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1.0. Introduction

1.1. Purpose of Dosimetry Guide

_ This report was written to provide the dosimetrists at thg
Armed Forces Radiobiolugy Research Institute (AFRRI) with practical
.guidance on the use of iohizationvcﬁambers iﬁ rerforming mixed-field
dosimetry'at tﬁe TRIGA reactor operated in a steady-state mode. A large
pért-of the material presented is also applicable tz dosimetry measure-
ments made at other ionizing ra@iation facilities.

This dosimetry guide discusses the essential .informat%on
needed to carry out ionization chamber measurements in the mixéd neutron
and gamma-ray fields produced at the reactor, an& descfibes the prac-
tical aﬁpects thai are oftep'negiected in formal treatises on dosimetry.
Thus, the essential formd]as-needed to reduce the measured quant{ties to
the required kermas or absorbed doses are presented without derivations,
buﬁ the formulas and their various' parameters are fully explained.
Similarly, definitions of 'standard terminology, such as ‘kerma or
absorbed dose, are not given. However, the less familiar éorrection
factors are discussed so that the reader will know not only what they
are but also how to measure them and what magnitude of vaiues to expect.

The thrust of this guide is to illuminate the practice rather
than thé theory of ionization‘chambeé dosimgtry; This ‘approach has been
adopted with the hfm of providing consistency and'!oné-term continuit}

| to the reactor dosimetry program at AFRRI, particu!aé!y in consideration
of the relative}y frequent turnover of the scientific and technicai

~‘staff,
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1.2. Review of Contents

Following this Introduction, Section 2 discusses ;he general
principles of mixed-field dosimetry, including where and how ionization
chambers ace calfbrated and checked for proper opecation. The calibra-
tion formulas are discussed in Section 3.. Section 4 describes how
measuremenfs of neutron and gamma-ray kerma or absorbed dose are per-
formed. The required formulas are presehted and explained, but details
on the required phys1ca1 parameters and correct1on factors are deferred
to Sections 5 and 6, respectively. Section 5 descr1bes the needed
‘ physical parameters and gives theic values for some of the routine
irradiation configurations used at the reactor. The correction factors
that need to be considered and possibly evaluated are discussed in
Section 6. This section describes the methods used to measure these
factors, and offers suggestions on which factors may be neglected or
avoided by suitabie measurement procedures. Finally, Section 7 offers
advice on establishing .and maintaining a reiiable gas-flow system for
. the'ionizacion chambers. Tde,reference list is gived in Section 9,

1.3. Supplementary Information

_As mentioned above, thisvreport does not give formula deriva-
tions or definitions of standard terminology used in radjation
_ dos:metry. The author has assumed that the reader has at least some
fam111ar1ty wnth tne physical pr1ncip1es, quant:ties. and units used in |
fonization chamber dosimetry. Four some readers this may be a poor

assumption. To augment the information ir this dosimetry guide, |it .is
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recommended that. the scientists and technical personnel making practical

use of this gquide acquire and become familiar with the following

supplementary information (references 1-8) (Section 9 gives

details):
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Neutron Dosimetry for Biology and Medicine. This is Report 26

"of the International Commission on Radiation Units and

Measurements (ICRU), containing  a wealth of information on
neutron dosimetry., It is recommended as a primer for those
who are new to this field.

Clinical Cosimetry for Neutrons. This ICRU Report is in prep-
aration, and may become avaflablevin the latter part of 1985,

It includes much information on the theory and practice of
neutron dosimetry as applied to the therapeutic apptication of
neutrdn beams of high energy in the clinical situation.
Nevertheless, it is a useful reference for reactor dosimetry
since it contains derivations and explanations of the formulas
used in the present report.

Radiation Quantities and Units. This is Repoff 33 of the
ICRU, and contains a concise expo;iticn of the terminology,
quantities, and units used in radiation dosimetry. It is a
valuable reference giving both verbal and mathematical defi-
nitions. ' I

'éuropean protocol .for neutron dbsimetry for external beam
therapy,” by Broerse et al. This journal paper presents
detailed derivations and rationale for the formulas applied
to tﬁe clinica) use of fast neutron beams, and provides

helpful information to supplement the present report. It

was written for use by c!:nncai neytron dosimetrists ia the
European conmun1ty.
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Protocol for Neutron Beam Dosimetry. Tiais resort is similar

to.the European protocol but was written by a task group of
the American Association of Pnysicists in Medicine (AAPM)
for use by clinical neutron dosimetrists in the Unitea States.

It is presently available as AAPM Report 7, but it is under-

going revision and snould be r2issued in modified form in the

near future,

'"Determinaticn of absorbed dose and kerma in a neutron field

from measurements with a. tissue-equivalent ionization

:chamber,“'by Mijnheer and Williams. This journal paper also

presents the derivations art rationale for the formulas used
in the present report. [t is recommended for its clear and

concise prasentatic of neutron dosimetry information.

“Calibration procedures of tissue-equivalent jonization cham-
bers used in neutron Ilosimetry," by Mijnheer and Williams.
This paper, in a report of the' International Atomic Energy

‘AgenCy, also gives many formulas and derivations appliéable'to

neutron dosimetry, and presents an analysis of the uncertain-

“ties involved in different calibration methuds.

lIon (hambers for Neutron Dosimetry. This monograph is based

C I YOO
el A;-L..:.." n.-ix.‘.aqd.:..-:..a:

on reporte presen*ed at a 1979 workshop of the Commission of
the,Europeun,Communitwes. It reviews the status of ionization
chambers used'fer»neutron dosimetry, In addition to discus-
sions of the cha:a&ter:st1cs of a variety of iomization chaa-

~ bers (inciuding those available from two commercial vendors).

