy of Academnic Press.f 20 G i

3.7 Stahdar:diz_a'tib'ﬁ: of .Bé'_t'a':.Efn_i:ttéi'.s' ﬁf'_b'oéiﬂiéfryi

In & medium: throughout which a beta-emitting: substa

is uniformly distributed’ the absorbed dose rate’is unifor
and equal to the rate at which beta-ray energy is emitted p
gram of the medium, = The disintegration rate is thus dete
mined in terms of the. measured. dose raté and: the
encrgy of the beta rays. This mean energy is often’ available
from spectrometer studies or can be reliably caleulated fr
the maximurm, energy and a knowledge of the typé of spe
trum involved [Loevinger, 1957 and’ fQRU—'—NBS_ Handbook
78; see also appendix -K}.“r'_’l‘he: condition that the dosimet
) should not interfere with the doge rate in the edium is mus
s > 5 o P " more stringent than with gamma rays, where secondary: el
GAMMA=RAY ENERGY , Mev " & trons emitted from the dosimeter largely compensat

 Treuns 3.6-3. [ntrinsic counter efficiency as o Funclion of gamma-ray - bh0$e- .S’bsorbed' fI'OI_n -the sgr_roqp_dmg_ medw‘m .G
'- energy in Gelger-Miller counters with different cathode materials. - dosimeter: system _;ncor_por_ate_(f_l 0. t_he” me_d_;i_um- hould

COPPER

COUNTER EFFICIENCY €,%

ALUMINUM
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prinéiple, be suitable. - Gray [1949] las used a’'cavity ioniza-
“tion chamber lined with active material, and allowed: for .
. absorption in the air of the cavity by extrapolating, to zero.

- pressure, the ratio of ionization current to air pressure.
. Others [Failla, Rosst, Clark, and Bailey, 1947; Sommermeyer,
1952] have used chambers of the ‘“‘ extrapolation” type {Failla,
1937, Bortner, 1951}, If the radionuclide emits gamma rays
it may be difficult to assess their contribution to the observed

. dose rate accurately.

- This method of standardization is seldom used: it is practi-
" cable only with fairly energetic beta rays, for which 4r beta-
" . ray counting is more suitable. .

3.8. Loss-of-Charge Method

.. Measurements of the charge carried away from a source
“of radium have been made by several investigators [Wien,-

©1003; Rutherford, 1905; Makower, 1909; Moseley, 1912].
“ Recently, however, this method has been applied to the

. standardization_of beta-emitters [Clarke, 1950; Gross and’
© Tailla, 1950; Keene, 1950]. Using a spherical geometry,
- Clarke [1950] achieved agreement with National Bureau of

. Standards measurements of standard saraples of phosphorus-
" 82 to within 5 percent, but the method has not since been in
" general use. Gross and Failla [1950] used a parallel-plate

:geometry where the source was a very thin deposit of the

- emitéer in question on one plate of a parallel-plate collecting

*system, the second plate being sufficiently close to balance
i the secondary electron emission and backscattering effects.
+ Low-energy secondary electrons were bent back by means

2 of a weak magnetic field, and the measurement was made in-
‘i g vacuam to eliminate air ionmization. Agreement with the .
2 National Bureau of Standards measurements of standard
> gamples of phosphorus-32 to within #£2 percent has been
.- obtained by this method by Gross and Failla over a number
“oo of years [Seliger and Schwebel, 1954]. In another develop-
7 ment of the charge-measuring method [Keene, 1950], the
7 gource was deposited on o thin aluminum foil that was com-
7 pletely surrounded by an open-mesh wire-grid enclosure. -
" This experiment, like the first, was carried out in a vacuum, -
" and the current from the foil to the grid was measured for -
©* ~differens positive and negative voltages between them. Using .

. a phosphorus-32 source, agreament to about 10 percent with

. an activity measurement by the Atomic Energy Research

" Establishment was quoted.

 “getivation.” . Neutron flux is. usually- determ
U of a “monitor’” containing: & known ‘amount of a.nu

‘where f=flux, in ecm™%se¢™l,

1053 Halliday, - 1955]. © Neutron: reactions  only:
- considered here; since their treatment is:typical-of
bombardments, 0 i e

“Slow’’. neutrors: in ‘a reactor. are. tnost. often used
j ed by

whose. thermal activation eross’ section: is well establ

Cobalt (36.3 barns); gold (98.8 barns); and manganese

barns) “are convenient. standards. A tabulation [Hugh

and Sehwartz, 1958] of cross sections is available

For caleulation of the neutron flux by use of:

“one may use the equation -

oA
- Npoge Me(1—g 7

- Ay =disintegration rate of monitor, in:sec:!;.
Ny=number of atoms of stable monitor nuclid
o= thermal activation crods section of monitor n
" Aa=decay constant of activity, insec’l: .
. ti=time bétiween boribardment and measuremen
: - seconds; andc o
“t,=bombdardment tirie, it 'seconds. .
Now, the disintegration rate of the desired radionuclide.p.
duced in the bombardment may be calculated from: the relati
_ L A=Nefe Ml M),
where: terms . have the same ‘significance: a 1
introduction of-the sample mustnot affect the flux
tion appreciably. -+ 7 Tt i
‘In general, the use of bombarded samples. as standars

1iot as accurate as most of the methods previcusly discuss
- chiefly because of uncertainty in knowledge of the
- distribution. of ‘neutrons ini - reactors.”: The : usually

known thermal neutron. cross: section :therefore has &
modified to include activation by epithermal or fast neut
Further, it is necessary to measure: the disintegrat

of the monitor; such standards; might therefore; be cons
0 be derived standards., 7 U




4. Methods of Relative Standardization as Carried
5 Out in Standardization Laboratories ~

4.1. General

In the national standardizing laboratories a standardiza-
tion of any radionuclide {particularly a short-lived radio-
nuclide) is usually preserved by using a standardized source
to calibrate & reference instrument such as an ionization
. chamber. This instrument can then be nsed to calibrate
* further samples of the same radionuclide to give derived
or “secondary” standards at any later date, or to check the
consistency of subsequent absolute standardizations. The

stability of the instrument is usually checked by measuring |
7 yelerence source of some long-fived material, such as -
- radium, whenever a calibration is made. One may either |

~take the activity of the sample to be proportional to the :
response of the instrument (having checked its stability), or
i the ratio of the response to that produced by the reference

. source (in which case variations in the sensitivity of the

instrument are immaterial so long as they affect the responses

: " to both sources equally).

The methods of relative standardization described in -

* the following sections may sometimes be similar to those
* employed by the user of radioactive materials. Such

" methods are discussed in sections 7.1 through 8.2, -
The simplest way of effecting a comparison between an

“absolute (or ““primary’”) and relative (or derived or ““gecond-

ary”’} standard of radioactivity is to measure, by means of a
* substitution method under reproducible conditions, the rela~
tive activities using any instrument thabt records either

individual beta or gamma rays or clse measures their ionizing
effects. Such a method, whatever the nature of the recording

device, can be relied upon to give relative values having a
- standard deviation of from 0.03 to 1.0 percent, which is
usually less than the uncertainty with which the activity
of the absolute standard is known. Itis also to be understood
that within the meaning of “reproducible conditions’ is to
be included the geometry of the equipment and the dispost
tion and quantity of any material absorbing or seattering
the radiations. In these respects the characteristics of the
source itself are no less important than those of the measuring
instrument. :
The method of comparing unknown sources of beta-ernit-
ting nuclides with a calibrated radium DI source and an
end-window counter [Mann and Seliger, 1958a] is no longer

very acceptable, because the geometrical conditions are, on -
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Towever, been shown 'to give consistent véstlts with &

§ “welghtless’ sources: mounted . on' thin films: [

19501 Tn general, Tadium D-FE sources: are nov

‘mended only for use as refererice sources for the:main

of the calibration of msasuring equipment by, the m

of substitution in which the'initial calibration has beenm

using & standard sample of® the radionuclide -in questio
£

- Even in'this limited context, however, uncertainty o
- half life'of radium D makes it désirable to substitute radi

itself for Iong_—térm-use.--l LT B S
The recording dévice used: in such a substitution met

© can be a goldesf or quartz-fiber electroscope; a betasion
© tion chamber or gamma-ionization chamber used in’ ¢onju

tion with'a Lindermann-Ryerson, or vibrating-reed electr
eter, or any other low-current-messuring device; any kit
of betas, gamma-, or Xeray counter; or a formamide soluti

in a 2wf-proportional counter, .

- Some of the methods of relative stanidardization descri

i this section are also discussed in sections 7.1 through

e 4.2, Tonization Ghamber

At the National Bureau of Standards, the absolute

ardizations of the short-lived radionuclides:were maint
for several years by means of a:27f-onization chambe
conjunction with radiuni: D-+T ‘reférence  sources, an
4sy-ionization chamber in conjunction with:refere

- ards of radium consisting. of radium bromide. so
~ flame-sealed “glass ampoules [Seliger and Schwebe

More recently, both types of reference sources have.b
placed by radium sources, with the radium ‘salt seal
platinum-iridium cells, which: in’ furn: are encap
stainless steel disks for use in thé 2«8 chamber; and in.
styrene cyliders to simulate the geometry of the amp
containing liquid. - Absolute: or:inational standards o
short-lived radionuclides sodium-24, phosphorus-32, 3
um-42, iodine-131, and gold-198 are calibrated by
coincidence cotinting. - These absolute standards ar
used to'effect ‘acalibration’ of -the ‘appropiiate. ioni
chamber in conjunction ‘with: & - radium reference sou
Relative (or derived or working)standards of these artificial
produced radionuclides ¢an- then be- calibrated: agaitis
appropriate reference sourdes in’ these chambers (drawin
({fé 513;19_) two NBS chambers are given'in ‘Mann and Selige
a)..




- kept constant, or a corréction must be ade for any change

of the gas, the response will be closely proportional to the

i+ In the most accurate work it may be necessary to take this

i gas phase [Tolbert, 1956 and 1958]. The gas sample is

L chiefly as o comparative method; i.e., the ionization current

In an jonization chamber the density of the gas must b

(due to change in temaperature or pressure). In a gamma-ray
chamber whose walls have an atomic number near to that

density of the gas. In a beta-ray chamber, or a gamma-ray
chamber in which there is & substantial effect from photo-
electrons originating in the walls, the fractional change in
current will berather less than the fractional change in density,

n terms of, ‘say; a carbon-14 source: " i
- Proportional or Geiger-Miller counters of:t
jacketed type may also be tised to assay aqueou

fact into account, and it may be desirable to design the
chamber so that the gas pressure can be varied to permit
investigation of the dependence of response on gas density.
lonization chambers, particularly those used in conjunction
with a vibrating-reed electrometer or other very sensitive
- device for measuring extremely small electric currents, are
very useful for assaying gas samples, and are often used for
comparing the activities of hydrogen-3 and carbon-14 in the

- 44. Liquid Seintillation Gountin

- For low ‘energy beta “emitters, such’ a5 hydrog
-carbon-14, comparisons - with - absolute ‘standard

-carried “out by liquid: scintillation - counting:[Raben
- Bloembergen, 1951; Audric and Long, 1952 and 195
‘Seliger, and Jafle, 1956;Steyn; 1956; Seliger and Zieg
- Hydrogen-3 standards, in the form: of tritiated wat
~distributed in ‘1953 by Atormic Energy of Cana
‘to a number of laboratories for intercomipariso

admitted quantitatively into the evacuated chamber and the
resulting ionization cwrrent measured. This method is used

of the unknown sample of gas is compared with that of a
sample of gas prepared in the same way and containing
a known amount of the radicactive nuchde [Marlow and
Medlock, 19601, Absolute calibrations have also been carried
out by this method [Wilzbach, Van Dyken, and Kaplan,
1954 ; Rieck, Myers, and Palmer, 1956 ; Tolbert, 1956 and 1958].

‘scintillation counting and found o agres to wit

~cent.- The Canadian standard Had been’ calibrate
method of gas counting [Hawkings and Merritt, 1954
that of the United States, calorimetrically:[Mann' anc
ger, 1958a]. (For samplé preparation; sée sec, 5.4
. Recently a method has beeri developed: for: scintill
« counting of biochemical: compotinds: having lim
bility in organic solvents [Steinbers, 1958 and 195
- method is based on the use of a two-phase system consist
- of the scintillator in the form of numerous glass or pla

4.3. Solution Counting

Several radionuclides have been successfully counted in-
solution, using an inert, low-vapor-pressure solvent such as
formamide, dimethyl formamide or ethylene glycol {Schwebel,
Isbell, and Karabinos, 1951; Schwebel, Ishell, and Moyer,
1954]. This sample is dissolved in the inert solvent and an-
aliquot is pipetted into a cupped planchette. The activity
is then measured in a 2¢f windowless gas-flow counter, and
compared with the activity of a solution prepared in the
same manner, but containing a known amount of the
radionuchide (for sample preparation, see sec. 5.4.1).

This “formamide” counting procedure has so far been
found useful for the relative standardization of carbon-14
as glucose and benzoic acid, phosphorus-32 as sodium phos-
phate, cobalt-60 as cobalt chloride, strontium-yttrium-90

- rods or beads, and ‘& liquid phase containing the
- material that is to be assayed. oo
Recent publications [Davidson and Feigelso
- and Hayes, 1958]; discuss the theory, techniques
- cations of liquid scintillation’ counting and: ré
- in this field through 1957, T

4.5, Gel Scintillation Counting

+, Carbon-14-labeled barium carbonats of low specific
ity bas also been counted in a’ thixotropic: seintillato bex
- with 56-percent efficiency {Nathan, ‘Davidson,: Wag,
- and Berlin, 1958]. (For préparation; see sec. 5.4.3.)
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5. 'i"e'éhh'itiu'ésr" ;:)f_ g Preparmg Standard. Solution
S "~ Samples for Co'l'lntin'g___.-__..: hyt o

5.1. Standard Solutions

Most radionuclide standards are in the form of salts dis-

" solved in suitable carrier solutions and contained in flame-
- sealed glass ampoules. For these the same general
considerations apply as are outlined in section 1.4. The

* concentration of inactive carrier and the pH of the solution :

- are adjusted to minimize loss of activity due to adsorption
and loss of homogeneity due to precipitation. In some
cases, Dotably tantalum-182 and gold-198, it has been found

" that long-term stability is a problem and that special chemical

- formulations, different from those in which the material is

" received, are required, The carrier solution for the radio-
*aetive nuclide is usually prepared from a compound of its

‘stable isotopes, usually in the same chemical form. The

: minimum amount of carrier which should be used will have'to
be obtained from experience. Table 5.1-1. gives the chemical

- data for various radionueclide solution standards as preferred
by the National Bureau of Standards. This table may also

. serve as a guide for the preparation and dilution of radio-

" gotive solutions. (For storage of solutions, see Preiss and

. Fink, 1957.)
: 5.2. Dry Sampleé

© The most common method of preparing a source for 8-, X-
ray or coincidence counting is to deposit a known volume or
weight of the radioactive solution upon a source mount and to
evaporate to dryness in air. i
able for the higher energy beta-emitters, but even for gold-198
(maximum beta energy 0.96 Mev) difficulties arise from
source self-absorption. Current experiments, however, indi-
cate that losses due to absorption in the source material can

" be reduced to a minimum by em loying certain techniques
- in the preparation of solutions and sources; e.g., in the meas-

urement of the activity of sulfur-35, a weak £ emitter

(B max==0.167 Mev), very dilute acids are used, and Liudox

ia added to the sources which are dried in air, then placed

in an oven at 70° C for several days.

Methods to reduce self-absorption have also been discussed

in section 3.1.4. and techniques for preparing suitable sources

‘.. for 4z proportional counting are listed in the last column

of table 5.1-1.
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This simple technique is suit~
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: Approx- L .
‘ Radio- _imate | Method of prepa-
nuclide Fonic form | Carrier solution | inactive | ration of 4xg PC

: to active sources

ion ratio .

2.0 gfliter CsClin Ludox added,
INHCL dried in air, and

for several days.

INHC e eeeo Ludox added,
dried in air,
placed in desicca
tor {NaQT),.
then heated un-

for several days.

replaced in desie-
cator under infra-
red lamp for at
lenst one week.

Tal7— Very dilute HF .., Dried in air, - -
(T oy dissolved with

again with H.O
and dried in .
NH; atmos-
phere.

[Au(CN)~ | 0.dgliter Tndox added, . .
KAu{CN)s and dried in air.
G.001gAiter KON,

Pt 09017 gliter Lazdox added,
TLHN O in dried in sir, then
1IN HNOa, plaged jn oven at
70 °C for several
days (deposits
made wit. -
pyenometer}.

.62 Hg{NOg)afiiter Dried in atmos-

in ~00ILN HNG; phere of TS
(deposits made -
with pyenome-
ter},

. Three devices for depositing known amounts of radioactive
“solutions upon gource mounts are the micropipet, the ultra
- microburet, and the pycnometer (see fig. 5.2-1). Electro-
. “deposition is also a widely used technique.

" 5.2.1. Micropipets. Micropipets are manipulated by rub-

“ ber-bulb or syringe-type controls, the latter being desirable
.- for pipet capacities under 200ul. Pipet capacities available
" are from 1 to 500gl. Micropipets should be calibrated
“to confain’’ for more precize volumetric measurements.

After delivery of a sample, the pipet must be rinsed out.

with ecarrier solution several times, and the riuses added
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then beated un- |
derinfrared latop

der infraved lamp -
Redisselved with

conduetivity wa- -
ter, dried in air,

L0, redissgived .

U TIGUuRE 5.2
Top tight; wWira-microburet,
[Mann and Seliger; 1958a.] . -

to the source. Itis claimed that, wit

it is possible to make. measur
percenti o i
5.2.2. Mircoburet. .

pluriger which displaces mercury.

2 gasket contained:in; an alumin

“Lmereury.in burd: forees exactl

radioactive solution through- a

- liquid displaced ate read on amicrometer dial; the calib

tion of which can be changed, fro ml:per scs
division; by using  precision-ground. plungers: of ‘differes

- diameters. - The’ microburet’ cannot: be use

sich ‘as those containing nitric:acid or radioactiv

When: solution. concentrations: anged;: § _

flushed with several fillings of the solution to bé use

common practice to use & differént glass tin for ede

nuclide.’ Sources can be prepared routinely with a pree
5.2.3.  Pycnometer.. The pyenometer is-to be preferrec

the other two devices because s’ known mass is delivered

place of a known volume. * The pycnometer:
below the surface of & solution and the bulb s




" 'to remove air. When partially: evacuated, the heat is’ re-
" moveéd and the solution enters the pycnometer. This process

s repeated until the pycnometer is filled. By means™of a

.- fine wire, the filled pycnometer is suspended, arm down,
from one of the stirrups of an analytical balance, and weighed.

L Aliquots can be removed from the pycnometer by very gently -
" applying heat to the bulb {a small, heated, soldering iron held -
“. in proximity to the bulb will usually suffice). The accuracy :

T of deiivelg is limited by the precision of the balance used.’
- 5.2.4, Kl

. propriate values of current density, pH, volume, composition
of electrolyte, temperature, stirring speed and - electrode
ot material.  Hudswell [1949] has prepared a comprehensive
: review of methods of source preparation and of references.
" The applicability of the methods of the treatment of radio-

" active materials has been outlined. Blanchard, Kabn,

“ and Birkhoff [1960] have recently discussed the prepara-

* tion of sources both by electro-deposition and adsorption, .
5.3. Gas Samples ' o

- For the standardization of radioactive samples by counting
" in the gas phase, either in length-compensated internal gas

. counters or in ionization chambers, the radicactive nuclide-
" must be converted fto a suitable gag. This gas should be a

good counting gas in itsell or be compatible with a good

counting gas such as methane, helium, or argon. The gas

~ should be prepared by a reaction which yields this gas as the

(N only product containing the radionuclide, and the reaction .
should be complete, in order to avoid isotope effects and the
© necessity of allowing for less than complete yields [Armistrong,.

. Singer, Zbarsky, and Dunshee, 1950; (lasscock, 1954 and
-1955a; Tolbert, 1956 and Brown, 1957]. Also, the gas

. should be chemically pure and especially free from contam-.
" inants which might have an adverse effect on the efficiency

~of the counter [Christman, Day, Hansell, and Anderson,

- 1955; Christman and Wolf, 1955; Christman, Stuber, and
- Bothner-by, 1956]. The gas should also not be adsorbed to
~. an appreciable extent on the surfaces of the counters or other

' -parts of the system. . ] :
: Hydrogen-3 and carbon-14 are the radionuclides most fre-
' quently counted in the gas phase, although other radionu-

clides, particularly sulfur-35, can also be counted to advan-
tage by this procedure. Carbon-14 can be counted as carbon .
dioxide which may be produced by the action of mineral’

acids on inorganic carbonates [Manov and Curtiss, 195%;
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ectrodeposition. Electrodeposition is applicable to
" the preparation of metal deposits,. Many metals can be .
- removed almost completely from solution by employing ap- -

Mann, Seliger, Marlow, and Medlock,
decomposition’ of inorganic carbonates [Hawking:
Mann; and- Steévens;- 1959}, by wet: combustion of or
amples [Van Slyde, Plazin; Weisiger; 1951 ; Christman;

“Hansell, and Ariderson, 1955], dry combustion of orgas
~samples by Pregl’s method [Glasscock, 1954 and 19554} ane
by oxygen-bomb combustion [Marlow. and Medlock, 196

For absolute counting, hydrogen-3 is counted as w

syapor or-tritium-hydrogen gas..: Tritiated water vapor h

" however, very bad adsorptive properties [Glasseock; 1955b]
¢ A system has been reported {Merritt, 1958]-to-overcome thi
vadsorption.. Tritiated water is difficult to. convert qiial
Ftatively: fo. tritium-hydrogén: [Glassedck) 195547 Bro
©1957], but has beén reduced: with: hot éine - [Rieck;, M
“and Palmer, 1956).  Merritt and Hawlkines (1960).convert
~gulfur-35, in the form of barium sulfate, to silfur dioxide b
~ignition’ with red phosphorus: in an atmiogphere.of

and counted the sulfur dioxide; mixed: with-methan

- intérnal gas counter in the proportional region

o B4 Liquid Samples

5.4.1. Formamide counting.  Samples for counting rad
active materials in* solution in; a 2r8 windowless gas-fl
counter are prepared by dissolving the radicdctive ma
in an inert, low vapor-pressure . organic: solvent g

- formamide [Schwebel, Isbell, and Karabinos, 1951; el
- and Moyer, 1954]. If the radicactive material'is not readily

soluble I the organic solvent used, it may first be dis

»In.a liquid that is miscible with the organic solv

suitable aliquot of a solution of the radionuclide to

. ardized is diluted from 10 to 100 times; depending upon
- activity of the nuclide solution, with the organic solv

taining 1fpercent of suitable carrier. : This may be col
iently achieved, for example, by diluting 1 ml.or 3 ml of
nuclide solution to 10'ml or 50 ml with the orgarnic soly
give 10 to 100 times dilution; Tespectively. Up to 10:
water content in’ the counting soliution’ can be to
without change in the counting characteristics or effiei
of the internal gas counter. A sample of this ¢ounting solu
generally of 1 ml; 18 pipetted into's machined countin
of specific dimensions. and counted . in the 2x3 wind.
gas-flow" counter.  If. the: dimengions of ‘the countin
useéd are always the same, and the same volume of solu
is always counted, the depth of the solufion: is: alw:
same. . Therefore, not only will' the ‘geonietry bs ¢

in respect to the beta particles but any effects due to
rays will remain constant. i




5432, Liguid scinbillation counting. - Aqueous  solutions

“may be incorporated in a water-alcohol-toluene solution for”

liguid seintillation counting in the ratio of 1:50:250, respec-
. tively. TFor organic compounds of hydrogen-3 and carbon
- 14, toluene is generally used as the solvent. Efficient liquid-
- geintillator combinations are 4 gfliter 2,5-diphenyloxazole
*_ (DPO), with 0.1 g/liter 1,4-di(2(5-phenyloxazole))-benzene
- (POPOP) in toluene and approximately 8 g/liter phenyl-
- biphenyloxadiazole (PBD) with 0.1 g/liter POPOP in
2 toluene [Mann and Seliger, 1958a].

“ . 5.4.3. Gel scintillation counting, Carbon-14 has been
'~ assayed as barium carbonate in a gel medium by scintillation
“, counting [Nathan, Davidson, Waggoner, and Berlin, 1058].

Tn this method the carbon-14-labeled barium carbonate is

o thoroughly dried at 200 °C, and finely ground. It is then

S mixed in & blender with toluene, a thixotropic gel, 2,5-

- diphenyloxazole, and 1,4-di(2,5-phenyloxazolyl) benzene.

Samples are put in counting vials, well shaken, and stored

“in a deep-freeze unit until counted in a liquid scintillation
~gpectrometer.

Part II. Measurement of Radioactivity for
' Clinical and Biological Purposes

6. Introduction

" The use of radioactive materials other than radium and. '
radon in the diagnosis and treatment of human disease and
“the investigation of biologic processes is a relatively new

‘discipline. 'The materials, in general, did not_exist until

. glter the discovery of artificial radioactivity, Widespread
use of them in large quantities is a phenomenon of the last -

.10 years. Instruments and techniques for the detection,

© identification, calibration, and measurement of these mate-.
. rials under diverse laboratory and clinical conditions have
" been developed, modified, discarded, and refined in great

. profusion. Until quite recently, the status of the field was

00 labile to allow of any recommendations even suggesting
‘standardization or authenticity, and in some areas of the -
‘subject this is still the case. However, there are a con-

.- giderable number of instruments and techniques which have
" stood the test of time sufficiently well to make it possible
© to evaluate their strengths and weaknesses, and to write

at least general specifications for their proper construction -
< and use. :
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for- use in standardizing laboratoriés are [req

value in the practical application: of radionuclide

and biological: problems.. In such: problemy:

ments are: usually of ratios of ‘one: radioactive s:
another - It Is the: purpose 'of this section of the nmrariua,
offer-information concerning devices: and ‘proced

can-be used with reasonable confidence in speecific sib

© These ‘dats, together “with! the appendixes:

should help: newcomnters inthe field: to: choos

 such instruments and methods as will eniable him to s
- results which are truly comparablewith those of his coll

Tt is not suggested: or implied that: these are.

“methods and instruments ‘applicable not that-the
need - for great improvements. " The members of th
- cominittee believe, however, that those recommend

- following. ‘chapters: have. been- proved: to- be
‘satisfactory and that, at the timerof writing

ticulatly t0 be recommended as standards:whe

with the work of others is desirad, =i

- The scope of this: section: has been limites

areas: Instrumentation and the: preparation of r

_standards; calibration aiid measurement prior to-th

the material; measurement of: the radionuclide in the

- animal (humhan or otherwise); and rmeasurement in ali
- or samples: derived therefrom. " Emphasis- is placed..
- basic principles‘and characteristics:instead of specific de;

and technical details, but wherever possible chara

- data of representative instrurents have .been includ
- guide to the practical worker. ‘Thege data mustinece

be obtained for-éach. individual ‘instrinment by the

himself; ‘but- it is- anticipated that: e will “find  the

presented here a useful check 'on his ‘own: messuremer
- Discussion ‘of ‘specific” clinical ‘and biological: appli

- of radionuclides has been: avoided; exéept ‘when

to illustrate the important principles of a:method: .|

of the more labile aress of the subject; for example §éctio
ort in: vwo distribution atudies, & broader: discission:
methods in- use and some applications has:been atter
since  specific. Tecommendations -séem undesirable a
present Imme, o oo e e e e

- Appendix' A contains: basi¢ nuclear dats on'm

- radionuclides used in medical and biological work,




- the last three appendixes an attempt has been made to

tabulate the recommended measurement procedures for the

“elinical uses of radionuclides. Appendix B includes much
“of the information in earlier tables in summary form and
~divides the types of measurement necessary into four classes:
'T. Preadministration measurement; II. In oo measure-
ment; 11I. Postadministration measurement; and IV. Ancil-
“lary measurements, such as disposal and monitoring pro-
“¢cedures. In appendixes C and D are listed, respectively,
I the principal diagnostic and therapeutic procedures 1n
- regular use at the present time, and the type of measurement
' considered to be necessary for sach. As already stated, it
“is not suggested that these are the only procedures or methods
“‘that can or should be used, but it is believed that the recom-
- mendations made will be of value to many clinical users,
‘particularly those beginning new techniques. .

7. Instruments Used in Relative Standardization
7.1, General

% Relative standardization procedures inherently require
“calibration of an instrument in terms of a calibration standard
“and subsequent measurement of samples under conditions
“identical to those of calibration so that the comparison with
“ithe standard will be valid. Certain precautions must be

~observed with all standardizing instruments if accuracy is:

~to be achieved. i
" The geometrical factors involved (for example, the

- distance from source to detector and the dimensions of the:

*'sample) must be maintained constant. The arrangement of

" srattering material in the vicinity of source and detector .
" must be reproducible; for example, shielding used to protect

" the operator or equipment from stray radiation should not be
. moved since scattered radiation from the shielding may

" change both calibration and background. Where completely -
. Axed econdifions cannot be achieved (for example, with

'  _ unavoidable variations in sample size), corrections should be
‘made from data obtained by previous investigation:of the
‘pertinent parameters.

5 Calibration of measuring systems is accomplished _with__
. Telative standards available commercially or from a national
- standardizing laboratory. A list of the standards’

available at this time is given in the Isotope Index. In

“addition, samples may be sent to the U.S. National Bureau -
" of Standards and the Canadian National Research Council -
~ for calibration. The equipment employed should be tested
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‘calibration instruments ‘are " briefly - described ‘éspecia

ec. 1.1).7" The use of these standards is discuss
7.7.: The type of testing required and its fr

“depend on the equipment etnployed.. " Testing may in
~the observation of the voltage across the counting ‘cha:
-~ the deterniination of the plateau characteristics of g coun

background evaluation, and the response of the equip

to the standard. - If pulse-height analyzers or discrimina
- are employed, the energy response shiould be tested. Txp
vence” will generally determine the necessary’. frequency

_testing but, in the case of counters; the operating condi
“the resgonse 1o the sta.ndard-,‘zpﬁd:_ _th_é_a. background shoult

at least once'a day: 7o T
The : contribution- of ' the background  must ‘alway

~carefully considered, and if latrge or variable or hoth, frequen
-background - determinations may . be necessary 'in: order to

“achieve. the desired aceuracy. (see sec: 2.5),

In selecting o standardization procedurs the accuracy

should be considered. To endeavor to achieve.

‘required in the ultimate -use: of the ‘radioactive matert:

“precision in the measurément of a sample when & percer
~will suffice is usually pointless and very: time consumin

The physical characteristics' of many radiontelide:

‘portant in biology and medicine ‘are listed in: append

These characteristics determine the selection of appro

standardization methods and instrumerits.

In’ the- sections: immediately following,  the pxﬁmcgljl
with regard to their advantages and disadvantag ofe
ences to more defailed descriptions are cited: - Charscterist
data for various instrurients are simmarized in tables 7.1=
and 7.1-2. for representative. gammas and betaemittin

- radionuclides. - Approximate- estimates of th
- these instruments to other radionuclides may: be-
+ from a consideration of appendix A with tables 7.

7.2, 'Iohi'z'atidli-Cilfr'e_ﬁi:_—i\:/'{ea_'sfm'fiﬁg'_Syéteiﬁs- :

The ionization system may consist of an ionization cham

'~ and a device for measuring the cuirent. - These compore
* may be permanently connected together as'one unit.or 4

may be separable. The theory, of operation of ionizatio

- chambers has beenr described in ‘section 2.1." The: t{p
ud

which have been employed are so nurerous: as to préc
any complete description here. -The characteristics of som
chambers and measuring' systems are. tabulated in tabl




Tazr.s 7.1-1.

Typical characleristics of radionuclide measuring equipment for v-ray samples with some fypical observations: .

Type of
cguipment

Chamber, tube
or erysiat

Background
or other
lamitation

Volume of
sample
used

Distance

Response

range t
18

(oo

Ra

P

Approximats :
useful range 2.

TLauritsen electro-
scope.t

Chalk River elec-
troscope.k

NBS 4ry ioniza-
tign chamber and
Eindemann
Ryerson clee-
trometer.?

Xenization cham-
ber4-d-c ampli-
fier.s

NPL well cham-
ber+-current
measdring
device.®

Braestrup well
chamber--
vigtoreen.t

GM tube for
¥ rays.t

GM tube ring lor
. yrayst .

. Bcintiliation crys-
" tal+sealey?

Well-type orys-
. tal4scaler.s

Cylinger 7.5 ¢m. X 5.5
om {diam.) Al

Spherieal chambor. .

Cylinder 107 diam. x
12 long.

Cylinder 2.00 x 2.00
c¢m carbon,

Cylinder 170 em x
17.0 em well 6.6 e
diam, x 12.5 em.

Cylinder

TGC-5 copper wall
{end-window
t¥pe).

§ tubes 26 em long,
lead eathode.

Nal -
1%!.’ N
X 2.'! N

Nal .
1847
xgl}.
e -
B

0,002 div/
806,

BEA ra-
ditm
~2.47 pe.

BEA
radiym
~0.125 po.

Nolse.

Noise,

Teakage
VEry Iow.

30 efmin___.

1000 ¢fmin..

Variable
(srmall}.

5ml
sample.

5mi
sarnple.

Variable
(small).

3eeup to
about

Variable
smail,

2,000 zl......

1350 efmin...j 1,

26-80 ¢f
min,

180 ¢fmiz....
520 ¢/min...

25100 crn. . | 0.193 div/

SeCIme.

1,20 giv/
sec/me.

Jig—1 em
away.

34.2 puaf
mne.

27.4 mm/
me.

11 gpa/me_

Tixed......| 9.5 div/

minfme.

20-100 em_..{ 7e¢/minf

uc,

Fixed 72108 ef

minjfuc.

19510t ¢f
minfpe.

6 131908 ¢f-
- min/we.

8,4a>(1€]5 ¢f
minjue.
5.08:195 ¢f

Sample o1
top. -

'Fixed (in-' -
Cowvell),

-min/pe.

114 div/
sec/me.

7.05 div/ -
soeme.

151.0 ppaf
me.
153 mm/me.

53 puafme. -

55 ¢fminf
TN

X104 of

| 2803184 ¢f

minfuc.
3. 66><§03 of

- 1indue,
BIXHP ef

min/ue.
1.82X 105 ¢f
min/Ee.

0.73 div/
secime,

5.00 div/
sec/me.

109. 5 ppay
me,
109 tnn/meg.

34 ppajme. o

26.8 div/
min/mg.

32 ¢fmin/

0.0066 div/
s¢ofme.

0,078 apa/
me.

0.15 div/

86 o/min/

132X 104 c/ 2X1<J-*
©ominfpe -

1 pgm-300 gt -
radiam.

0.02 me-1000 me
13120 L

1 ge-several '_ iy
100 me
T 2

0.03 me~to 7 me:
11,5 o

5pe-2 me
T, 2

0.1 pe4 pe
T "

0. 0?' 0—3
lmf EY Q”

0. 013 uc—sﬂ He

c—ﬂ.’{
»e 1131 za
*

B The responses quoted are f01 the shor te1 of these dxstsmees " In all mess
" \trements where appreeiable distance is used, it is assumed that Scattexmg ;
effeets ave reduireed to a minimum,

"2 ¥n most cases, the lower limifof the yange has been taken as the acthty_'_'

"eqﬁal to the background equivalent activity. - »
The upper lumt (a) inionizationchambers, & :s usually not sbarply deﬁned )
and-may be limited: by saturation considerations, range

‘of amplifier, or sxmply pmﬁec_tmn of the operaml‘ duriog. 3

the measurerment;
- A{b) in Gexger—\rluiler couniers, is t&ken as 30, 600 e/mm,
. at which level s 5% dead- tima correct,xon would be neg-
- essary-for a dead time ol 100 psec;

{g} in scintillation counters, is taken as 600,000 c/mm a[:- g
which level a 5% doad-time coue ion wou}d be nccas»- :

ATy, for 2 dcad time of 3 HSRC.

- ¢ Dala from National Buzeat of Standards,

"1 4 Data from Sinelajr; Trott and Belebor (1954).

¢ Data from NBE, NRC, and the University of- Texas, M. D Anderson
Ho%ztal and Tumor Institite in agreement, :

stz from J. Hale, University of Pennsylvania.
_? Data from Physics Departmens, Umversity oi' Texas, M. I) Anderso

-Hospita] and Tumor Institute.

8 Data from Umversmy of 'lexaé and UmVexsrsy of I’ennsylvanza. in agree

i ment. -

-$ Batd from. Veall and: Vetter (i992}
*Brefnsstmhlung. C
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With 811 1on1za,t10n—current-mea,surmg systems, good

“grical insulation is’ necessary. . Dirt across insulato
“pender an instrurent unreliable. “With: s self-containe
‘strument, such asg an’ electroscope the:danger of
- lators becommg dirty is less than with the. separate ioni ati
- chamber and detector systems:described:in section 7.
The insulation should: be tested perlodically by charging
- fiber with no source presenf and observing: the 1eakage
' (which will include background) (table 7:.1-1).
- The principal advantages of ionization’ system Aaret,
“ accuracy, reliability, and large activity range; ‘Howeve
. sensitivity is'generally less than that of counting syst
7.2.1. Electroscopes, ' The: principal advantages 0l
" troscopes are simplicity,: éase of operation, reliabilit
- low cost [Harnwell and Livingood; 1933; Strong 1943
- disadvantages: are - their: relatzvely short liear scal
- small range. of drift rates.. They are generally used
gamma-ray sanmples but some models may also be‘-used
beta-ray sources [Mann and: Seliger; 1958a]:

7.2.2. Electrometers. . To prinéipal types of electro ot

- are the quartz-fiber and ‘vacuum-tube’electrometer
fiber type is simple and robust but generally of ; sm Her
than the vacuum-tube instrument. -

Two fiber electrometers are commonly used the stn
and the quadrant. Numerous. variations: ot e
[Harnwell and Livingood, 1933; Strong, 1943}, | .
as great as 51074 coulornb peérscale division are ohtainabls

Vacuum-tube elcctrometers with miultiple ciirrént ran
high maximum gain, and low zero: drift are avaﬂ&b
verse feedback d—c amplxﬁers which will ‘detect 10
and have a wide range are not uncommon, - j
sensitive: electrometer presently: available is the vibrat
reed type; which can detect: ctirrents as low as 1077 am
under special conditions. - An added advantage of electron
systems is that strip chart recorders can, easﬂy be:use
produce a permanent record :

Various kinds of measuring’ cn'cmt may be: used.- -
rate-of-drift method [Dubridge and Brown, 1933}; the oufp
re&dm,clgils linearly propormonal to the radmtlon ﬂux
through the chamber, . In the null method of. Townsend, thi
change in voltage produced across 8 capacitor by. the io
tion current is counterbalanced by an: -équal and Opposit
voltage supplied from a potentiometer. . Thig b
comphshed automatlcally [Grarﬁnkei 1959]

Appreximat_e. :
range

potb
roib
ugls

weib
61075 0.04 | ..

8310 0,08,

2210 ¢fminfuc.| 41078 ue-0.14

1134105 ¢fminfuc.

2.4X10% efminfuc.| 44105 ¢/minfuc | 7X10-5 pe-0.07. .

be Hmited by saturation considerations, range of amplifier, or simply

Geometry
window,

2T e e mrene | e e ] 0,45 AlvfSeCfec. .| 0,003 go-100 xe .
dow,

Rived. onooood 7.3X10% efminfpe. | oo ovoieooel

Inside counter...| 6,1X104 ofminfuc_

Sample under

3

ch level 4 59 dead-time cotregtion wonld bs noesssary for 4 dead time of 100 xSee;

(¢} in seintillation counters, is taken as 600,000 ofmin st which level a 5% ¢ead-time corvection would be necessary for o dead time of 5 psec.

layer on plan-
chette.,

8 to0 50 ofmin....| Evaporated
planchette.

sample on
plancheite.
sample on

Liguid, 1 mlin | Cupunder wine o ococomenr. | 905 guafme._ | 0, 05uc-25u0 o750
cup, :

‘Type of sample
Liguid. ..o onee

Evaporated

,00¢ o/min, at whi

Background or
othor Hmitatisn

ete,
ge has heen taken as the activity equal to the background equivalent activity,

0efoein . Liqmld I0ml ...} Fiwed oo ot e e

0.0003 div/sec....; Bvaporated
WNoise, amplifier,
erator during the meastrement;

is {aken as 39,

g R0 efmin.______.
ambers, is usually not sharply defined and may

RO, I {1175 11 S,

or scintitlator
cm? 2.3 me/f

cmi.

Chamber, tube
Cylinder win-
deow in base,
Tacketed test
tube, walt 30
mgfem?,
Gieiger counters,

protection of the op

in

()

Cope

g i
=
R~}
=8
5]
=
g
<
&
]
<
-~
o
K
=4
=,
=
55
]
g
]
&
2
s
=
E
0
2
=
2y
g
o
&
Q
)
=
=
=
=3
&
ka3
]
e
“
I
g
g
5
3
T
S
=
I
=
i
=
&%
=
L
g
)
"3
=3
3]
3
e
-2
]
]
&
kS
=3
K
=
=
g
3]
B
3
=2
<«
~
=
)
=
&
b
B

t I tnost cases, the lower Himit of the 1an

The apper limit (a) i ionization ch

Type of equipment
ampiifier.
{test tube type).
counter.

(TR

TFapLe7,1-2,

Chialk River cleetros

WPL well ehamber-d-¢

End-window GM eounter.| Window 1.4 m
CGas-fiow counter_....____| (.12 mgfom?_____
“Liquid” GM csunter

Liguid scintillation
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tion chamber can be employed for secondary standardiza-
“tion of gamma-emitting nuclides. An alr-equivalent-wall
chamber is particularly useful when gamma-ray exposure-
‘dose rates are the primary information required. However,
for routine calibration of sample activity it is preferable to
usé a chamber especially designed for this purpose (sec. 8.2).
" Phe reentrant or well chamber is designed so that the
sample is surrounded by the sensitive volume of the ionization
chamber (fig. 7.2-1). This provides an arrangement of high
“sensitivity on which sample position and volume, within
“limits, have relatively little influence. A further advantage
" is that such a chamber may be easily shielded so that back-

< Frouas 7.9-1, Well-type ionization chanher designed by C. B. Braestrup:
P Jor the assay of gamma-emitting nuclides.

[Feitelberg, 1949; reprinted from Sclance by permission of the Arserican Asseciation for

- the Advancement of Science.]

" Types of fonization chamber. - Almost any’ioniza- -

Cia g |
- (jold-198 K- do. ool
© Radium-228§, 0 & - Ra souree 3 mm long in

51 Cobalt60.. .
= Sodinm-24..

* Jodine-131: sy | —ido..

: Anm72— : NPL v well-ty
S LAY ey cliamber

o R:a;dioziuqlide : " Torm of sample R

Todine-131

filler.. ... o o070 1 Pltube 6 gl [

Redionuelide [ - Ep
RS - (ibY)

Phosphorus-32.....[ 0.6%. ' |1l sclidien in' poly=}. 0. 037

: Soethylene dish, i RS Res i
Clold-198 R 1 ) R do._.
Thallitm-204 b T do.. 8
do 0B

(419 (Je-E Y00y
335 {0

0088
0.2040,93
0.93

~ ground I‘ad_iation-'e{’fécts are small (for _.1(};:\'\.*_”:@('}121_‘7:1%1'6&1} :
protection is provided for the operator’ (for high-activitie

Tonization chambers employing: essentially 27 geomet
have been used to standardize radionuclides which ernit
17"ays c;nly; for example; the Chalk River Electroscope (tab

An'jonization instrument which combines the well:
ray and 2r beta-particle chambers [Hiné and Brownell
ch. 11, p. 527, “Standardization of X-Ray Beams and Radi
active Isotopes,” by W. K. Sineclair] has been: further
veloped by the National Physical Laboratory. [Perry
and Pulfer, 1956] (figs. 7.2-2 and 7.2-3.)" The lowe
the gamma-ray chamber is used ‘as:the beta-ray chambe
which has-a thin window to. admit beta particle
avoid a humid atmosphere - around -the: insulatorsy .
typical results of measurements made: with: such com
f—= ionization chambers, developed by the National Ph
ical Laboratory, are shown in tables 7.2-1. . °

" 733, Counting Systems

- Counting: systems are more . sensitive ‘than - ioniz
“chatnbers but are also less stable.. They must therefore

© 588580616
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: I‘IGURE 7.2-3. Combined beta-gamma reference {onization chamber.
[Courtesy of the National Physical Laboratory.}

tested more often with performance or reference standards

oc. 7.7) to ensure satisfactory results.

“When low activity samples are measured, correction for
background count rate must be made. Random fluctuations
in counting rate necessitate consideration of statistical
“factors (sec. 2.5.1) [Hine and Brownell, 1956, ch. §, ¢ Geiger-
Miiller Counters and Proportional Counters 7 by W. K.
Sinclair]. At low counting rates, long countmg tirmes may
be. necessary to achieve statistical aceuracy. In these
circumstances it is important to choose the disposition of
time between counting sample and background and back-
ground alone so that the greatest precision will be achieved
in the time available (see sec. 2.5.2)., When high activity
sa.mples are assayed, correction for loss of counts may have

system (see sec. 2.5.5).
Counters require auxﬂmry_ elec TOn

high voltage supply, amplifier, scaler. and___ ¢0

unit. . Count-rate: meters: may also be
stabﬂlty of the high-voltige supply; :
tivity and linearity of the amplifier,
detector tused’ and the’ apph(:atlo
cussion; - seé, for j
Price, 1958)

The a,mphtude of eIectncal pulses pr

‘tional and scintillation counters is propor

delivered t0 the detector by ‘each primiary 1omzmg eve
In certain applications this. proportionality’is usefu
example, & simple discriminator may be used to limina
pulses below g certain amplitude  (thus,:

cluding scattered radiation); or a pulsé-heigh Lyzer
be used to select; electyonic hy, pulses which exceed g he
determined by one adjustment (baseline) but do not:

this height by more than an. amount: determme by
control (cha.nnel W1dth or Wmd w! '




“ availible to” messure an 'entiré'-bﬁls”e.—ﬁei{ght spectrumi’ by,

“continuouely changing the baseline control while plotting
the counting rate on a strip chart recorder. Multichannel
“analyzers can achieve this result more quickly and effectively

" by simultaneously sorting and recording pulses of various.

“heights. The precise calibration of equipment which in-

“eludes a pulse-height analyzer is complex.  Among the most
“important factors to be considered are the following: The
*amplifier should be linear and nonoverloading; the baseline
““calibration should be tested for drift; the channel width
“‘ghould be checked as a function of baseline setting and the
“:gverall performance should be tested as a function of counting

o rate,

. Tf the quantity of interest is the variation of the counting

U rate with time, a count-rate meter and pen recorder or a

.+ seifer and a digital printer may be used,
-1, Clireuitry used for counting work is disengsed by Elmore
and Sands [1949] and Price [1958]. .

_ 7.4. Geiger-Miiller Counters
" The principal advantage of the Geiger-Miller counter

"“lies in the simplicity of its necessary associated circuitry.
. The sensitivity for beta particles is excellent but for gamma
-~ rays the sensitivity is less than that of the scintillation
- counter, s
- * Many special Geiger-Miiller counters have been produced. -
- Tor example: thin-window Geiger-Milller tubes are available
. for beta-particle measurements, while special cathode ma-
" terials such ag bismuth can increase the sensitivity to gamma
L Fays. ® . :
. Special Geiger-Miiller counter equipment is available also
" for measuring low-energy beta particles. An example of

such special equipment 1s the windowless 2= flow counter

in which the samples are placed inside the counting chamber,

" through which the counting gas flows; the overall efficiency,

“including backscatter, may exceed 50 percent. External

- counting may be accomplished with very thin-wall or

. “micro-mil” window counters. Libby (1957) has developed

- ‘s Geiger-Miiller counter of this type in which the sample

i is wrapped around the counter, enabling a large area of
“sample to be counted.

7.5. Proportional Counters

. Proportional counters have a shorter dead time and often
* g longer and flatter plateau than Geiger-Miiller tubes, but

the techniques of counting are more elaborate. They may be
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{:for all of the saine purposes as
I addition, they are very useful for counting
ratés. and also for alpha-particle counting; as in: this -applic
tion: the beta particles can be diseriminated agains
flow’ proportional counter. for. internal solid [Hei
Fischbeck; - 1957;- Verly, “Bricteux-Grégoire; - Koch;
Dewey, 1858] or liguid (arganic solvent). [Schwebel, Tsbel
Karabinos, 1951; Schwebel, Isbell, and Moyer, 1954]

s very similar to the flow-type: Geiger-Miller

and some types are available which may be used eit
Geiger-Miiller or proportional counting.  Overall efficien
may be as high as 80 percent when backscattering is pr
nounced. il
co T 76 Scintillation Counters

The  scintillation - counter: is" prohably: the:mo
instrument for the assay of low-gctivity gamma-ra
since it is more efficiént for this:purpose than are &
Miller or proportional counters.. ... o
- When - feasible, : gammacray - counting” of  samples
ustially: preferred to" other methods because: of the rels
freedom from absorption and self-absorption correc
special preparation procedures which are often.n
beta-particle sample counting. -

‘Many different luminescent materials have:be
useful for scintillation cotnting and: these maj
inorganie or organic in-composition and either so
in phase. - Liquid scintillators are especially usefu
radioactive material: can bé - dissolved: in’ the lumines
medium (see sec. 12.5.4).. Solid 'organic phosphors, suc

‘anthracené and: stilberie’have been widely used”

analysis studies of beta-particle émibters, and thei
for beta-particle detection is'similar to that of a thi
Geiger-Midler- tube. * These: erystals’ are- less efficient
gammia-ray detection than. the solid inorgani y
are  nevertheless. useful in " gamma-ray: dose-rate:
becatse their energy absorption ig'similar to that of

Solid inorganic crystals aré most widely used fo m
ray sample counting techniques. - Thallium-activated sodit
iodide is the most commonly used crystal for the
gamma emitters and- the bremsstrahlung from: hig
beta emitters. - Single “erystals; usually in the: 1
cylinders, are avallable in a variety of sizes rangin
several inches in diameter and in depth..  For high-effi
counting -of low-level gamma-ray or bremsstrahlung

© such a crystal with a well'is commonly used. - Sodium

has a larger photoelectric cross section than. most




suitablo crystals and is therefors more efficient for gammas
Tay assay. Furthermore the amplitude of the light pulse:

produced per unit-energy absorption is high (see sec. 2.4).

- The true advantage of a scintillation counter over
Geiger-Miller counter is not as great as a comparison of
‘efficlencies alone may indicate, because background counting

. rate in a scintillation detector is usually higher (even if heavy"
. shielding is used). Comparison may better be made on the -

. basis of minimum detectable activity which is discussed in
- osection 2.5.3. The short-term stability of & scintillation
~..counter is possibly no better than that of a Geiger-Miiller
. counter, so that frequent calibration is required. i perform-
:-ance standard, while useful with a scintillation counter, should
+ be employed cautiously because changes in the detection
system affect its energy response unpredictably.

.. Scintillation detectors and proportional counters usually
“involve the use of more complicated electronic equipmené
~ than do Geiger-Miiller counters and the requirements for
- stability of the high-voltage supply are more critical and
“‘mare amplification of the pulse is needed.

~ Two recent reports [Ross, 1959; Harris, Hamblen, and

Francis, 1959] deal with the medical spplications of scintilla~ -

- tion counting., o .

w761, Application of scintillation counting. Scintillation
- counters are particularly useful in the following applications:
(a) Highly collimated and shielded arrangements, which
‘are movable, for in vive measurement.

{b) Crystal and source in a fixed geometry relation for

“sample counting, either
o 1. with the source at 2 dist

)

- from bulk samples), or
S 2. with the source inserted inside the crystal volume,
~in the well-type crystal, or surrounding the crystal volume on
 miost of its faces.

In each case both the source and detector are surrounded

- by stationary shielding.

2 7.6.2. Well-type seintillation counter. The well-type scin-
- tillation counter is the most useful type for routine measure-
v ments of low-activity gamma-ray samples (fg. 7.6-1).
A typical model uses a sodium iodide (thallium-activated)
orystal 1% in. in diameter and 2 in. high, in which the well ie
“a cavity % in. in diameter which extends 1% in. into the
-crystal.  The erystal is contained in an aluminum shell with
-2 glass window and is mounted directly on the face of the

analysis of large numbers of samples; 1t is very

ELECTRON !
MULTIPLIER
PHOTOT

U Treumn 7.6-1. Well crystal countér.

é!éctroh.—rﬁhlﬁpiiéf phototube, - The whole “assembly

rounded by lead shielding.  Optimum’ ratios of samp
background counts are obtained by varying the discriri
and high-voltage levels:, Pulsé-height-analysis methods m
aleo beuged. "o o T T

The efficienicies: and: response. of typical syste

~ kind for several radionuclides are given in tables 7 6

7.6.3. Laquid scintillation counter. The liguid seintillatio
counter. has recently. comeé into rather general use fo

- relative assay of hydrogen3 (tritium) and caibon

ticularly when these are used as tracers:in’biologic,
ments. - The low energies of hydrogen-3. and carbon-14.
particles require; -for: reagonable : counting - efficienci
source-preparation technique which infroduces & minim
of source self-absorption. . Gaséous samples could be cou

-as H} or C"Oyin an internal gas counter bub; fmthe




s TABLE 7651 Well sciﬁtiﬁlaﬁonhoum&;ﬁo pulse-Reight analyzer o

“4.0-m] samples?

. . i Back- | Background

Radienuclide iene Response in | ground equi%al@ut
efminfuc Toin activity

¢/min in e

" Obwominengl oo o4 1.08X108 -
" Todine-131i_. . ) 9.xg>>§135 5 I
o IGold;;as.... . 918108 .
¢ Iron-59... . . 8. 77X 108 3,47 X104

Cobalt-60 ) 9, 6110 2 oa§zo-4

Phosphorus-32  bremssirak-
© Iung (833 mpgfom? absorber,
glass 4+ Al . 2. 2210t Q.02 03 27.9

-8 With o sodium ledide erystal 2/3¢1347, well ¥ diameter X1347 dee ith discrimi

8 Seiﬁf,‘ﬁ b above[ 11‘35& levetl. 1 : 14 deep, with discriminator

. The vesponse for diflerent volumes muost be meastred in each individual apparatus with

. each type of container. In this instrument the variation is aboud —3.5% -

: Au—ji}gs ﬂ&ld_ —1.5%/{211 fordI“e-sg snd Co-60. ub ~35%/ml for 1-151 and
- ¢ Based on activity produeing counting rate of 600,000 ¢/min which wi Y -
time loss for a dead time of 5 usec. ¢ ! f H would bave 6% dead

- Data from Physics Department, The University of Texas, M. D. Anderson Hospital and:

- Tumor Institute. These are representative data only and diferent results ny g
+if different instrument settings are used. ust be expected

TasLe 7.6-2. Well seintillation counter with pulse-height analyzera

4.0-ml samples?

) : . - Back- | Background | U

- Radionuclide Window | ciency | Response in |ground equi%alent hgﬁf E

. volts in % ofminfue in activity inpe
ofinin in pe :

-, Chromimm-31... [ 6 9104 28,030
- Todine-131 . 6, 5. 08103 8.7§i3-§
{dold-198 . . 6. 3 3. 64144 [ eliad

o Iree-59., . . 48, . 103105 6.8%10%
. Cobalt-80._.._. .0 48 5 1. 82X10% 3. 8X10-%

- @ With a sodium iodide erystal 2”$<1%" well MY diameter X134 ingle ¢

L pu}s:a«height analyzer set on photopeak. ' * ’ X154 deep, and single channel

K e cbhrtlg? preescﬁogggbro_r dlﬁelilbﬂ%]\ijoh_lmtes musbt btei measured in each individual apparatng with
. ainer, In this instrument the variation is about —3.5%, -1

Au~198 and -1.5%/ml for Fe-58 and Co-60. Pout =857/l for 1151 and

Wl e Based on getivify producing eounting rate of 600,000 efmin which wi 59, .
S time for loss for a dead time of § psec, ¢ f which would have 5% dead

4 Not calibrated in velts—actually more than 8.0 volts,

" Diats from Physics Department, The University of Texas, M. D. Anderson IHospital and
. Tumor Institute. These are representative data only and different results 1 D xpoctod
“ if different instrument settings are used, ¥ erent resuls must he expecied

o introduce agueous samples into the liquid scintillator
- solution.  Further, the linear response of the liquid scintil-
. lator to -energy absorbed permits discrimination between

hydrogen-3 and carbon-14 by means of pulss-height analysis,
~which is important in double labeling experiments,

* Phototube, amplifier and high-voltdge req:
similar’ to: those for ordinary solid scintillati
Usually; higher: amplification” (20,000: 050,000} Is requl

- since the amplitude of the pulses producedislow

at lower temperatures (aboub 0-2C} in a reiriger.
use of coinciderice techniques:where two pio

the same sample effect a large increase in ‘signal-to
ratio. Due to the complexity of setting up a liquid-s
lation-counting - unit,. it & suggested : that - comme

~ available units be used:for routing countmg requirem

Tritiated-water and carbon-14-benzoic-acid or barit
bonate standards are presently available and can be ad
to unknown samples. as ‘spikes;” for. determining coi
efficiencies and in addition for the setting of discriminatio
Ievels in’ those: cases where hydrogén-3 - and carbon

used in the same samplés 0w b
* Watér samples' are usually dissolved i

in toluehe which contains the phosphor A waterialcoh
toluene ratio of 1:50:250 Has been found to give extre
reproducible results. : In those cases where the lower acl

ties are to be measured, large volumes of water are necessa
and dioxane may be used i place of toluene. . Dioxane wil
result in' smaller pulse heights than toluene at optimum
solute concentrations; however,  the larger tolera

water can more than compensate for this.. (For:mor

cific details, the reader is referred to: Davidson and Fe

1957; Bell and Hayes, 1958; and Mann and: Selige

7.7. The Use of Standards and Reference Soute

. .S.tandards are used either for f(i_&iibi*&t%iox_if._p fo

measuring system. Since all detecting:systems are:

to faults, frequent checks with some- type: of standar
necessary to ensure that difficulties are diseovered.
tine program of testing should:be followed. Althoug
many applications only relative resulfs between 0
samples are required and an aliquotiof the origin
is used for comparison purposes, it 15 still ‘desirable
performance standard to test equipment behavior

7.7.1. “Performance’ standords... *Performance’
ards are commonly used for testing the constancy of
of instruments. - Performaince  standards:do
aspects of the responsé of & measuring system for sor
radionuclide, because: the energies of: the radiations emit
are not usvally the same, = The standard should be p
nently mounted in a contaiver similar to. the sampl
containers: - Because of its extremely long half-life




926 in equilibrium with its decay %fodﬁ':cts; is 8 frequent
a

- choice for a gamma-ray standard, although both cobalt-60
“and cesium-barium-137 are used. Cesium-barium-137 - is

- particularly useful as a performance standard for gamma-ray

“spectrometers because of its single 0.662-Mev line. Beta-~
- particle performance standards include radium-226 [Mann
7 and Seliger, 1958a], radium D+ E and strontium-yttrinm-90.
" Corrections for decay must be made when the standard is
‘used over a period of years. Uncertainty as to the half-life
cof radium D-+E reduces its usefulness as a performance
“standard.

2 7.7.20 Calibration standards.  Calibration standards usually
-eannof be maintained for long periods, since many radio-
“nuclides of interest have short half-lives. Standards of

. various short-lived radionuclides are available (sce, e.g.,

i the Isotope Index) and secondary standardizing equipment
. should be calibrated periodically.

o 7.7.3. Simulated standards. Simulated standards attempt
~to achieve the advantages of both calibration and per-
< formanee standards for short-ived radionuclides. Iodine-

-+131 may be simulated by a mixture of barium-133 and cesium-

. barium-137 which is useful for about 10 years [Brucer, Oddie,

“and Eldridge, 1956]. Such simulated standards only approxi-
w.- mate the radiation characterisiics of the actual radionuclide
. (although perhaps closely) and changes with time due to the
. differences in half-lives among the constituents must be

“ corrected for. The decay of such mixtures is not exponential

“and special charts must be used. They are not suitable for

: _the calibration of scintillation spectrometers.

8. Preadministration Sample Measurement
8.1. General

. Shipments of radioactive nuclides received by institutions

- fall into two general categories: small quantities (less than
“-1 me) to be used directly for diagnostic tests and tracer
- metabolic studies; or large quantities (more than 1 me)
.. to be used either directly for therapy or, after dilution, for
» the preparation of aliquots for either therapy or tracer doses.
- "Currently, commercial suppliers of radicactive materials
- provide quantities that are usually reliably calibrated.
- Nevertheless, the final responsibility for the accuracy of the
- amount administered to a patient rests with the user and
- each shipment or aliquot used should be tested.

" Regardless of any previous assay of the stock solution,
- individual doses should be checked to ensure the accuracy

# - of dispensing.
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. Specifications’ for ‘instruments suitab

. ‘assay and: procedures for their use are. jaft

~ L. The instrument should be such that it ca
brated with a standard sample of éach-radionuclide for
it is used; and the instrumsent behavior should be ch
theveafter with' a- performance standard. -7

72 The. geometrical conditions of measurem
be quickly and accurately reproducible:.
-- 8. The measuremients should take only s short
perform, and:the reading-should be easily translate
units of activity, @ oo s

4. A'precision of -about 2 percent: should: be
and the range of the instrument should: be wide. :

- 5. The. shielding should: be “adequate to. _pifﬁge_c

‘operator, for the highest activity to be measure

be permanent, e T L :
- Although' several “of ' the  general “clagses of
described. in*section . 7 may  be: used; ionization-cur
mesastring instruments usually: best {ulfill the specific
above [Feitelberg, 1049]. - il

. "iis 8,20 Radioactivity Assay Med

. 8.2.1. Methods of calibration:: Measuring mstrime
be calibrated for most clinically used radioactive materia
means of 'calibration: standards obtainable from  com
cial suppliers. or from  national standardizingla

(see The Isotope Index). - Calibration standards ar
ily of low activity (a few hiicrocuries) and can’ usu
used directly. for the calibration: of counting ‘equ
Many ionization chambers, however, may not be su
sensitive to make direct measurements of o calibratio
ard. . For initial calibration therefore; an: aliquot of
shipment must be used as an intermediate step for com:
with the calibration standard. Iﬁ'.ma;hy._c_a_Ses_' dilutio

-aliquot may be necessary and the comparison then h,

made by counting techniques: i < . i
. 8.2.2. Millicurie amounts of- gamma= oF:
ematting radionuelides. oo T re e el
- 8.2.21. Well«iondzation-chamber measuring. meth
7.2.3).. The well-ionization chamiber is a pa
method for the direct: assay of 'shipments

‘materials of high activity, and with suitable electr
-may cover g wide activity Tange. The chamb

designed to: accept standard-sized shipping bottles

‘and Newberry, 1951]: ° Variation of sample-bottle s

type. inay cause variations i assay. values.due to c¢ha

geometry, sample self<absorption: and: container ab




" which may require small corrections. A modification of thé

+ gamme-ray instrument enables beta-ray measurements to be |

" made by including a window to a beta-ray sample chamber

- {Hine and Brownell, 1956; ch. 11, p. 527, “Standardization of

o X-Ray Beams and Radioactive Isotopes,” by W. K. Sinclair;

" Perry, Dale, and Puller, 1956] (see also sec. 7.2.3).  Another
-~ type of well-lonization chamber has been designed by Braes-
“trup to be used with a standard X-ray electrometer [Feitel-
- berg, 1959] and is most useful for assaying solutions of the
trorder of 1 mefml. The well is the proper size and shape to

o ‘accept standatd laboratory test tubes. Data pertaining to

' the NPL chamber and the Braestrup chamber, both of which

ware commercially available, are included in tables 7.1-1 and

SLT2-1
o Either of these instruments can be used to assay samples.
“of radionuclides that emit high-energy beta particles, by
S measuring the ionization produced by bremsstrahlung from
- ‘the walls of the chamber and within the solution’ [Alper and
~du Preez, 1949]. These measurements should be made with

vz standard contdiners and volumes.

8.2.22. Measuring methods with the sample at a distance.

v An alternative method for routine assay is that in which

the ionization produced by gamma rays from a radiocactive

sample is measured by an ionization chamber located at a
-« distance from the source. The method is widely used and -
- its principles are discussed in section 3.6. The technique .

“and applications of the method are described by Sinclair,
- Trott, and Belcher [1954]. The geometry is conveniently -

- controlled by the use of an optical bench. The useful

“range of measurement of the instrument can be extended

“by varying the distance and then applying the inverse

“square law. In this case the measuring distance should

" be several times greater than the linear dimensions of the -

= sample and chamber in order to minimize the error arisin

< from uncertainty in effective distance between source an

“detector (often 50 to 100 cm). An adequate distance
“should be maintained between any scattering material and

- both source and detector in order to minimize the amount of |

- seattered radiation entering the detector. -
- If the lonization chamber 1s “air equivalent” for the

" energy of the gamma rays being measured, known values of

the specific gamma-ray emission constant for the radio-

rnuclide (v per me-hr at 1 meter) (app. A) may be used to -
- determine the activity of the sample directly, However,

- corrections for self-absorption in the radioactive material and
- for absorption in the container wall must be applied (see also
o see 3.6.1).
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‘necessary.: -

calibr

] adionuclid
‘The ionization chamibermay be heavily shielded (sev

of lead) to discriminate against scattered radiation
8.2.3. Microcurie : amounts - of - gamme

beta-ematting nuclides.. Microcurie  amounts

uged: in’ tracer or ‘diagnostic: studies. :In the:

the 'measurements : are; almost  always: expressed.
centages of the: administéred amount--and;. conseque
the assay is less’ important: than® when these maters 15
used, therapeutically. " In such tracer applications; all me;
ureinents are precisely related to the activity of ‘an alig
the radionuclide sample being used;. this also mskes

_corrections. unnecessary. -Any type of radigtion

for the comparison.. " [ oo
These comparative measureients a
with counting systems becalse high's

equipment that is suitably sensitive and reliable 1

.- With ga,mmé}en.ﬁﬁt'hig’--ﬁ'u.él.;i'desi;:'thq:; most useful
ment i the well-type scintillation counter: descri
section 7.6.2. " For high-enérgy’ beta-emitting niuclide

. addition of a‘lead filter & féw thousandths of :
" between the sample and the gammasray counter
‘ the bremsstrahliung production, but care inu

ensure that' comparative’ megsurements are mad
identical condisions, o e :
- 8.9.4. Lowenergy . beta-emitting - nuclides

" emitting beta particles of low energy, bremssirahiung
- ods cannot be used. " A thin-window or’ windowless
‘an ionization ¢hamber; or-a. liquid secintillation

. must then be used’ (§ec¢. 74 or 7.6.1):

' 8.3, Radionuclide Tdentification

T radioactive materials to be'used in human studie

obtained from a source that does not guarantee:
and radiopurity. of the radionuclide sample; the

established by theuser. s o oiai s
Ordimarily - the approximate. activity: of: 8

shipment is stated, and if its assay: by the user yicl

in good agreement with the expected value; the identil

the nuclide is unlikely to be otheér than that expected

‘and- usually unimportant amounts of contaminant rad

nuclides are to be expected in some samples. . ¢
taken that thesé contaminsnts; particularly

* ods; do not compromise the nature of the sample.




The most aceurate method of establishing radionuelide

“identity is a spectral distribution study, preferably of both:

_ : ) _ oth:
= beta and gamms rays. This method, homlf)ex%er, is got easily
~applied to nuclides which emit only low-energy beta particles.
-and may fail to detect such radionuclides in the presence

of a g%mmai—%nitpéng r%dionuclide. .
- Radlonuciide identification can also be establi
Ineasurements of half-life and by absorption methﬁgi}.s he’lcflhe};z
-methods are not always conelusive and cannot be applied to
-all radionuclides, but nevertheless are useful.  Other special
-methods may be necessary if it is desirable to establish the
‘“absence of certain radioactive impurities (for example
. hydrogen-3). 1In circumstances where the identification
_has not been fully established, a knowledge of the target
material and the production procedures may be very useful.
ﬁsi\g}eithods offrs_a,dw; aper-chromatography (sec. 12.6} may be
Tul i verifyin e nature, puri ic ili
o laholnd com%a ognds. ¢, purity, and chemical stability

8.4. Chemical Purity and Pyrogen Activity

. The chemical purity, total amount of stable isoto

carrier), and fjH of samples that are to be adminigser(gcxi
-+ clinically should be tested if they have not been certified by
& commercial supplier. In addition, tests of sterility and
- byrogen activity are required for samples that are to be
“ administered intravenous y {U.S. Pharmacopeia XV).

. 8.5. Measurement of Dase Rate from Smal] Sealed Sources

.. 8.5.1. General. * In many therapeutic applications o io-
“nuclides the umportant quantity is the dosﬁzpra,te fromosf ggg;ge
~or configuration of sources rather than the activity, The
. dose rate can be derived if the activity, the specific gamma-
~Tay emission constant I' (or the average beta-ray energy)
.and the arrangement of source material are known. It Itﬁa};
:be more convenlent and more accurate, however, to measure
_the dose rate directly. This may be the case when gamma-
-emutting nuclides are used in some interstitial, intracavitary
glnéi supexilﬁclal Lappil.ca,tions, and when beta-emitting N
clides, such as strontium-vifrium- s i i
o uch yitrium-90, are used in superficial
-0 8.5.2. Gamma-ray exposure dose rates. 1t the -
sources are long-lived their activities will genera]%??)lf éleixsbs}j
ured and specified in millicuries and the constant I', the
. specific gamma-ray emission (app. A), can be used to caley-
-~ late the exposure dose rate. Frequently gamma-ray activi-
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an éii_réwall'_ioﬁi'z'&tlon chamber as descri
3.6 and In section 8.2.22.  Thi 6

tage that any' ervor in the value

‘activity is eliminated. "

- In the case of shorter-lived "Séjﬁli)les:("e;g._,'_me_baihc 0

seeds, iridium-192 seeds), the activity of the individual §

will need to be measured, unless the variations

viduals are known, in which case the activity of a g

be determined. Any gamma-ray method may be

this purpose but the most satisfactory isa dosem

- In circumstances where. the exposure dose rat
particular: arrangement of sources is:required; a
(usually-an ion chamber or scintillation  ¢ourter
anthracene crystal) shotld be used: which:is: dir

and, calibrated: for: the radiation: of. interest. in . terms
exposure dose rate:.Techniques are deseribed in texts
radiological physics [e.g.,; Hine and Brownell, 1956];

- 8.5.3. Beta-particle: absorbed. dose. rates:: Standardi

of beta~emitting applicators- (such: as strontium-yhtrium
plaques) réquires a dose-raté rather than-a’ disintegratio
rate. meastrement:. © Owing to scattéring and
ahsorption; it'is difficult to calculdte the' dose rate fron

a source even when the: activity ‘content is- known
Hine and Brownell, 1956, ch: 16, “Discrete  Radioise
Sources’” by R, Lioevinger, B: M. Japha; and G. L, B
Generally a depth-dose curve is also required:

rate as a function of distance in tissue from the fa
“applicator;. Ui

ose rate determinations inay’ be accompl _
Bragg-Gray principle, by méasurement of the ionizat
narrow air-gap.-situated at-the face of the applicato
determine the - stirface 'dose)’ or with & uniform  Iay
absorbing material interposed: (to deteérmine the depth:
Both the absorber and the matetial froni which the joniz
chamber is constructed should:vesémible fissue in their iy
action with beta-particles; and in this respect most p
are satisfactory. :The measured intensity ofionization
considerably with the width of the gap, and chambers
extrapolation type are often used [Failla,; 1937; Bortner, 19
Krohmer, 1951; Failla and Gross; 1952; Lioevinger: 195
these, the spacing of the electrodés can’ be varied
results are extrapolated. to zero gap-width. *Chambe
fixed width [e.g., Sinclair-and Blondal, 1952} are very mu
simpler to construct, and-more rapid in use: : It may b
possible to estimate the érror introduced by the finite wi




of k the éhémfiéi‘, ' .fro'm-: pubii.s.héd” 'i"e'é'ﬁlfé on e’xti*&iaolétign_
“chambers. Failla and Gross, and Loevinger find that the -

- extrapolation is linear over only a very narrow range of
~electrode spacing, e.g., up to 0.02 em with an applicator 0.7
- em in diameter. Haybitile [1955] obtains s much greater
- linear range by surrounding the collecting electrode with a
+ guard ring of comparable width, and so reducing edge-effects.

Measurements of this type are very difficult and, conse-

- quently, commereial sources should always be obtained with

& calibration. For details of the methods of megsurement,
. the references listed above should be consulted.

9. In Vivo Measurement—Quantitative Studies
9.1. General

The difficulties in the techniques of measuring a radio-

.active deposit in vivo, as compared with the measurement of .

-& liquid, solid, or gas sample, are due to g variety of addi-
tional complicating factors. These factors include he loca-
“tion of the radioactive material in the body, the anatomical
‘variations in size and position of the organ containing the

- radioactivity, and the variations in activity concentration
both within the organ itself and in the surrounding tissues. .
. In wivo measurements are generally accomplished by means.

uee 9.1-1. Assembly for wuplake measurements using & shielded

bismuth-coated Geiger-Miiller counter mounted on @ hospitel over-the-
bed table with height adjusiuble by a erank.
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of & collimated defector placed :
the region of interest:  (See fig. 9.1-1. and !
only gamma radiation (and: occs onally bremsstral

studied in this way; although sometimes it i possible.
L in pw0 measurements at the surface of the body
-counter and- in tissues with a needle-type: ountes
~measurements of beta radiation are usually only relative

“each other and only very approximate quantitative esti
“tions are made. s . .

9.1.1. Collimation and Shﬁeldmg The:pur] ose of coll

“tion is to exclude both general:backgrotn ‘radiatio

radiation from areas of the body other than the regi
interest (often called “body: backeround”’ 'he amount of
shielding required must be carefully considered ‘becan
desirable to keep the bulk and mass of the datectin D

Frcure 9.1-2: Uplake assembly for tracer: doses of 10 fo 50
e T LRI of iodine-181 :

L Assembly for uptake mesiremenis nsing s scintilation coimter "0 ‘the, collitnat]

" ghield of tbg sclnt,iili}utién cottifer is added 3 cl?rved_ lead sheef toveducd the zontributiondrom
body background;, [Courtesy of 8, Feitelberg. :

58858061y L




as small as. possible in order to retain flexibility in probe
" location. The probe is, furthermore, frequently balanced at
- the end of an adjustable arm. The shielding thickness
should be chosen so that the radiation reaching the detector
through the shielding is only a small fraction of the radiation
reaching the detector through the aperture. A maximum of
I percent for this fraction is a desirable figure, but since the
solid angle of the aperture is often a small fraction of 4,
attenuation factors for the shielding of 10° to 10* may be
necessary in order to achieve this. With iodine-131, from 1
to 2 in. of lead are often used. In some circumnstances, when
a large aperture s used, less shielding may be possible, but
in others, particularly when a very small aperture is used,
more shielding may be necessary (see fig. 9.1-3.).

Materials of high atomic number and density are most
suitable for gamma-ray shielding, particularly for low-energy
gamma rays (for example, from iodine-131 and gold-198).

' Because of the difficulties of providing sufficient shielding,

except in a very bulky, massive apparatus, high-energy
garmuma rays (for example, from cobalt-60, iron-59, potassium-
42, sodium-24) present much greater problems for sn #wo

| measurement,

. 9.1.2, In vivo detectors. In most human in vivo studies it is
desirable to use the smallest practicable amount of radio-
active material in order to reduce the dose to the patient to

— SHIELD \\

RADIATION GETECTOR

1
A

Fravee 9.1-3. Shiclding’of an uptake counler.

"This assernbly is suitable for tracer doses of about 1 micrveurie of iodine-131, The shisld
is mounted on the stand of & dental X-ray machite. ' (A) excessive collitzation, observed .

counting rate will e too low, (B) suitable shielding, Ul of the organ contriblitey to the

observed counting rate {Quimby, Feitelberg, and Silver, 1968; courtesy of Lea and Febiger]. -
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varies with erystal thickness as follows:

- thickness (assuming the same ‘shielding),”
the ' true-count-to-background ' ratio: - actually . decroase

-activity. - Many other tests ma

a k11389 ) e

should be as high as possible; (The ser t

detector, However, may not always be the det

in the amount of radicactivity necessary for

other clinical,” biological, "or: technical’ factors ‘ma

that relatively large amounts be ddministered.  Tni such ca
a simpler; smaller; or less efficient #n vivo detector may b

adequate.) The most sensitive detectors are of the

The thickness of the crystal used may vary; but forlo
energy gamma  radiation the - efficiency increases: sloy
with Increasing crystal thickness: . For gamims rays 6f 0
Mev (which is the approximate average energy of the radi
tions from both-iodine~131-and gold-198}; the percentage
dium iodide-crysta

of the incident radiation absorbed in 4 so

. -in.-thick crystal - 409 absorbed. .
“ ¢ ldin.-thick crystal ~ 639, absorbed
- 2-in.-thick crystal - 879, absorbed
3-in.-thick erystal-.- 959 dbsorbed.
However, the background increases proportionally wit
and consequently

Therefore, with iodine-131; for example; the
of i

-iodide crystals thicker than 1 to 2'in.
Syvalue, o i

For uptake studies & sealer is frequently used wil

-detector and probe; and perhaps also & pulse-height anal

but when variation of uptake or. distribution with time

‘important it is miore convenient: to. use 4 ratem
‘récorder (sec. 11). ool b B e

9.2. Measurement of Todine-131 Uptake in the Thyroid Gland

“The "measurement  of 'i:ddiﬁé-jl?i-l' ‘uptake in the  thyroi

‘gland is’ currently the' most. important ‘tn “eive” medi

procedure  involving : quantitative ‘estimation “of ‘radic
: y:be:used: either in: additios
to; or instead of, uptake meéasurerents to determine thyroid
function, but a discussion: of theseis outside the ‘scope of
this- handbook. = The. reader-is:referred to texts
subject, e.g., Quimby, Feitelberg, and Silver [1958]; 1
waltes, Johnson, and Solair [1957]; and & Teeent group
articles, Goldberg and Fitzsimons:[1958], Goolden [1958];




./‘%'SHARPNESS OF CUT OFF, FIELD DEFINITION™ "~

e FIELD &IZE—— ]

|

- FPraure 9.2-1. Tronsmission of collimator as defermined by moving o

point source of radiation on o plane at the working distance.,

Howard, McAlister, and McHEvedy [1958]. The measure-

»ment of radioiodine uptake in the thyroid may be subject -

to many errors unless account is taken of the iraportant

- factors involved [Brucer, 1955]. These factors are dis- .
< cussed in detail by Feitelberg [Quimby, Feitelberg, and
‘Silver, 1958, ch. XVI, “Quantitative Measurements in :
Vivo’’| and are summarized here to exemplify the principles :

- of measurements of this type.

- 021 Size of gland. The radiation detector must be :
- adequately shielded from body background radiation, .
. but it must have a field of view to admit radistion from -

the largest gland. HExcessive collimstion gives false low

readings with large glands. The field size required is 6 to 8
in. in diameter. The size of the field may be determined -
‘. geometrically or it can be checked with a point source of :
- radiation which is moved on a plane at the working distance. -
Since the drop in sensitivity towards the edges of the field -

is not sharp, due to_the umbra and penumbra of the col-
limator, for practical purposes the field size is defined as
that area where sensitivity varies within a given range,
for instance, 10 percent. Tield definition, i.e., the sharpness

" of the cut off in sensitivity beyond this area has to be con-

sidered also; this may be defined as the distance of half-
0 sensitivity area from the field edge and should not exceed
'+ 10 to 25 percent of the field diameter (see fig. 9.2-1.).

¢ 9.2.2. Body background. When radiation from the body
penetrates the shield, false high readings result. This con-
tribution to the background from the radicactivity in the
body can be determined by shielding the field of view of the
counter with & lead sheet (1- to 2-in. thick) of a size corre-
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“sponding to this field.

- for externial counting. . S
. 9.2.3. Depih of gland below skin of the neck.” The de

" can be positioned with precision only with reference to

- skin. - Variations of the gland location: will result in varis
© tions of the effective distance of the gland from the detec
~ and in variations in absorption by the overlying:

; field. . Tf thelead shield around the
s-adequate, this contribution should be very smal

- effect is most important when meastrements are mad
- few hours of administration of the radioactive
“particularly when the peréentagé uptake in-the gland is 1
- and also in the majority of cases of*high thyroid radioiod:
turnover when, after 48 to 72 hours,.the:total body
getiviby is high. T R T s B A R L

In s.ddibion to radiation from the body outside the thyr

“gland; the readings are increased-also by radioactive materia

" of the higher vascularization of the thyroid gland
- with museles.” Many investigators feel that'1

~approach to measure the thyroid uptake, whenever possible
" about 24 hours afteér administration of the tracer dose

T

odine levels in circulating 'b_lo'fjdf_:d';fb_p_- t_o“ o Hiegligibl

- Variation of distance: The effect of this variation ca

reduced by increasing the distance’of the counter from
- peck. Too great distance is impractical, since the cou
" rate in the detector. falls and: the. aiming-of the collimat
" becomes more. critical. " A useful compromise appears to

& distance between 20 and 30 cinMeans should be.

* vided for ensuring that the distance chosen is reproducibl

Variations due to ‘differences in absorption: There

" way to reduce - these variations by counter construction
. the effect can be reduced; however, by. the method des ribe

in the next paragraph.. =

-'9.2.4. Seattered radiotion. S.(':éﬁ'teifé{i-'rgid_l;a;tl_c_

~ gland itself and from the surrounding: tissues increase
© number of quants reaching the detector: (1) ds cong

to the number of ‘quanta reaching the.detector: when
same activity is'suepended in air;and (2)  when the glan
deeper in the neck (back and forward scatter) as com
to the gland at the surface (backscatter only). -

Scattered radiation fromthe body makes it necessas

‘ealibrate & counter in’ terms of a reference sample of

131 in & suitable phantom. Such ’g__ph'ag;;qm's]:‘io;‘i_}dib :




‘sinaller than s cyﬁnde’r"ﬁ in. in dismeter and in .héig'.hﬁ',-ﬁiade

of water, plastic or hardwood. The reference sample should -
be at a depth below surface approximating the average depth

of the gland in the neck (¢ to 134 ecm} and should be of com
arable volume with the gland to be measured (25 to 50 ml)

This reference sample is usually an aliquot from the same
stock solution, or a capsule from the same batch, as the’
administered sample. The contribution of backscattered
radiation to the counting rate can be reduced or eliminated
by use of lead filters, %~ to Me-in. thick, in front of the-
collimator or by use of a suitably high discriminator setting"
with a scintillation counter or by use of a scintillation
spectrometer. Any of these methods reduces the sensitivity °

and malkes longer counting necessary.

. The increase in the proportion of scattered radiation -
. counted with greater depth of the gland in the neck tends -
" to compensate for the decrease of counting rate due to greater
distance from the detector and due to greater absorption by -

the overlying tissues. When the radiation detector main-

tains its sensitivity to scattered radiation, the dependence of -

the observation on the uncertain depth of the gland is reduced.
If the detector is sensitive to scattered radiation, it is

particularly important that the phantom (and standard)

used for comparison duplicate closely the geometry of the
thyroid to be measured. If the gland (or neck) is of unusual
size and it is impractical to compare it with a normal stand-
ard, a more precise measurement may be made by excluding
scattered radiation as above. :

9.2.5. Recommended procedure. In view of the complexity
of factors entering into an accurate determination of thyroid
uptake, the variety of equipment in use, and the variety of
clinical circumstances that may be encountered, it is difficult
to recommend a procedure that will offer the greatest accu-
racy in all circumstances. The importance of evaluating
the characteristics of each thyroid-uptake apparatus under all
possible conditions of use and OF correcting for possible
deficiencies such as inadequate shielding, cannot be over-
emphasized.

Tt is felt, however, that the following procedure may be
the most generally useful for the scintillation equipment
most commonly employed today, and this procedure is
therefore recommended: .

1. The radiation detector is positioned 20 to 30 cm from

the patient’s neck in a reproducible position.

2. A collimated shield is used with a field of view of 6

inches in diameter at a working distance of 20 to 30 em.
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3. When uptake measurements are mad
= background (a few hours after a tracer d
" cases at 48-72 hours), this background is'ev
" placing & lead shield of 1- o 2-inch: thickness:
the field of view of.the counfer:
The calibration of the ¢ounting equipment under wo
ing conditions is made by Using & suitable phant
. with a source of comparable size at the same’ ef]
wLodistance. . s T i
. Counter: sensitivity to low-energy, scattered radi
- is maintained (except as noted in section:9.2:4.).
0.2.6. Multiple-detector systems. A basically diffe

“proach is to use'several counters ina ring array-instead of

- gingle counter. The patient is:positioned with. the

. approximately in the center of this array. . The counters

- connected through a mixing circuit to & scaler, which registers
- the sum of counts in all counters. ' This arrangementre

the dependence of the counting rate on'gland depth-and on
patient moverrents: (no  iminobilization  of: the  patie
needed), but the reported results do not seem to-Justify the
greater expense where ! scintillation. counters ‘are
[Brownell and Stanbury, 1953} o :

9.3, Ouantitative Estimations in Organs Other Than the

 The estimation of radioactive: content.in: org

than the thyroid has so far beén of lesser medical importanc
but is nevertheless sometimes of interest. It may be desi
for example, to determine the amount of radioactive materia
retained in the intact liver or spleen, or the amount of radi

- getive material accummulated in-4. distant. metastasi

thyroid gland. - The basic considerations discussed in secti
9.2 still" apply. * The technique - of ‘comparison 'with
detector in the same relation to'a phantom duplicating.
i viwo situation: as closely as possible should be used v
ever. practicable; . The :{a;rge_f-f-th’e TREI0N ¢
concentration under consideration; the more rtan
that the. reference sample: be:of 'comparsuble: size.
example, in-order  to miake an estimate ‘of the’ amo
iodine-131-labeled compound: retained in: the liver, a di
cate of the shape and size of the liver (detérmined by
tion, or even: better, by means of distribution studies
‘section 10, since these will give the size of the region:act
concentrating radioactive material) should be made in

or other suitable material and filled: with. s known amonn
of iodine-131 and then immersed at the appropriate dept,




-in'a water phantom of suitable size. A comparative méasiure- Sensibivity (25¢10 ¢
- ment over patient and phantom with the collimated detector and Spiers; 1953
- will then give a reasonable estimate of the amount of activity 9418 Seintillation
% in the unknown region. two types are in use: e _
- 9.3.1. Differences in technique from thyroid uptake study. SR04 Total enelosu ounters  using -
"The following points of difference from techniques used for luminescent: mediim with o large number of phototube
- thyroid uptakes should be noted:  tems for rat counting; dog counting [Van:Dill
- 1. The field of view of the detector will generally need Anderson, -1954],- and. human - counting [Reines
. to be larger, Cowsn, -fIarrisOn, “Anderson, - and -Hayes, 1953] -
_ 2. The size and shape of the reference sample must be © high'sensitivity - (sufficient” to. detect the: pot
. similar to that of the region studied. (Distribution studies - radioactivity of the human body to abou /
a8 in sec. 10 may be very helpful.) - in’ a single count. of 100 sec), reasonable stability;
. 3. The background from other parts of the body is - ¢asily reproducibls. geometry:  They have:
o likely to be relatively more important because the concentra- - however; and are therefore of limited v U
> tion in the region under study is usually much lower than in - theradioactivity is to be identified {soe figs. 9
o the thyroid. ~Therefore better shielding or more detailed 2 9.413.2, Diserete. detector. in o fved
- correction for body background may be necessary. ~erystals’or groups of crystals of thallium:
. 4. The distribution of the radioactive material in the . iodide have beon:ised: for this PUrpose, ran
- reglon may vary greatly (see sec. 10 for methods). In an T L e
organ of large size, this may reduce the accuracy of the
phantom comparison, '

9.4. Estimation of Whole-Body Radiocactivity in Humans and
: Animals

Some gamma-ray measurements can be conducted by the
inclusion of the whele animal or human body within the
detecting device. Most of the equipment is designed to
meet individual problems. In certain instances, the tech-
nique is one of considerable importance and usefulness.
9.4.1 Detectors. The detector may be of any of the
basic counting or ionization-chamber systems. Rach has
some useful features. Since the whole-body-counting tech-
nique is especially useful for low-level counting estimations,
the most important factors are high sensitivity, stability,
uniform sensitivity of the measuring system, and adequacy
- of shielding for background reduction. If identification of
- radioactive material is required, resolution must also be
‘considered. ) :
9.4.11. Geiger-Mitller detectors.  Geiger-Miller counting
systems are useful for small animals. Counters arranged in-
- a circle or single counters with multiple anodes have been .
“-used for whole-body counting of rats and mice. : S ; .
9.4.12. Jonization deteclors, Ionization-chamber - sys- Frovse 0.4-1. Overall view of the whale-body-counting
- tems involving pressure chambers for total body counting. Lo Walter Reed Avmy Institute:of Research.

of humans offer a system of high stability but Hmited " " On'the left is the liqiid scintiliation Gounter, on the right; background, Is the stéel Fo
Sl containing the 8x4-inch sodium fodide erystal speetromater. [Coartésy V\’faiter Ree
- Medical Center, Washington, D.C, (U.8. Army Photograph : ; ;
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" Troure 9.4-2. Whole-body liguid scintillation counfer of the Walter

Reed Army Institute of Reseurch with the detector lank partially

withdrawn, showing some of the 80 S-inch photo-electron multiplier
tubes. B

“. . ‘The liquid seintiliator consists of terphenyl and POPOP in toluene, []Oom*tesy Wa]te'i'._
Reed Army Medical Center, Washington, D.C. (U.S. Army Photograph), i ;

*- '8 in. in diameter by 4 in. thick [Marinelli, Miller, Gustafsén,‘f

and Roland, 1955] and larger., The establishment of a repro-

ducible geometry is more difficult than in the totally enclosed

detector method. It is, however, particularly useful for:
humnian counting, since it has both very high sensitivity and’
high resolution enabling the identification of the radio-
nuclides (see fig. 9.4-3.). o

9.4.2. Detector shielding. The most sensitive techniques
require extensive detector shielding and, for human counting
particularly, represent very costly installations. For tech~
nigues Involving radionuclide identification, multichannel’
spectrometers are necessary. :

For determinations of rate of excretion, by total-body’

measurements, the distribution of the material roust remain’
substantially constant, unless the detector is insensitive to -
the changing position of the radioactivity within the body. .

FIGURR 9.4-37 Thé.S"X .i—znch sodiu
B -f_irm_y Tnstitute of. Reés

" This foom donsisls Gf artoor-steel plates Ballt 1o give & tota
of seven inches of steel. ' The erystal is shown i ' tHe: hunan _w(]}c_)l(% g

{Courtesy Walter Reed Army Medicai Center, Washington; D




- radiation detecting instrument over the region of interest,

“- count rates obtained,

o in which the activity is concentrated. Relative measure:
. mients, however, are often extremely valuable. Estimates

~mally  and abnormally funciioning areas. Siniilarly,

10, In Vivo Counting Methods—Distribution Studies

10.1. General

. Knowledge of the distribution of a radionuclide within the |
body of a patient is [requently of clinical value. The in-
formation required may simply be the presence or absence -
of a concentration of the nuclide in question, as in the case of .
metastatic thyroid carcinoma, or it may be precise delinea-
tion of the size and shape of the radionuclide deposition, as
in the case of studies of the thyroid gland. :
This information is most often obtained by external
counting of the patient in the case of gamma emitters.
A survey, or scan, is made by systematically moving a

. which may be the patient’s whole body, and recording the

Scanning measurements are generally not quantit'a‘diﬁe
because of the difficulty of determining the depth and volume

of the amount of radioactivity involved can sometimes be
made if comparable calibrated phantoms are studied.
Scanning methodology has been considered generally from
a theoretical standpoint [Brownell, 1958] and with respect
to problems of instrumentation [Brucer, 1958]. . S
- 10.1.1. Applications. Many applications of scanning tech-
niques have been reported and, while a detailed discussion of
applications is outside the scope of this handbook, the fol-
lowing brief summary cites some representative references
in the field which may be of value to the reader. -
Most studies have been made of the thyroid with iodine-
131 as the tracer isotope [Bauer, Goodwin, Libby, and Cassen,
1952]. A scanning study allows visualization of the func-
tioning thyroid tissue and may differentiate between. nor-

sublingual and mediastinal thyroids may be identified
[Feitelberg, Kaunitz, Wasserman, and Yohalem, 1948;
Miller and Scofield, 1955; Kuhl, Chamberlain, Hale, and
Gorson, 19561, In metastatic thyroid carcinoma, function-
ing metastases may be located and their metabolic activity
-may bhe studied [Frantz, Ball, Keston, and Palmer, 1944;
Catz and Starr, 1956; Kubl, Chamberlain, Hale, and
Gorson, 1956]. By injecting compounds that are concen-
trated in the liver (colloidal gold-198; iodine-131-abeled
tetraiodophenolphthalein or rose bengal), it hag been possible -
to detect metastatic areas in the liver [Yuhl and Stirrett,
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1953 Yull, Stirrett, and Cassen, 195
" and Rejali, 1957]." Studies of the apparent : i
- distribution of intracavitary instillations of colloidal gold
- 1956]..- Because | iodine-131-labeled: ‘diiodoflior
- can be demonstrated by external scanning [Yuhl, St

 alburhin: has been used to study, by scann

- and’ Cassen, 1953]; and bload pools [Rejali; 2
Friedell',' _1_958].._ : .:_::: sholnnle

1021 :_:E:gﬁi'jimeﬂt' " fordetection, - Hand-hel

- gystematically moved over the areas of interest
. Jdetectable amounts of radioactivity. The design of equip
" optimum. design’ of ‘hand-held ‘coutiters - for scan

" Frequently, useful information’can be obtained b
“paring the count rate obtained over an area of inte

Carea. - If care is talken in repesitioning the counte

‘variation, as the counter is moved over the pafien

_or by recording accumulated counts over a short period
~ recorded for each grid position. -A’systern of ‘‘cont

“ rate curves are drawn corresponding to the counts

" and Libby, 1851 ; Allen, Libby; and:Cagsen, 1951; Blomfi
- 1951].. - Alternatively, a’ counter ‘eqiipped. with:a cot

. rate levels and the grid:used: to record the positio
" isocount contours [Chamberlain, 1953} 0 =

3361

j Xt -
parent.

have been reported [Kuhl, Chamberlain, Hale, and G

centrates in the normal’ gall bladder, gall bladder: fu

hume

Hill, and  Beal, 1953):  Todine-131-labeled
localization in brain. tumors [Allen and Riss
Bradley; and-Matthews, :1958], the. patency of th
arachnoid space [Bauer and. Yuhl]; [quoted 'b){/IY %11
ac¢In

" 10.2- Manuat Scannin _

mounted Geiger-Midler cotinters or scintillation
information: sought. is' simplythe presence o

jite

ment is not considerad. critical [Feitelberg, 1955],

‘been considered [Corbett and Honour, 1951

the count rate obtained over a symmetrically locat

cessive - occasions,: the metabolic activity of ‘the:
interest carn be estimated [Frantz, Ball, Keston, and Pal
1044, - ool Bhr R T T e
- 10.2.2. Recording eounting information. The

monitored by aural signals, visually with: count-rate meter,

time. - Usually & grid pattern; which may be from J t
is' used for ~establishing -'couﬂtin’g}_'posii;i‘ohé‘-._";-_ Coun
values” related to anatomical landmarks Has been advoca
[Stirrett; - Yuhl,  and -Libby; 1953]. . More -often . ist

‘on the grid positions. [Pochin, 1950; Cassen, Curtis;

rate meter may be moved to hunt for preselected (%u

g,



_ ' 10.3. Au'to.mét.i.c .Sca.h.uiné . _ s
~In automatic scanning apparatus, the radiation detect.
- _ C adiation detector
s rmoved mechapmaiiy in a preset pa:ttem over the patient’s

body. The basic equipment needed is a radiation detector

- with appropriate shielding and collimation, a mechanical -

system for moving the detector, counting equipm
equipment for recording the information o%taiqnec%l). eﬁtiﬁ%ﬁg
diagram of such an arrangement is shown in figure 10.3-1
10.3.1. Radiation detectors,  Scintillation counters with
phalhum—g,ctwa.tegl sodium iodide erystals are generally used
oI oscanming equipment. Because the mass of the lead
- shielding must be held within practical limits, crystal diam-
- eters are usually about 1 or 2 in. The optimum crystal
thickness depends on the gamma-ray energy of the nuclide
- being used; for iodine-131 a crystal thickness of 1 in. is often
_- used, though % in, is probably sufficient for meny applica-
- tions {Kuhl, Chamberlain, Hale, and Gorson, 1956 Jansson;

Larsson, and Raynholt,” 1957; Friedell, MacIntyre, and

Rejali, '1957]. Considerations’ of or st i

. ? - ' . al t

discussed in section 9.1.2. y ickness are
 Side shielding is more critical for scanners than for uptake
- counters or sample counters because frequently the amount.

LIGHT
SCaLeR HOOULATOR

LIMEAR
AMPLIFIER &

DISCRIMINATOR MECHANICAL

REGORDER

\/
WUGHT

— SORE

SCINTELLATION ] e
SCANER RECORDER

ot

Freune 10.8-1. Block diagram of scanner with two lypes of recording
system, B

. Mstors drive the radiation detector and conuected recording apparatus over the patlent . -

in & two.dimensional rectangular psti . 1 " y
courtesy of Radiology.} gular pattern. {Kubl, Chamberlain, Hale, and Gorson, 1956;
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radionctivity “seon’”
ig present elsewhere [Mayneord and Newberty, 193
requiréd thickness for shielding depends on the en
gamma rays: being measured, and ‘even for iodine
thickness of more than 1'in. of lead may be necessa
initial half-value layer in lead is approximately 0.3 ¢m)

A wide variety- of suitable crystal sizes; phototubes

preamplifiers is commercially available:

10.3.2. Collimators. . Collimator design for scanning equip
ment must strike 4 suitable comproimise. between sensitivit
and - resolution.” Sensitivity (expressed. as net counts:

- unit time per unit,-of radiosctivity) Is Imiportant wh
- attempts to detect marginal concentrations of activit

made.. The theoretical resolution is expressed as the [i
width between  thé: half  maximum: points ‘of ‘the
obtained by moving: 'a pomt or line source under th
limator and indicating, thereby, the minimum sep

- necessary- to distinguish. ‘two' sources.  This resolutior

related to the ability of the scanning equipment to deter
detail in the ares of concentration: ' i S :
The most commonly used collimator for’ two-dimension

“motion scintillation scanning i the straight-bore: type, t

apertures of which vary from ¥ to 1 in-in diameter. The
collimator length is generally: between 5 and: 12 cm {Ku
Chamberlain, Hale, and Gorson; 1956} Jansson Larsson, an

Raynholt;  1957; Friedell,’ MacIntyre, “and: Rejali; 195

Some idea of the effects of the variables of aperture diamete:

and length can be obtained from table 10.3-1 [Kusner, 1956]
. Various special collimator desigris have been investigs fod
for example, single channel conical; spiral; faultiple paralle
channel, and focused multiple chanriel [Newell, Saunders
Miller, 1952;: Miller and Scofield, 1955; Shy, Bradley,
Matthews, 1958]. . Typical data regarding some of thies
signs are contained in table 10.3-2. iy o

TabLe 10.3-1 Reséﬁzﬁéﬁ' 6f-_:é_t'r.a'é.'gﬁ_t~:bore_ collimators

- Narrow-andle, singlo-chiantiel, straight-bore: ollimator
., capillary ling souree 4 em from eollimator tip-. v

* Orystal size (in.) | Collimater | Cotlimator
dia;nef;e_r:

. Diameter| Height "~ .

Y K
15 R i
LR

gy



;on i TaRLE 10.3-2: Resolution and sensibivity of collimators

. Source Lescluti
Collimator type cellimator | Sensitivity (}%ng?dégr)l.
dz‘(sctlan%ce (cfseefie) {mm)

Wide angle, straight hore 3" diam X 5-cm long. .. ... " 85.0
5 Cone bore, §-cin {0D, 1.5-cm bobtom aperture; 5-em. long

Focused multiple channel, 61 chacnels, 5-om long

The design of collimators for one-dimensional motion

~(profile) scanning is somewhat different. It is desirable to
have good resolution along one axis and complete acceptance

~“along the other axis. A collimator has been designed, for

. example, that has a long axis resolution of 2 cm at & 13-em
- source-crystal distance and, with the addition of a wedge

filter, a uniform response for about 40 cm in the short-axis

_direction [Cloncannon and Bulluis, 1957].
. 10.3.8. Mechanism for moving radiation detector. :
10.3.31. One-dimensional motion. In this type of scan-

hi{lg (also called profile scanning) the radiation detector is-
i driven by an electric motor in only one direction over the

-patient. = A profile may be taken over either the long axis or

short axis of the patient [Feitelberg, 1948; Pochin, Myant, -
Hilton, Honour, and Corbett, 1952; Cunr’lingham}, Hi}irtoni .

- and Pochin, 1955; Miller and Scofield, 1955; Corbett, Cun-

- ningham, Halnan, and Pochin, 1956; Jansson, Larsson, and .

-~ Raynholt, 1957]. The method is particularly useful [Cun-
ningham, Hilton, and Pochin, 1955} because it allows quan-.

© titative study of the metabolic turnover of the radionuclide

“in the volumes of interest and allows routine whole-body
surveys to be made in a reasonable period of time.

. Scan speeds vary from 2 to 30 ¢m per min. The most
- “commonly used speeds are between 4 and 10 em per min.

" 10.3.32.  Two-dimensional motion: Rectangular. The

‘. most frequently used pattern for moving the radiation de-

tector over the patient is a two-dimensional rectangular.
pattern. The counter is moved across the short axis of the’

.. patient at a pre-set speed. At the end of each scan line, the - -
. counter is advanced along the long axis of the patient for a -
- pre-set distance [Cassen, Curtis, Reed, and Libby, 1951;
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. volume can be scanned in two planes atrigh

' 11953].

[ayn ir
“ Tehnian; 19547 Kuhl; € erlain, H

" Friedell, MacIntyre, and Rejali; 1957; Jans
. Bean speeds vary {rom 14 t0:120 cm per mi

commonly used: speeds are from 30 t0. 60: cm per m

" 'spacing varies betweéen 0.3 and 27 mm. . For scan

areas (thyroid),: 0.5- 0 3-mm. spacings are used.

“secanners are designed to cover:as large an ares as possi

with one adju 1 e
thought to be sufficiently large.

justment of the mechanism; 14317 in. :

- The optimum’ choice of ‘scan:speed and line spaci
- volves a practical compromise:between ‘the quality of

final scan picture and the time required to perform th
and will depend on -the sensitivity: of the radiation

- the amount of the radioactivity in the volume scann

the size of the area scanned.’ In general, when smal

- gre scanned {thyroid; for example) it isipr'z_u_é:t_iqa;_lhto s

scan speeds and smaller line spacing: than'wit ro!
Localization of the radionuclide~concentrating vo
be determined with:greater accuracy if the projec

ning: apparatus can be designed:{Kuhl
and Gorson, 1956} to rotate about an axis { _
~ In order to decrease thetime’required to sca
portion of: the body, systems of multiple counters
used. A strip 7-n. widé can: be scanned during a simg
cross-travel sweep by using 10 scintillation: détectors [
- 10.3.38. Two-dimensional: motion:  Radial. = A
of radial motion by which 4 single detector scans the:
from’a distarice while being ‘moved in'a radial patter
theares of interest has been déveloped-{Mayneord an
berryy, 19527 Mayneord, 1853]. e s e
. 10.3.34. Two-dimensional motion:: Two oppositelym

' detectors.” For the scaniing of regions: such''as the h

systems using two - oppositely mourted. detectors
ing in: unison have :been found particularly: useful
motion used may be rectangular [Brownell and Sw
Sweet and Brownell; 1955] or radial [Reéid-and Johr
These systems may be used to dount coincidences (whi
particularly useful'in’ the cage of the annihilati di
from: positron emitters as used by Sweet an

-~ to count in each detector independently; or to: ubtr

count rate due to one datector: from ‘that of the othe
providing additional information:about: the depth of
active concentration. R w :

 BaSHR001-—8 |




10335, No motion; Multiple detectors. -An adapta.
tion of the simple pinhole camera has been used to photo

graph the distribution of radioactivity in patients [Anger,

1952]. A thallium-activated sodium iodide fat plate erystal
is used as an intensifying screen. The camers has a M-in.

aperture for the pinhole.” A more complicated system uses
‘a pinbole camera with an electronic light intensifying system
“added [Anger, 1958]. An array of seven phototubes views
ca M-n-thick flat plate thallium-activated sodium iodide
- erystal which sees the area containing radioactivity through
& J-in. diameter pinhole aperture. The proportional output
“from the various tubes due to a single seintillation in the
-crystal is used to establish the z and ¥ coordinates of the
spot on a cathode-ray oscilloscope. The face of the oscillo-
.scope is photographed to produce images made up of many
. such single spots. :
-+ 10.3.4. Counting equipment. The requirements for elec-
‘tronic counting equipment have already been discussed (sec.
:7.3.). In scanning systems, binary scalers are frequently

used 50 that the rate of the derived pulses used to drive the

- recording system can be varied in fine steps to suit the re- -

quirements of the apparatus for produemg an adequate
.image.

Pulse discrimination is used to minimize the number of a

- scattered gamima rays that are recorded, thereby increasing

. the resolution of the system. Pulse-height selection systems

“using pulse-height analyzers have been used to further dis-
‘criminate against scattered photons from the patient [Fran-
cis, Bell, and Harris, 1955]. ~ The addition of this e uipment
" to conventional equipment will increase the resolution of

‘the system at some expense of sensitivity. For iodine-~131,
~counting only the pulses corresponding to the 364-kev photo-
. peak may increase the ratio of significant counts to back-
- ground by about 1.5 [Allen and Risser, 1955]. Lead filters
on the scintillation detector (about 0.5 gfem?) have also
~been used to discriminate against scattered radiation IMiller
_and Scofield, 1955; Friedell, MacIntyre, and Rejali, 1957].
v Diseriminator, high voltage, and scale-factor setiings must
. be established for each patient to obtain the optimum de-

" rived pulse rate for mmage formation, because the amount of

radioactivity in the area scanned and the location of the
concentrating volume vary over a wide range. :

- 10.3.5. Apparatus for recording counting mnformation.

. 10.3.51. One-dimensional motion. One-dimensional, or
< profile, scanners ordinarily use ratemeters to measure the
variation of count rate as the counter is moved over the
< patient. The most convenient way to record the informa-
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with & strip chart e 'ofd'er--%

. Corbett, Cunningham; Halna
1008062 Two-dimensional m
~“tem of most scanners consists of irkir
- firmly attached to the radiation detect
- detector is moved ovér the body of the patiert, the
© apparatus moves.in exact correspondence anc
- marks that ate related to the rate at w

of counts is accumulated. by the counter.

types of marking apparatus-h
co (a) Apen: marke

_recorders can make a ¥

and Libby, . 1951}

- punches which mark by stiik
. image.is recorded against’
- -that multiple copies: of the sca
" The tip of the punch may h
- short (M= to %-in.) line. " Punche

10,322

. TRecording apparitas is 4 $olenoid: ' prinich- nsed  with
-+ lobe 1g 'of normal size and configuration.-: T'he left lobe dermotstra

palpable, - One nodule shows an izcrehsed and the other & decreased ©
131, Upan excision of the left-flh_?beP,--; both nodules: found,

thyroid adenoma.; {Courte




: - Raynholt, 1957]. 0
; (b) Electrically sensitive paper has the advantage of

:Friedell, Macintyre, and Rejali, 1957]. This paper is acti-
‘vated by passing an electrical current derived from the
counter through a needle point above the recording paper to
‘a grounded base plate.

“Tnade to flash by the counting system and record on film,

" enlarging paper [Horowitz and Lofstrom, 1955]. This sys-
-+ tem, however, does not attempt to construct a solid image.
= The image can be better visualized if the light mark just

spacing or overlap. A rectangular-shaped light spot—2 x 10

- 1956]. _

of radioactivity that has been scanned can be made. In one

- aroentgen image on the same film that was used for recording
- the scan [Collins, 1956]. Another system, that does not

" on the patient. The positions of the markers are established
.- on the scan film. A conventional roentgenogram of the
~patient in the scanning position shows the markers and
allows accurate superimposition of the scan film and roent-

Rejali, MacIntyre, and Friedell, 1958)].

- storage tube, has also been used [Mayneord, Turner, New-

o Anger, 1958]. R
S 10.3.53. Special recording devices. Special devices to
. modify the recorded image have been developed. Such
. devices ordinarily distort the image for some special purpose
* g0 that care must be taken in the interpretation of the image
80 preduced.

i08

dolving tim 0. son: Lavsson. and  miotor over areas of low activity b
g es as short as 0.3 sec [Jansson; Larsson, and effect i to - diminish the recorded backerou
_form & sharper image of the area: of ‘activit

" fast resolving time [Jacobs, Orvis, and Borrman, 1954; . . Cassen, 1052].
. . ’ "

from the counter, it is possible to' produce 's_;'l_igh_tfs_x_gn

: (c) The matking apparatus may be o light tha is - effectively reduces backgroind while greatl
'I_‘his system has the advantage of no inertia, fast resolving:
_time, and, since }thedlight flashes overlap on the short axis,.
oan ncrease in the density range is obtained. One simple e . LU 1Y N St s
-~ gystem uses a strobatron light and records on inexpensive. &}iﬁ %ejﬁgfgﬁﬁe%y‘jﬁ%ﬁﬁﬁﬁ'ﬁﬁ%ﬁfﬁﬁ?ﬁg@m
- for examiple, in the study of the l_i_VQt'-'With}éﬁé’ﬁécted._'m

“fills the space between successive scan lines with no long axis' ~detector system (sec.10.3.34)- Has been use
mm, with 2.mm line spacing for small area scans, and 12 x 12" ..
~mm, with 12-mm line spacing for large area scans—has been :
found to be suitable [Kuhl, Chamberlain, Hale, and Gorson, - " that the sizeof the image of & large area scan (for oxampl

. the whole body) is re 50 COnVenl :
. Larsson, and Raynholt, 1957]. " This system mak

©ical localization’ more - difficult' bt effectively
- contrast by decreasing the visual ;&I’_ig_le__'for""ﬂhé. interp

- Recording on emulsion on a transparent film base has the .
advantage that accurate anatomical localization of the area

- system, an auxiliary radiographic machine is used to produce -
~ Care must be taken in the interpretation o

" study. . Uptakes of activity’ in: local volumes. sor
. appedr misleadingly. dramatic.: More often: the: possik

require special equipment, uses a set of lead markers fixed

'.-'_genoorarn [Kuhl, Chamberlain, Hale, and Gorson, 1956: -

Photographic recording of an image produced on the face o

- other parts of the patient’s body. Moreover, th
~of a cathode-ray tube, either directly or through a memory i

. berry, and Hodt, 1951, 1955; MacIntyre and Houser, 1957; -

. and without regard for the characteristics: of the

(a).

s useful in the study of nonmalignant thyroids. [Curt

e () By'elecﬁi'bﬁ.iégail'j;"'.Inédify"infg“ the:

signa
photographic recording whose intensity increases b
trolled amount. as the cound rate increagesi':

Thi
¥ enbancin
contrast of the recorded:image [Kuhl; Chamberlain,
and Gorson; 1956 Bender, 1957} 0 i

: “{e) Sometimes it isdesirable: to modify: el

static carcinoma, . . L
(d) Recording of’ coincidence counts ' from

the annihilation” radiation’ from: positron-emitting
[Sweet and Brownell, 19055} 7.0 oot i
: . The recording arm may be fixed

uced:

“his System makes anato

.7 '10.4. Interpretation of Scans

exists that significant variations in-activily-eone

within the patient cannot be detected because of-th
sensitivity and resolution: of the-counting equipment
the effect of background radiation from: radi y

scanned will ordinarily-be of uneven thickns _
distributions of radioactivity’ within it have irregul
unsharp contours, and be surrounded: by tisstue co
appreciable concentrations of radioactivity.: The resolut
of - the radiation: detector; ‘which ig ordinanly: base
measurements made with point or capillary line source
minimal scattering, with no surrounding radicactive ma

system, is not a reliable index of the behavior of th



under ‘clinical conditions. The apparent. size and shape of
the recorded image will depend upon the amount and distri=-"

bution of the radicactivity within and surrounding the

~volume of interest, the characteristics of the radiation

detector, the scanning speed and scan-line spacing, and the
characteristics of the recording system. Bxperimental

studies of phantoms [Walton and Sinclair, 1952; N icholson, -

. Wilson, and Newton, 1054] indicate the extent to which
~‘these factors are important and give illustrations of the
effects to be expected.

11. In Vivo Counting Methods—Time Studies

11.1. General

o+ Time studies are concerned with dynamic as opposed fo
~ static measurements. Instead of quantitative determination
‘of the tofal accumulation of radiosctive material, as in uptake
studies or of point-by-point distribution, as in scans, the

~.purpose of these studies is to discover changes in relative -
concentrations in a particular region with change in time,
- or to discover rate of movement of the radionuclide within

a hody.

+ The administration of a tracer amount of radionuclide

into & complex system in dynamic equilibrium corresponds

'to. the impression of a transient component upon such a
system, The events which take place subsequently in the
“metabolic pools can be represented mathematically but the

- mathematical analysis required is complex and the Presenta-

i tion of these mathematical methods is beyond the scope of

-this manual.  As a first introduction, the hooks written by
- Jaeger [1956] and Churchill [1944] are suggested. In some
“cases, electrical analog methods can be used to simplify
.the analysis.

+ The experimental observations are used to elucidate some
of the constants necessary for the solution of the mathe-
-matical equations or for the setting up of the electrical
.analogs. In some cases, the experimental information re-

quired is obtained by direct in wivo measurement with time;
‘as described in this section, but more often the mformation
“is obtained by sampling the system at intervals. Methods
“of sample assay discussed in section 12 will then be used.

. For details of the application of mathematical methods to
dynamic tracer studies, the reader is referred to articles and
‘texts such as Kamen [1957], Comar [1955], Veall and Vetter
-[1958], Solomon [1953], Huff and Judd [1956], Robertson
[1957]; Berman and Schoenfeld [1956], Sharney, Wasserman,
Schwartz, Tendler, and Vronman [1958],

1040 and 1951} -

'd'

' These tests ate fot the determin

- (a). Circulation time [Wri

© " (b) The passage of a radiondclide past the detecto
- the first circulation; for example, cardiac output[Ma

- Storaasli, Krieger,” Pritchard, and: Friedell, 1952]; rac
- cardiography {Prinzmetal, Corday, Spr: tzier, and Flieg, 19

mulation 1 thyroid [Stanley and Astwood; 1

7+ (c) Buildup of a radionuclide i ex iodine a¢

‘vascular: studies; ~ especially --in:’ extretities: >

Quimby,  1945; Friedell, Schaffner, Pickett

21049 - .

(&) Buildup and subsequent clearance:

* with. Tose-'bengal [Taplin, - Meredith, “Kads, - .
- Hanse, and. Bennett, 1955]; kidney function. wit
- labeled diodrast [Taplin, Meredith, Kade, and Wint

S1L.2.1. Administered amounts. The adminis

.- for these procedures range from: 10 to 200 uc,

“as small as possible in order to minimize the do
. Except_ for the determination of cardiac outp hi
- quires a precision of =4 percent and should be mad
' care; o high degrée of precision is often not:net 5581
~ the results are required for:the:setting up of maf
" equations or electrical analogs, however; the hig

“of precision obtainable is usually desirable.

.-"-but_-._-the, intervals at’ which. reading e taken -
- considered in relation  to' the physiological system

study.

11.2.3. Precautions.” Some" précautions are

" conducting ‘satisfactory. measurements: of  this &

example, in (a) and (b) the volume injected should be
and. the'injection carried . out. rapidly; and in

. careful positioning of the counter is. i__r_r;;'_)‘orﬁa;nt-' "
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| Maclntyre, Storaasli, Krieger, Pritchard, and Friedel, 1052; courtesy of Radialegy.] o

_1.1.3. Studies in Which the Radionuclide Is Injected Directly Into _. .
(RN a Tissue SR

“ ©This type of study is undertaken for the determination:
of tissue “clearance’” rates [Kety, 1952; Wisham and Yalow, ~
1952; Barron, Veall, and Arnott, 1951; Conway, Roswit,’

y

Stark, and Yalow, 1951].

L 11.3.1. Administered amounts. The amounts administered
may be less than 1 uc and, because the measurements are

‘relative, need not be known accurately. The quantity used -
must be within a suibable range and as small as possible to:

Ininimize the dose to the patient. _ :
- 11.8.2. Eouipment. The equipment is essentially the same

as indicated above, although a small end-window Geiger-. -. _
““Mitdler counter and minute-by-minute counting may .be -

~employed.

©11.3.3. Precqutions. The precautions necessary include
- insuring that the window of the counting tube is not directly

“over the cutaneous entrance portal. In measuring clearance '
rate from a tissue below the skin surface, it is important to

-make sure that significant needle tract contamination in more

" influences t

uperficis

‘recorded ¢

T only  general qualitative picture is red
~“of a high, or: even a'changing; backgroun

important.  If:'a” truly quantitative pictur

concentration with time is required; enough shielding

“ be used to keep background low: If'a changing back

(with cha’ng}gin'di*stributionz of the radioniiclide in the body
e precision ‘of the measirement, a spectromet
may be advantageous for supressing at least. that p

- response due to scattered radiation ‘(sec..7.6)

Lz Méasﬁreméx'_;ij. ofPostadmmlstra

A 1 1. .'ngefa

i Most clinical - and -.bi_d};ogié_aiﬁi’n}o’cédﬁres. wi

materials involve the administration:of :this: mates
syster under test-and the subsequent recovery of sa
from the system for quantitative measurement; for dist

- tion study, or sometimes for identification of the m

form . containing ' the: radioactive  material: - Many o

- measurements are relative to:the amount administer
- consequently, while the precision. desired may be high;
“accuracy : requived is: generally 1ot ‘high. - The schie

ment of precigion is principally the result of congist

. “technique in‘sdmple preparation; in geometry of both sot
“and: solwrce - detector arrdngement “and: in. measurem

practices: . Frequently ‘a- compromise must be effectec

- tween the time spent on the measurement. and th

precision required.  The magnitude of sample ¢ouinting

~relative to background'and statistical consideration:
" become. most important. . These dre discusse

2.5.2 and the practical applications are ccsnsidetéd;b.ylﬁo
gor and Berman [1955]. ..ol ; -

"~ The determination: of the radionuclide  dis

~cells by autoradiography- or-in molecular: spect

paper-chromatography and paper el.ectfolp Horesis is genc

more gualitative and more limited i application, but

cases iz capable of ¢onsiderable precision. i
The sénsitivity of the method of assay:. emplo;

: determines the amount of material that must be ad

to the systemn: . The most sensitive method of assay a
should be used in order to minimize radiation effe
system and o reduce the possibility of interfering

‘normal ‘physiological processes by, for

large amourits ‘of the stable isotope.




"12.2. Sample Preparation = -

k Whenever feamble it is advantageous to use the whole o

sa,mple since this will contain the maximum amount of radio-
actawty and exrors due to subsampling are avoided.

If subsampling is necessary, the portion taken should be' -
i

j_representatwe of the material it 1s desired to measure. Af

~least two subsamples and often many more should be taken

" from the same material, especially when dealing with difficuls
~maberial such as bone. ) )
= Contamination of the sample with radicactivity from other

" sites, samples, sampling and injection equipment, containers,

““and so forth, must be avoided.

12.2.1. Fresh spectmens.  When weights of fresh spemmens'

“are necessary for concentration calculations, the samples

~ should be weighed before any appreciable moisture loss has
~occurred. If they cannot be weighed immediately, they

- 'shounld be kept in closed containers to minimize weight loss.
© With some small samples such as adrenals, thyroids, or

. pituitaries of laboratory enimals, it becomes almost impos-.

-sible to obtain accurate fresh WGlghtS and it is usually better
~t0 express the results on a dry-weight basis. Samples shoyld

. be dried as soon as possible after collection to minimize

= chemical and biological changes such as dry-weight losses due
“to respiration. The material should be dried in a well
- ventilated oven at 60 to 70° C, since good ventilation tends $o

“reduce decomposition of organic constituents. In special -

. cases, it may be necessary to dry under 8 vacuwum. If dry

S Welghts are required, the samples should be finished at 100 °
~to 110° C.  If the dried material is hygroscopie, weighing = -
“= bottles may be needed for the drying and weighing. -

<. 12.2.2, Preparation of tiquid samples. Liquid samples of
clinical and biological importance should be assayed as

+ liquids whenever possible. It may be necessary in some

“eases to use an agent to prevent precipitation or separation
~iof the components. Liquid assay should be conduected under
“conditions of constant geometry (which includes constancy
- of liquid volume).
Solid samples may in some instances be rendered suitable

: . for assay as liquids by dissolving in an appropriate solvent.

Solid samples of soft tissue may be considered as liquid
 (water) of equivalent mass providing the disposition of the
sample relative to the measuring system is approximately the

" “same as that of a similar liquid sample. Where adjustment

. t0 & fixed volume is either practically or esthetically un-
- desirable (as, for example, in the measurement of feces

" 114

contained in a seale carton); an adj

“of the! ca,hbratmg sample may b
- loss-of sccuracyis. mewtable' but*in Mmany cir
" this may not be serichss

Bulky liquid: 61 solid samples can ‘someftim

trated by evapomtlon or- ashing;. respecmvely,'f an
- dissolved. - Methods of: wet ashing: ‘and dry ash

seribed in detail in the literature. [Piper, 1947; Comar
Middleton snd Stuckley; 1953; Comar, 1955, ch :
chemical separation may also be necessary to reduc

of material. . Care must be exercised to ensure that rel

~radioactive : matermi is: not. Tost, in: the sample
_ procedm‘e

12.2.3. Prepa,mtwn of solzd. sc&mples._ Solid samples
cannot be ‘assayed as liquid should be rendered as uni
possible in‘composition and Thay be assayed: 81th
or thin samples. S N :

12.2.3%. Thick: samples Tl:us termi is eserved: fo

“emitting samples of ‘thickness’ greater than the m

beta: range: . The number of partxcles e

“depends-only on the’ specific activity per gram 0;
. (assuming constant, geometry), and; by co

suitable sfandard; self-absorpiion and sxriﬁlar correctiol
avoided. - Although the method: is of ‘gr

- clency compared with thin sample assay, 1t is very Conven
~ and, if suffictent activity is present in th )i

the Tnost reliable and satisfactory :
$12.2.32 Thin samples Thin samples usually result f

L -de osition of - a liquid ahquot o & planchette (usually met
~ folowed: by ‘evapofation: Evapomtlon CEh) arvied

slowly on a hot plate or undar an infraved lamp. - Sputteri

must be avoided.. Wetting an’areéa of the’ ‘planchette with
© wetting agent will often prove effective in providing a

deposit. - The metal of the pl&ncheﬁte may have to be va

 according to the solution’ contents, and for:t,
* bration should always take. place wmh an identically prep

sample. In special circumstances; techniques such as el
plating may be necessary.: It is unportant pa;mcu}a.rly
low-energy beta particles, to keep the amount of soli
terial in the sam Ife as low 88 ‘posgible to.réduce the magn

Coof seif—absorption ‘and self-scattering” corrections.
.-, detailed dlscussmn of seif—a,bsorpmon “gee: Comar

177-183.) .
12.2:4. Prepamtwn of gas samples Tor very OW:

o "bet& emitters such-ag carbon-14'and hydrogen—?» ‘oas sam
T prepared from 11qu1d or sohd sa.mples are. pamtmtﬂ 1y use:




2 Th1s procedure generaﬂy 1nvolves the omdatmn of ca,rbon—lé”

©t0 CY0, and the reduction of hydrogen-3 to molecular

“hydrogen. Techniques for these procedures are deseribed in -
i the literature [Calvin, Heidelberger, Reid, Toibert and

Yankwmh 1949; Glascock, 1954},

12.3. Calibration Technigues

1In sample assay procedures, comparison is usually made

~“wwith a known reference s&mpie of the same radwactive
.material under identical and reproducible geometrical con- -
ditions. An aliquot of the actual injected material shouwld -
-be used as the reference sample whenever possible, Alter- .

“‘natively, the sample measurement may be related, by means

‘of a long-lived performance standard, to a previous measure-
“‘ment involving a reference standard (m which the efficiency

-of the arrang ement for the same radionuclide was determmed)
(e, 7.7).

Whether or not direct comparison is made with an aliquot =
of the injected material, a performance standard should be E

~used at least once on each day that assays are made.
- If it is not practical to use samples of identical volume and
“weight, the sensitivity of the arrangement to changes in

- volume or weight must be accurately known. The method-
. of identical aeometry and volume is always to be preferred, .
“however, since self-absorption and similar corrections are

: then Unnecessary.

12.4, Gamma-Ray Sample Assay

12.4.1, Small samples (up to § ml). The most convenient,

ceognd efficient method is to use a seintillation counter with a-

2 well-type sodium iodide crystal. If a standard glass vial is
“used as a sample container, accurately reproducible geometry
;15 obtained and the efﬁc*lency is as high as cen be obtained -

by any present method of gamma-ray counting (as high as

" 45 percent for gamma-ray emitters such as cobalt-60,"

.'_10d1ne—131 and gold-198; the method is described in sec. 7.6).
- For very sinall samples well counters of this kind can be

tised with some loss of sensitivity if the volume is made up -

" to the standard volume used, although it may be preferable,

for greater sensitivity, to use a crystal with a smaller well
_and sample vial. For velly large samples the well counter

may be used by taking a. quots but 1t may be preferable

. to measure the sampie in bulk, by another method (sec.

."-'124 2}, particularly if the volume exceeds 100 ml

The well-scintillation counter may also be used for the’

separation of radionuclides used in multiple tracer studies

6

as-tné separy

“can’ be accomplished: by :
. (usually single’ channel) to the eiectro @
“lto restrict the selection of i mcommg AT yE Lo
- range of energies 'of rather narrow wi th. This malk
“gible, for example to distinguish between adionuelids

c‘uﬁ'erent gamma-ray energles.. Restmctmg the chs

- reduces the efficiency’ of sample: counting and. als
- ground, and the ratio between sample and:background
: become more favorable (compare tables 7.6-

-12:4.2. Large samples.. With- large sa.mpies if; '1s

pra,ct}.cal to. use a-well-typé method: sincés th
" sensitive tmedium’ becommes inconveniently large an
~culties” of light. collection: considerable

background- becomes 0b3ectzonab1‘y hig
methods arel :
12.4.21.. Method. 1 Representamv

- an instrument with 6 Ioncv Geiger-Miller ¢ylindr
< arranged vertically in a. c1rcle to;provide a:well, in
- ‘bottles of large volume can be placed.. Such arranger
St ean be shown: to have rather low sensitivit; 5y
.+ volume when the volume is large and. can readily nieasn

amounts of the:orderof 1" 29 oft 10d1ne—~131 involiinies
order of 2:000°0r 3,000 ml. - The minimum détectable am

- of‘such an, arrangement is ofteri ‘much smaller still
. order of }’oa 10 Yoo po [Veall-and Vetter,

_ 1952);
. 12.4.22. Meéthod 2. I this casé the. ciesa,rable

: the well is: sacrificed: and ‘the' large-volume bottle g
over a sodlum mdxde or. & la.rge piasmc scmtﬂla,tmn crystal

cobalt 60 for 3 vqume of 41nl placed 1
'gam in sensxtlwty may nevertheless b

gamma, mys “from both wdme 131 and
change in backg;round with sample “volum

. “place which in some circumstances may he mswmﬁcan
. ean” otherwise ba corrected for by determm'm
= ground Wlth an 1dent1ca1 sampie conta,mmg no r&cho&cs




12,5, "Bé'ta:-P'é;'tic:le' Samp_ie Assay o

U12:5.1. Liquid samples. Methods of divectly assaying
i beta-particle liquid samples usually provide geometrical con- -

‘ditions which will enable scattering, self-absorption, and
-wall absorption to be controlled. Examples of this method.
‘are jacketed counters [Veall, 1948], dipping counters, and
*Marinelli beakers. These use a thin-wall Geiger-Miller

ccounter which will accept beta particles above a certain

~energy, usually about 0.4 Mev. Variation in response from

“dounter to counter in usually considerable and individual.

- calibration is necessary [Rose and Emery, 1951}, Other
“-techniques are available for high-energy bets emitters on the
‘one hand, and low-energy beta emitiers on the other.

© High-energy beta emitters may be measured in a well~

. type scintillation counter, such as that deseribed for gamma

radiation (sec. 12.4.1), by counting bremsstrahlung. It

.is’ desirable to use sufficiently thick-walled glass vials or -

additional filtration provided by metal in order to exclude

“any beta radiation from entering the sensitive volume of the -
crystal. The efficiency depends markedly on the beta-tay -

-energy and, with phosphorus-32 for example, may be of the
order of 0.5 percent. With higher-energy beta emitters the
+efficiency will be greater [Loevinger and Feitelberg, 1955]. -

. For very low-energy beta emitters one of the few satisfac- =
- tory methods of directly measuring liguid samples is by -

means of the procedure known as formamide counting with
'a. windowless flow counter (see sec. 5.4.1). The liquid

radioactive sample is mixed with liquid formamide (this. @~
- material will take up to 10 percent of an aqueous solution -
‘without causing a high vapor pressure), and s flow-pro- .-,
portional counter will still operate satisfactorily with the -

- mixture within it. Since it is most convenient to use the
~liquid sample as a ‘“‘thick” sample (sec. 12.2.31), the effi-

~-ciency is not high (of the order of 1 percent for carbon-14)

but the method is simple and reliable (see also sec. 4.3).

12,52, Solid samples.  Solid samples may be pre ared .
from liquid samples by evaporation (sec. 12.2.8) and placed -~

“either on sample planchettes or spread over a suitable

- geometrical configuration such as a eylinder. The relation-

:ship between sample and detector must be fixed and repro-.
~ducible. -

For samples on planchettes the detector may be an en.d-_

window type Geiger-Miiller} counter, a 2r proportional-
flow counter or an anthracene or plastic scintillator with a
. thin window. This method is most suitable for higher energy

" beta emitters for which efficiencies of more than 30 percent ~

1 Are common.
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: : yanc

flow counter with™thin mylar’

“efficiencies "are possible.and

“wide range of beta emitters. © 7 -
o Very lowsenergy beta ‘emitters can be' measn
o~ windowless flow counter, which may be either 6f th

Miiller or proportional type:

" Tf. the’ sample is. “thick,” he' num of heta particles

~emitted from the surface. will be. dependent. onl
specific. activity per gram of materialk; and ‘seH-a

L a
corrections are. avoided if comparison-is made wit

.. ence sotirce which is also “‘thick” (see.12.2.3)." Thi
© 13 very useful when the sensitivity is adequate.
- I thiek?” samples “cannot’ be used
- seattering resulting from: the thickness of the sa:
- rial, ‘which- may: differ: from: that of ‘the calibrati
- must be considered. - In these circumstance Tex
©to keep the solid material in the saraple as low as pos
- -in order: to have maximum sensitivity and mini
- absorption correction. . In Inany circumstances approxim
; H_iet)hods' for correction will suffice. (se¢ Comar, 1955, p
12053, Gas. samples.. A method:
- energy beta emitters:is-to. convert th
- form (sec, 12.2.3) and actually use it as;
< gas of the counter or ionizafion. chamber
. efficieney is-thus possible, but the method iz
- than other methods of beta sample counting.
Lo 1205.8 10 Intérnal - gas scounting.  Intérna
- techniques can’ be used in‘the case of any b
* electron-capturing nuclidé: that can readily
-4 guitable gaseous compound. - Thus carbo

be carried out by converting the carbon res
to-carbon  dioxide or even to-acetylen

- preparations of the latter two compounds woul

- difficult (see see. 3.3).

. 12.5,82." Tonization-chamber. techniques.:

“ization chambers' are: not usually as efficient as counters fo
.most assay procedures; for low-energy beta cou

large sample is available more of it may be

i an ionization chambér than in 4 gas: coun

- techniques are usually: suitable for amounts of less th

1M of carbon-14-labeled gas; whereas lonization ¢hambi

- may- measure samiples: of 10 - mM or mhore. - The lonizati
- chambers used are generally quite large; 250 ml or more, &

- the: voltages required aré of the’order of a hundrec




Clurrents of the order of 10-5 ampere aré commonly ;In:eas'uf“ed-
with a vibrating-reed electrometer. The system is usually
calibrated with & standard sample assaved by another:

_method, The ionization-chamber system then has the
“advantages described in sec. 7.2 which are characteristic of

all ionization-chamber systems, notably stability and.

wreliability. Since in many biological systems the required

“size of sample can be made available, the ionization-chamber.

+“technique s rather widely used [Brownell and Lockhart,
7119521 '

counting is a valuable method for very iow-energy beta
~emitters, particularly hydrogen-3 and carbon-14. Solid
“samples are dissolved in a liquid luminescent medium or
- liquid samples are mixed with the luminescent medium.

_The sample-plus-detector liquid cell is usually placed be- .
“tween two photomultiplier tubes arranged in coinecidence. .

“Because of the very low pulse amplitudes obtainable it is
“necessary to cool the photomultiplier tubes (with CO, or

7 liquid nitrogen) and thus obtain a favorable signal-to-noise
ratio. With such an arrangement, efficiencies of the order
. of 50 percent for carbon-14 and of the order of 6 percent for:
" hydrogen-3 are obtainable [Wagner and Guinn, 1955] (see

- also section 7.6.3).

12.6. Paper Chromatography and Paper EIectrophor’esis o

Paper chromatography can greatly increase the effectiv'e'—'":: :
. ness of radionuclide techniques, The primary usefulness of' -
“paper chromatography lies in the following: {(a) Separation:

- of mixtures into their constituents, (b) demonstration: of
“ homogeneity of chemical substances, (¢} demonstration. of

- identity of substances, and {(d) quantitative or qualitative
estimmation of one or more substances present in a mixture. ’
. The method has become of particular value because a great, -
* many important biochemical compounds oceur in nature as .
complex mixtures of substances of similar properties and -
~structure, and are therefore most difficult to resolve by .

- other means.

- As a separation procedurs, paper chromatography. is:
" highly eflicient as compared with batch procedures. The..
o sensitivity is high, the detection of the “spots” wusually
- being the limiting factor; this is precisely where radioisotope -
- techniques may offer considerable advantage. Another '

. important feature is that the procedure is simple and rapid,
. Tequiring no_equipment except filter paper, chemicals, and
.+ glassware, which is in contrast to other chemical separation”

120

12.5.4. Liguid scintillation counting. Liciuid scintillation

These may be desciibed as follows

" Durrumm, 404 Zwelg, 1958, Smith, L., 1958,

Also, the latter procedures can be tised only

that’ can’ be crystallized or distilled; and th

elevated temperatures, which may degrade the test substanc
Large numbers ‘of ‘samples. can. be dnalyzed b

‘chromatography even with limited facilitie

is carried out. by the: application. of & small: drs

solution a short distance {rom onse end-of a-

M- ONE: end - ol & -SIrip
‘paper, After the drop has dried, this end of the

placed in an appropriate solyent so:that the lats
past the spot by capillary’action and along the paper
results in & differential movemient of the componen

‘test solution along the.paper. - The solvent usually con

of ‘a stationary aqueols’ phase which has s strong affin

for the filter paper; and an organic or:mobile phase whi
tends to move along thé paper.:: As the mixed solvent flo

- through the section of paper containing the test substanc
the latter are distributed betwsen the organic phage whic

is moving rapidly ahewd, and the stationary aque

- After completion of the separation; the individual zones
- other. methods: - Details “can be found:
‘references,*: In this section the discussion wil
“concerned with methods using radioactivit
0126, Technigues: of - paper. éhromatography.

various general’techniques: of paper: 'ch'roir_ia;totgl'mijh

of - which" has cortain advintages. for specific. piir

- Descending chromatography '
.+ Ascending chromatography: ..ol
+ . Ascending-descending ¢hiromatography
- Two-dimensional chromatagraphy =
Multiple development == 2o el
.- Circular or horizontal filtér-paper chromatograph
- Preparative paper chromatography: =00

_ Brief ‘édmmeﬁﬁ fQHO\.\’.‘?S”oer_”sdn1e ofth espeuﬁc oxpart
‘techniques. SR e T

.12.6.2. Experimental - considerations “in. paper - chrom
POPRY. L e T e
12.6.21. Choice. of filter paper.: Numerous: commerci

- filter papers are satisfactory for chromatographic separation

4 Wiisen, 1040: Zeclimaister and Cholnoky I!'Jiu;._ train; 1945 Weil and: Wil

Williann
©. Cassidy, 1981; Teennies and: Kolb, 1051; Williams;'1051; Strain and: Murphy . 198 ]

C.; 1953; Comar,.1955; Desty and Harbourn; 1937, Lederer s_md'Lcderer-,-l

588580 Bl




" Thé best paper for any given experimental req:uifeméhts

Characteristics of importance include texture, uniformity,

12.6.22. Application of sumple. The application of the

“when large numbers of chromatograms are involved.

" sample can be continuously dried in a current of warm air.

for uniform application of the small volumes to paper strips.

-chromatogram.

- matic scanning devices are available; these are based upon a

. that can be matched against the chromatogram. By regu-

.- slit between the paper and counter, the optimum measure-
.ment conditions can be attained. If non-radicactive ma-
" terials are used, certain substances may be detected by
L virtue of their color or fluorescence. In general, however, it
- is necessary to use a reagent that reacts with the substances

- permits rapid drying and minimizes the spreading of spots.
Usually the reagent is applied by light spraymg. Specific

+ Smith, L, 1958],
12.6.25. Identification of spots. A “map’ can be pre-
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“'and conditions would have to be determined by tiial. -

" and solvent speed. Description of the suitability of specific .
‘papers can be found in the Lterature [Block, Durrum, and
Zweig, 1958; Lederer and Lederer, 1957; Smith, 1., 1958].

~sample to the paper is quite simple and vet may be tedious. -

- Usually 5-41 pipets are employed. If it is necessary to use -
- larger amounts of solution, the paper should be dried after
“oieach Bepl a%phcatlon. Larger pipets may be used if the.

Tt the initial spot is too large (greater than about 1-cm .
.- diameter), the c_hrom&togram tends to be diffuse. and:
- indefinite. Ingenious commercial equipment is available’

12.6.23. Solvents. Numerovs specific solvent mixtures
- have been described [Block, Durrum, and Zweig, 1958;.
- Lederer and Lederer, 1957; Smith, I., 1958]. In most solvent:
. mixtures, the water is used to saturate the organic solvent’
“and only the saturated organic phase iz used on the

: 12.6.24. Detection of spots. If radiosctive matberials
“are being used, then the spots may be readily detected by
counting procedures or autoradiography. Commercial auto-

g method of moving the paper sirip slowly past a counter,
‘with the counts being automatically recorded on a chart -

“lation of the rate of strip movement and the width of the"

- being separated to produce a visible color. If possible, the .
reagent should be applied in aleoholic solution, since this

" golor reagents have been described in the literature [Block,
Durrum, and Zweig, 1958; Lederer and Lederer, 1957;: ~

«.+ pared for the given experimental conditions using known
... compounds detected by chemical reagents, or known radio- -
¢ active-labeled compounds. Also, the unknown radioactive. -

“standards; to. yield reliable:quantitative results
i may: be taken: of -isotope~dilution: procedures.
“otine and trouble necessary: for complete separs
o 1955) - T ig often  fotnd - éonvenie ' !
- gections -of ‘the” paper by convéntional: radiochemical
“radioassay procedures. ” The mherent sensitivity of m
“merit; of radioniclides offers considerable advantag
- 'The'smallest activity riecessary for o given detérn
depends on the fraction of the activity ultimately p

© %0 the counter, and on the characteristics of the radionue
- and counting system: 0o h :
.- The resolution required will deter

‘glit: which. can’ be used inithe count
- acceptable slit, the larger will 'be the rac
- presented to the counter. - The igration

tagged material may produce’ s narrow,

- s0: thaty e large’ sample  will be presented fo the count
with: a given slit width; when a diffuse m
“océurs, the: opposite effect will take place and the dctivit
. presented to the counter will be
o Geiger-Miiller<,): proportionals,and: scintilla
* techniques - can “be “used,  with' & count-ra
Teontinuous: recording::To obtain: maximum resoluti
< time: constant: of 'the:rate meter and speed of the
“strip past the countér: have fo be se
given:activity and for the time availabl
i Belf-absorption will depend:on the thickness
- For; thé- counting of soft beta emitters the thinnes
- should bé used, butiothér requirements: of the ‘e

. Thay make & compromise necessary. '
o Recent techniques for papersstrip scannin
~pregnation” of “the paper’ with ‘s scintillating phos
- [Seliger and Agrancil 1959} or'the immeérsion of the pap
o 1iq1u'_id seintillator [Roucayrol,: Oberhiauser;. and. Scl

)






. emulsion and kept in contact bypresquw, at th:é:' :eﬁd'é_)f the
. “exposure period the specimen is removed, ar_l'd_th:e'ﬁlm_:-

- developed.

N Advantages: The method is rapid and simple, and pre-
_treatment of the sample is minimal, so that radionuclide -
" losses are avoided. Since poor resolution is inevitable, it is.
possible to make advantageous use of a sensitive film to -
decrease the exposure time andfor the amount of radio=

activity required in the sample. The autoradiogram can

“be used for densitometric measurement, since there will be:
*'no interference from the specimen. The sections can be-
- stained after preparation of the autoradiogram, and there is

no interference from the emulsion. )

Disadvantages: Poor contact is responsible for loss of -
-+ resolution, and cellular localization is usually not possible.:’
co Tt is difficult to superimpose accurately the object and .
- autoradiogram. IR
- Recommended utse: This method is satisfactory for--:
 gross autoradiograms, especially for samples in which the:
- radionuclide localizations are widely separated. It has been -
particularly useful in studies with bones, frozen tissue, and

* paper chromatograms. :

12.7.12. Mounting method. In this method, which is:
S {lustrated in figure 12.7-1, the sections are mounted on the

.- emulgion and remain permanently bonded thereto through-.:
-out the subsequent photographic and staining processes::

. Advantages: The method is relatively simiple.” The:
- contact, registry, and resolution are good, thus permitting.
" studies on the cellular level. The autoradiogram and gée-
~ tion are always matched and are observed simultaneoisly;
- this allows correlation between structure and photographic .

" image. .

. Disadvantages: There are possibilities of radionuclide
- loss during the fixation and processing of the tissue.. There: -
- may be spotty development on account of nontniform.
penetration of the tissue by the developer. The emulsion
gelatin tends to absorb the tissue stain, and also the photo~
graphie darkening may be masked by the opacity of the tissue. .
- There is the possibility of chemical effects on the emulsion:
“due to direct contact with the tissue. This technique: ist
difficult to use with plastic or celloidin-embedded material.
Recommended use: The mounting method has been:
“-widely used for lodine-131 localization in thyroid tissue:
Also, blood smears and bone-marrow smesars have been’
studied by applying such samples directly to the surface of .

the emulsion.
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coel s FIGURE 12.9=E Motunting: tietho
- Cut tissue stetions ore foated on warm: watet' to' rerove the wrinkles (A) &

“heated (B}, the seetions sé (), and the sections
“the photographic plate in the water beneath ahem('(D) to obtain: tillens ¥
section shown at (E), [Fitzgerald, Simmel; Weinstein; and: Martiz, 105%
B. Hoeber, Inc.L. e e A

e

o :_-_:_12'.7".'1?3-_. C’oaiiﬂgj"ﬂiéfﬁbd;'::'_'-' In - this ‘method:
illustrated in figre 12.7-2, the section is covered wit

emulsion which is allowed to-hardes dnd forms
boud for subseqiient exposure and processirig.
- Advantages: (ood contaet - and ¢onsta
obtained which' lead" to good resolution: an
correlation of radiodetivity with histological'styu

the photographic: image. and: section: are’ observed simul
~ taneously. A - celloidin’ layer protects .t S

photographic processing fliids, and: in’the mversion me
[Comar,’ 1955], the photographic’ image is: profecte

“staining fluids. . The thickness of the fluid emiilsion &
- 'somewhat controlled. = 1 s : -

. Disadvantages: The h"a_n_'dii.ﬁg_: of the emulsion ten
nicrease: the: background fog, and: the preparation o

emulsion of . uniform - thickness: is di




sy T T

WATER

Figure 12.7-2. Coaling method.

The gel is maintained at 37 °C it a beaker, and the slides ave warmed (A); drops of the fluid
emulsion are applied to specimen on marked slide (B); the drops ave spread evenly {(C); and
the slide is tilted to give even distribution (D). [Fitzgerald, Simmel, Weinstein, and Martin,
1953; courtesy of Paul B, Hoeber, Ine}

‘) p'ossibilities of radionuclide leoss during sny pre]iminary;_' :
‘histological processing and also by solution into the liquid "

emulsion. o
Recommended use: Coating autoradiograms have

o proved satisfactory for cytological studies with bones, teeth, -
= and soft tissues. '

_ 12.7.14. Stripping-film method. In this method, which
~is illustrated in figure 12.7~3, an emulsion is stripped from’

.+ its base and flattened over the histological section or smear
" on a glass slide. The specimen can be stained either before
contact with the film or through the film base after exposure.
Unstained sections can be studied by phase microscopy.
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0w TFreune 12.7-3. Stripp
“The film is out, a8'at (A): témoved; as in ' (B); invertsd sii{d'ﬂbar}‘{i]

“(€); and picked up on the mounted specimen; as shown ab. (D).
. the stide to make a tight At; asin (K}, [Fitzgerald; Simmel; W

ourtesy ¢f Paul B. Hoeber; Ine]

" Advantages: The. procedure s somewhat

han the coating: method i offers: th

mulsion thickness, good: contact; constant regish
scellent resolution; and permits good correla
ctivity with- histological: structure: . Dependin

“miethod : used,; ‘the impervious base: emulsio;

he sensitive emulsion fron the tissue

-“ Disadvantages: There ‘are "poss’i_bllitlg 0

loss during’ the wet processing. The sensitivit

Jow, and the base emulsion may interfere wit
tend: to reduce the resolittion. -

Recommended:use:: The: 'strlpplgt}g#ﬁlm- methe

_ prévgé_d'_ﬁ-éa_ﬁiéfa;ﬁto’ry_' for ‘eytological stud

nd: animal tissues. Quantitative results at.

“activity have heen made possible by the

12:7.2. Sources of error vn autoradiograms
ossible sources of error in sutoradiograms, and the
ist should be kept in mind when translating the b
f the photographic image into meaningful info




- 1. Removal or relocation ‘of the radmactwe ‘atoms by
biolo ical or physical processes during the. time between
“‘sampling and formation of the photographic image:"
s 2. Extraneous sources Gf image productlon such s’ : T S
“chemically active substances in the specimen; préssure on' Giﬁiﬁlxnﬁeahzﬁéﬂﬁ;ﬁ AL
“the emulsion; mdloacuwty in the films, chezmcals or glass S Homs T
. used in processing; and stray light or ionizing vadiation: - Hxstologlcal soctions o | Medi
- 3. Fading of the latent image or desensitization of the-.‘- : é?&i‘:‘m | coneenir.
emulsion by the specimen. S Histologizal sectmn%thab NTE
4, Nonuniform development. : e “are mounted, - - Ry Mot
5. Seratehes in the film, deposition of debris. SRR Vhanﬁtracks e to be' N High'tor 8.
6. Liffects of staining solution on the emulsioni. observed. 7 fracks.
7. Movement of sample on film during exposure. Whenatmeks ate to bef CNTA gh ©
= Many of the uncertainties have been ehmmatcd in the-- observed i [
“ procedures that have been referred to. = However it is always -
wise, when making a series of autoradiograms, to include:
- similar samples with no radicactivity as a control for errors::
that may tend to produce extrancous images. With £ross. o o
~samples, it is somet}mes poss:t})léa tio dlssecb out regions i ThlS techmq e his he
ﬁgﬁﬁﬁiﬁfﬁg@ to different areas of darkening and measure the determmlatmng in the ‘thyroid gland
; arran; Flarriss, and Lamertor, 956 an
Information on types of film suitable for partmular_: ‘t0 Tiiany other i:;mloglcal situation

‘purposes, their sensitivity, resolution and background, i enices on autoradiography, note Laborator vestie

summarized in table 12.7-1, : = i
12.7.3. Quantitative estimation with autamdwgmms Aﬁt‘o—_' g 0. Attg%:ch(]):;crgpgfgw 518{6’1’))01.5 on International Confer

* 'radiography is used principally to obtain qualitative informa-
* tion on the distribution of radioactivity in biological material:
- However, it can also provide quantitative information:
regardmo the actual activity deposited in particular regions.
- For this purpose the photographic density of the region on:
the autoradiogram is determined with a densitometer
(using a sufficiently small aperture so that the density is
uniform over the region viewed by the detector) and related” T 2
to activity by a calibration curve for the flm exposed: to.- I b 1sb ot f‘he purpose C’f f’hls ha_
known activities of the radionuclide in question under identi- imits, but to refer the reader to. th :
cal conditions. _ to summarize them, and to presént met hods for:
... Autoradiograms may also be used to determine the ra,dm—.-' qg%ntitleslconformmg to: ﬁh_ese.._hmlt,s :
" tion dose, in Tads, delivered to particular regions of tissue by b.: IISP osabhlevels ha,ve
. exposing the film to a “block’ or thick section of the tissue - 00fs P bt ished . by '
- under precisely controlled conditions. The maxiraum and (NCRP_ABS Handbooks 49 53 Bl
“ minimum dose in small regions may be found by using’a
. small-aperture densitometer and comparing with ecalibration
- film exposed to known doses from the same radionuclidé: -Th e
" under the same conditions. The average dose in a lirge: _eregu’iatmns overmno- radionuclid dISP A
“region of tissue may also be found by comparing the average ever,. established by the Atomic Energy C 5
.- attenuation by the film of a broad, uniform light beam with are contained in the Federal Register, fil
the attenuation of this beam through suitable cahbramon' 20. 301_305 a,nd _these regula,tmns will form the basi




- this ‘section, It should be pomted out’ that the: refereni
‘cited quotes the regulations in foree at the Lime of ‘writing
- this Manual. bhanges and revisions are to be expectad in
later regulations,

1311 Methods of disposal. According to the provisions

'-."-'ot the Federal Register, title 10, CFR, part 20. 301~304

- disposal may take ﬁi&ce in the foﬁowmcr ways: :
18.1.10. Transfer to authorized reczpzent I e

s licensed commercial waste disposal agency, as prowded for

in the Federal Register, title 10, CFR, part 20.301.% .+

13.1.11. In samtam/ sewer systems The radloa,cmvé-

~ material must be readily soluble and chspermble 111 Wa,ter
“and must not exceed
1. Per day: (a) The quantity which, when dlhlted

'jbiy the average daily quantity of fluid released into the sewer

. by the licensee will result in an average concentration not
“greater than the values specified in appendix B, -table T
; column 2, of 10 CER 20, or (b) 10 times the values quote
sin a,ppendlx O of 10 CFR 20. The 1arg,cr of (a) or (b)l
. perrmsmble

2. Per month: The quantity which, whei- dlIuted by_

: .the average monthly quantity of fluid released into the sewd

by the licensee will result in an average concentration not
. greater than the values guoted in appendm B, table IIF

" column 2, of 10 CFR 20.

3. Per year: Not more than 1 curle of all mdmactive-

" material per licensee.
' 4. Excreta from individuals undergoing medwai diaw

" nosis or therapy with radioactive material is exempt from.

.these provisions.

18.1.12. By burial in the sotl. This method may be use‘d-

prowded

. The amount per burial doee not exceed 1 00{) tunes.

" the amounts in appendix C of 10 CFR 20.
2. Burial is at minimoum depth of 4 1.
3. Burials are spaced not less than 6 ft apart.

4, Burials are limited to 12 per year in any one area.

- Larger amounts may be approved on &pphcablon to.. the
- Atomic Energy Commission, supplying full details, - g

- 13.1.13. Other methods. Disposal by any other niethod

- than insections 13.1.10. to 13.1.12. may be approved on.appli

cation to the Atomic Energy Commission, supplying full de

" tails of the method and concentrations in air and waber ro-

sulting from the disposal, pursuant to 10 CFR 20, 103 and 302

Referred to hereinafter as 310 CFR 20,

The' appropriate water flo

“Hor hospu‘.a,ls this ma .

of beds, taking the flow as 1,000, liters per be_'
other. mst&tuﬁmns the: How' may’- ¢ taken as

. person per day, or 0. 53<10% ml per perso per day

po%ulataon iy generally abaut twice
To_obtain: fhe permissible daily discharge, m
permissible water concentmtlon for the. radmnu lid
tion. (app. B, table I, col. i :
ber.of pcrsons employed;- ’I‘has gives th
discharge of each radionic :

To obtain the monthly: dIScharge mu_Ihply h,

-water concentration for the mdionuchde gy

ble'T; col. 2,0f 10 CFR 2(}) b
ol persons’ employed - This" give th:
ischarge of each radwnuchde-
TFstimate thd total output for a year on the basi
above; and if the ‘amounts total mor
matermis the permissible dlscha,rge levels must
ccordmglyi : .

. P :
receiving jodine-131, phosphorus 32
or:its research ; roorram would be &bl diSpOS
u_&liy, per month: nefriectmg for the mome -

“per.year limit;

T-131 iobxwﬁxo 5><30><

-Obwously these niinibers are
.hlghly unhkoly that such an mst_xtut




: ma]or spﬂl 11; is probable that dlsposa,is of ‘gold-198
: phosphorus—32 would rarely reach:even 1 percent. of-th

- - above values; for carbon-14 the posmblhty Would be very

“much less. :
It appears that iodine-131 is the only nuchcie Whi()
‘might present a problem. If, in the institution in Guestion

- an average of 200 me of this material were used in therapy:
~each month (an unlikely circumstance for such a small ingti-
- tution), it is possible that half or more may be excreted in the
. patients’ urine. Although the Federal Register (10- CFR:
1 120.308) specifically uxampts patients’ excreta from. its restric=
o tions, it ig felt that it would be preferable to include this’
o _"d1sposa,1 in the institutional average when practicable. If
. the amount of radionuclide is such that the quantity to: be

- disposed of is greater than the permissible disposable amount,
. “the more active samples may be stored for partial decay

. .This can be done conveniently by discriminating between’
7 the exereta of pabmnts given large therapeutic doses and that:
.+ from patients given smaller therapeutic or diagnostic doses:
. It should be noted also that some patients will be treated:
.“as outpatients and that the disposal of active excreta may-'

~not take place through the hospltal sewer system. . ..
~ Hrom the point of view of the perrmsabie dlspoea

- quantity of all radionuclides of I curie per year, since iodine--

131 is the only nuclide having significant disposal quantities

" it might be considered that 500 mc could be the annual quota

for this material; this might represent 50 percent: of the

“amount used in the institution. With a standmg order of .
- 200 me per month, and an average delay of 5 days between:

- sbhipment and dlsposal an average 50 percent disposal.
.- quantity would be about, 65 mc; this would be about 800 me:,
- annually.  One week’s storage of the most active specimens.

could readﬂy reduce this well below the necessary level.

It is repeated that this is an unlikely situation for such
s small institution; for a larger institution the permissible

- isposable quantity increases in proportion to the number of
- persons, as far as concentration 1 the liquid effluent 1% con

- cerned, but the l-curie-per-year limitation still applies: and
“would probab]y be the principal Hmiting factor.. .

13.2.12. For known volumes of disposable liquids, actw1

A _ties may be measured by any of the methods descmbed in

previous sectlons (see sec. 12).
' For pipet and other glassware washings, it is reasonabl

. to assume that not more than 1 percent of the purchaeed_-

~yadionudlide will be thus squandered.

134

usually provzde th1s mf_ormatmn)"_

able from’ the pounds. of wast

ne pound of combustzbi wast Wlll_produce_ app
7,000 liters of'g gas.Allowance may be ma -
to atixiliary. fuel; excess:air‘and dilution after th
theé stack (see N CRP-NBS -Handbool
1t miust: be known' whether the radionu
vill vaporize or temain in the ashes, or what

- dust—pa,rticle dlspersmn qmay: OCeur:
‘mation  is' contained in “Radmtmn Hyele

o

'Blatz_ 1959, DP.; 21—54} ~ S
For those wastes' which: vapomze
h(_)_sq_ ¢ uthned above, ; shall be follo“_ di

(_f)@(}ificaﬂy appz'oved by the: Atoml" Enersy
f the-provisions: of 10" FR 20,102 and 103
vels for such disposal appe th

on ' Radiation: Protection and M

‘Bureau of: Standards Handbooks, but each’

must be an individual problem:: In some cages pe

.stomge fpits are: used. " Accurate records of all amo

OSB N

A_Ithough_- caiculamon cof- the
quently. the most useful” man_n _
roblems deldual meas_u_i_:ements a,re someti'

on gtora;
ample havmg beerr lost, or. as the result
ontamination: providing: Wast;e of uncerta.m
- 13.3.1.. Gamma-rary: samples: -

type can be: measured very adequa,telz

brated instruments of the survey.type. [he usual Proc

151 to measure ‘the’ dose rate at a-chosen distance fror




sample. smd. thus- estimate the. actlwt‘y The meth
essentially that of section 3.6, but more approximate: pro-
cedures are adequate and an accumcy ol ;i:25 percenb ma
" be considered satisfactory.

:13.3.2. Beta-particle samples. B Lhc Waste sample em
~ "beta particles only, the _previous method cannot be-usec

- The most useful method is to use a survey instrument of the

end-window ~Geiger-Miiller-counter type and test vario
parts of the sample. The material may be disposed: of by

one of the recognized methods above, provided: the lévels
“do not excesd acceptable contamination levels (NCRP-NBS

-Handbook 48)}: (radionuclides such as carbon-14,: sodium-

=22, phosphorus-32, sulfur-35, iron-59, cobalt-60, 10d1na 1315

-"cesmm-barmm 137 gold- 1981 0{)0 counts. per  minub
;;‘-uncovered very close to the window of a counter with:

2-square-in. window; radionuclides such as calcium-45,

iron-55, stronuum—yttnum -90~-100 coums per minate: on
end-window Greiger-Milller counter, 2-square-in. window):
~Higher activities should either be stored to decay further
or an actual estimate must be made of the acmwty 1n the
“gample.

~+ Energies—Mev
- {photons per disin:

- {egration}.

5(0.05)

.5

0.65(0.073.0
0.55(0.40%

radiation Ly SR
Mev AL

2-| 2.0800.01), 1980008y

2310.23), Teioe . foias
1.59(0.07), 0:$5(0.06 i

2.41(0.32)° . -

0:61(0.53); 0.22(0.11)

597(0.55,

“LI6(0:04), 1.20(0.07).
 (L66(0.015, 0.23(0.01)

L
g
o
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B
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Nuc[e‘dr_cieédy date for radionuclides which moy-be useful in medicine 3——'_—Contin_t.1ed'."

Elemenf

Halflife

Radiation
emitted

B8 Energies—Mev
{number per disinte-
gration) (BC Ka-
H-ray listed with 8)

Tz
Mev/

Annibi-

lation
radiation

v Energies—Mev
{photons per disin--
togrationy

Todine-325 .. ____._.. ... -

Todine130

7 Todline-131

BC, v

EC, 87y
8y

LC, g+
By

a8y

[0.0664(1)]

0.47(6.15)[0.0064(6.85)]
0.31(1)

0.57(0.38}, 0.66(0.19)
{6.0075(0.42)]

3.17(0.05), 2.5(0.05)
1.54(0.07), 1.51{0.07)

0.56(0.35), 0.68(0.24)
0.6600.17)

0.96(0.99), ¢:23¢).01)
0.02(2)

[0.027(B)]

1.02(0.46), 0.60(0.54)

0.81{0.01), 0
0.3440, 09)

| 0:51100.66).

0.14(0.08}, 0.12(0.92)
0.01(0.69)
0.8141)

13313, 11700
1.34(0.01)

2.51(0.19), 2.49(0.11)
2.20(0.32}, 1.86(0.06)
1.68(0.023, 1.66(0.06)
1.4640.04), 1.27(0.02)
1.23(0.01), 1.05(0.07)
0.89{0.31), 0.84(0.96)
0.81(0.02), 0.73(0.04) .
0.63(0.23), 0.60{0.08)
0.44(0.01)

0.68(0.01), 0.4140.95)

0.04{0.07}

1.35(0. 31) 0.74(0.69}
0.66(1), 0.53(1) .

'0‘72{0.03), 0.64(0.08)

0.5140.01}, 0.36(0:80) -
C.28{0.05). 0.08/C.02).

.2 0951, $(0:0 )
40(9,13) 1. 16(0 10):
.86(0.23), 0.78(0.94).
L.67(1), 0. 62{0 06}
53(0 28)

" 1.29(0.43), I 10(0 5
B 19(9.931

1.45(13, 09401
0730




" Nuclear _débay' date for;'faciz'a:nuqlidés which may be useful in medicines—Continued:

Element

IEalidife

8 Epergies—~Mev
(numbes per disinte-
eration} (BQ Ke-
X-ray listed with 8)

Radiation
emitied

. Ia Annihie
Mev/ | . lation
dis. radiation

v Energies—Mev'.
(photons per disin-.
tegration)

Pelharitn-121

17d

EC, vy [0.026(1))

118d
1.7h

64k 8-
244 d EC, 8%

EC, v
(decays to indium 113m) ¥

om0, e
Zinc-68

{0.024(1)]

,32(0.02)
[0.008{0.98)}

0,5840, 8?) 6.51(6,18)
0.07{0.02}

0.26(0.02)
0.39(0.65)

G.00%4 | 0.511{0.93) | 1.13(0.40) 2. 9::.- :

» In this table are listed most of the radionuclides currently nsed in medieal
practice or research, The nuclear data represent s collection from anumber
of published sources, buf the great majoriéy has been kindly supplied by
C.'I. MeGinnis of the National Academy of Sciences-National Research
Couneil Nuclear Dats Group., The bromine-§2 gamma-ray data are from
unpublished information supplied by private communication by A. TL. W.
Aten for the ICRU Committee I(1959) Report, Only beta and gamma rays
with an intensity ol 1 percent or more are listed and their energies are given
to the nearest 4,91 Mev. Intensities are given to ihe nearest 1 percent.
Auger and eonve:swn electrons have not been included in the average beta-
ray ensrgies of col. 6. In the case of eleciron capiurers, Ko-X-ray energms
and fhe number of elec%rOn captures per disintegration have been given in
sguare brackets in col. 5, but neither these X rays nor the X rays arising from
gonversion electrons have been incloded in tie caleulation of I*, whieh is
defined for gamma rays only. The gamima-ray intensities in col. £ are those

_for photons ouiy and do net include the intensities of eonversion electrons..

" The values of I' were tomiputed by W, B. Mann, using a dose-rate-photon-
. encrgy curve calculated by K., W, Geiger from the data given in table 8—
. of the 1956 ICRU Report for a value of =340 ev per ion pair,

-5 If the §.4-Kev Ka-X-ray, arising from electron eapture, were treated as a-'
1 the valde. of I‘ would be 7.4 1 cmzlmc I and the mc}u.szon_.'

- gamma Tay,

of sueh X rays arising from internal conversion of the 14.4-kev gamma ray
(which ix all other cases, excepi {in-113 and jodine-125, make a negligible™
contribution) would increase the value of T to 32,6 r- cmﬁ;‘mc-h The. data.

used in this and following feofnotes to calculate the ratio of X to L electlon S

capture were obtained from Brysk and Rose (3858). o
< If the 27-kev K. X-ray, arising from electron capture, were freated s 4

gamma ray, then the value of T would be 6.7 r-cmime-h and the inclogion

of such N rays arising from internal conversion of the 3&-kev ga.mma 13y

- would ingrease the value of ¥ {0 1.4 r-cm?me-h.

4 If the 68-kev Ko X-ray, atising from eleciron capiure, were treatud as-a’
gemma ray, then the value of I would be 035 r-cma¥/me-h. - :

® r-cmé#/me-h; 0.5-amin Pt flter.

L If the 26-kev KoX-ray, arising from electron capture, were treated as a7

© gamma ray, then $he value of T would be 4.2 r-cm?moe-d:,

£ This valze of T is for tin-113 in equilibrium: with indizm-113=; t;he;r.
respective contributions to T being 0.03 and 1.47 rem¥moe-h. . If the. 24—kev

- WaeX-ray arising from electron captute, were to be treated as & gamma. ray,

then the equilibrium value of T would he 2.6 r-em¥me-b and the inclusion
of sueh X rays arising from internal conversion of the () 39-Mev gamma TAY.

B would increase the. value of E‘ ao 2 8 r—cmz,"ms-h

Preferred methods of _measurement for clmwal cmd bwlogzcal pw poses'

.?mpa_s_.e': i '

Approxunate o
2 sensmvxty

: Ca]ibéatmn Gi shipmenis or ah~ .8, 'Y ez‘ bremstmb— .

C%Iibrated weﬂ iomzatmn eham

One standard c%e&gn avalia 8
that of WNPL.: (sée table 7,21

Pfe%dmln_i_st.r_ei_t_ion :

Ohecking of ahquozs Ior admm

istration.

1 Measurement oidosera.te ﬁ'om

- small sealed S0 ces.

¥ and brcmsstmh—
tun,

Birnple - ﬁxed geemem‘y Geiger—
 Miiller or. scmtmation syste

Ionizatmn. ehamber and ﬁxed
-gRommelry,
letrapolation ionizatm

_Usuaily of O dnr af

L RE

If previous, measurement of, ship
“mendt is mads (1)

G wtty




Preferred methods of measurement for clinteal and biological purposes—Continued

o
g

Purpose

Radiation

1'¥pe

Approximate
sensitiviiy

Romarks

radiographic samples, ete.

Post-adminisiration measurement

Raxeretasamples (fotal volume).

Blood and other small samples.

Chromatographic and auto-

v and bremssireh-
lung.

v and bremsstrah-
Iung.

oW energy Boo oo

Seintillation arystal (inorganie).._-

Ring of large Geiger-Maller count-
[OFH

Well scintillation counter.

Cylindrical jacketed Geiger-Mil-
ler counter,

Gas-flow Geiger-Miiller countor_ ..

End-window QGeiger-Miiller or
gas-flow Getger-Mitller system.

0.01 go 131 Up._..
G.1 pe T-131 up
$.00005 pe I-131.__.
0.00005 ne P-32____
0.000% po C-14
0.0002 pefem? C-14.

Efficieney for I-131 and Co-59 very .
similar.

Efcieney for I-131 and 00—60 very

similar.
Sensitivity depends on beta energy.

Sensitivity depengs pnmauly o1 -
sample preparation. .

Sensitivity varies ru:cord.u’lg tO'
radionuclide studjed,’

Disposal

Othor

Routine laboratory monitering.

v and bremsstroh-

Slm Ty geomeny‘ Geiger-
Miilier or seintillagion systerm,
Calibrated jondzation chamber......

0.0001 e P-32 utp..
001 p¢ I-131 up

Approxwm%e

.3 Tinis<

- tration’ |-

- bution:

Exorots |
samples.

- Thiod studt
- Uptake, exeretion
PRI




Measurement of
dose rate

ME A

Dis-
posal

graphy
: New- 'York',-:-' NLY.
; = Y. "Radioisotopes: in: biglogy
: '-'(McGraW-Hﬂi Book Co.y Inc., New York, N
Evans,: B DL (1955). [
Tries; New York; N : : :
:edlandar G a.nd'Kenned ST _ W (1955)
J.:Wiley aind Sons, Tne:;: New: York):
,and Browiell; G Edltors{ 6.
A New Yol N. ¥
grven;: M. ‘Tsotopie: tmce
-Press, nc., New York NEYL:
S WoBy and Sehger, HiH: (10585) 0 _
d apphcatlon of standards of radicactivii ]
Price, Wi J. (1958)." Nuelear radistion détection’ ‘MeGra
Gy Ine., Nﬁw York N-Y

tory
moni-
toring

Blood | Labora-

oF
other

Txcreta

bation |samples

In vivo
distri-

In vivo
quanti-
tative

Hiy Femelberg, 80
1 linical practice. (L i & Feblger, P
ghn; Kai (Bditory (1858)i Beéda- and ‘garam
orth-Holand: Pubhshmg Co., Anistérda
ole; iy and Wa s K (1959). 0 Radiations: §
C ! S Gove nment Printing - Office;

Check-
ing of
aliguot
for ad-
minis«
tration

=
s
]
&
. @
o
by

Bulk
calibra~
tion
X

mate
amount
used ma i
not
perma-
nent,
S

(- Energy
Pt 20 Standards fo_r protection asainst ra i
Matrology: of : Radionuclides; Procesditigs of yInposi
v the: Internationgl’ Afomic Brnergy Agency: (Vienna 1
RU-NBS Handbook: 78, Report of the International
‘Radiological Units and’ Measurements (ICRU) 195
& Tsotope Index (Scientifi¢: BEquipiient €. Indian: g
National-Academy of Seiencess National: Resea.rch oune:
467, Multichannel pulse Height analyzers.
National: Adademy of ScienceszNationa
573 Medsurements and standards of ‘ra

20-100...__.
}5—150------

Intracavitary bladder..ommcranuwa] Br-82,.___ }1.09_300____

25930
02607
}5—15-------

16-25 . ___

Measurements necessary in therapeutic techniques
Approxi-

}&;oqqf,“?. SR S

CrPa0, __
Ir-192__ ...
Ta-182____
Co-80__....
Ra226....

Radio-
nuelide
Yol n e

T931. oo
ETE:) SR
Au-l98_
Au-198_ ..
Beta applicabors. cmeesmmmcmaawaae-| P-32..___| 2-2
: - Sr90/Y-09_
Ra D+-E.

and | Au-198____

peritonest

.Oi’ﬁce Washington 25, D G
=Safe: handl;ng of radloactlve FE1SY
Control nd remova1 firadicac

3

Technigue

CRYNOT e oo
Blood dyserasia .90 cemmoocaood P32 Mool

Hyperthyroddae e oeeooooo o T8I0, 1100,
Cardine. oo mwmmmre e eemee

sOtrees,

--* Amounts used vary according to the dose it ;s deS_iI_éd to give, a_nd_ are npt_d_el‘e_l_‘mi_.ued Ixy the sensitivity of the measuring sys;oni___-” St '_ e

Late bone metastases {(Lv.)owawu | P32 .| 316 Lo.
Interstitial angd superficial metaliic | Au-108_.___

Intracavitar
Tuterstitlal eollod o vavuiwinacooae

I-131 therapy:




N(Ei 955?3)—1—Reeommendatio'nsi for. the disposal of
40 Now 58.—Radioactive-waste disposal in the ocean (1954,
. No. 64.—Design of fres-air ionization chiambers (1957): o
' N<>(.196558.}~wSafe handling of bodies containing: radivactive: lsbtop
No. 89.—Maximum permissible  amounis of * radioisotopés :in’ the
.. human body and maximam permissible concentrations of air and.
water (1959). R
No. 79.—Stopping powers for use with eavity chambers {19610
No. ——Handling of radioactive nuclides and fission products’(Rel R
vision of NCRP-NBS Handbook 42 in preparation), . AQIUTEG OF & 177 source, . La e ten,
oo Nuclear instrumentation, Handbuch der Physik 45 (Springér,” Berli ket T TR W R aag : 0-0 a%)r
oo Gettingen-Heidelberg). . e : O (W. B, Al
.+ Nucleonie instrumentation, A Special Report, Nueleonics 17,6, 63.
- Radivisotopes in scientific research, Praceedings of the First (TNESCO
S '%}ien)tiﬁc Conference, vol. I-IV (Pergamon Press, London and: Neg
7 ork). ) L
" Report on international conference on autoradiography 1958, Labora
Lo tory Investigation 8, No. 1 (Jan.~TFeb. 1959), ORTRE R
- Bafe handling of radioisetopes, International Atomic Energy Agenc
Safety Series, No. 1 (Vienna, 1958). EE
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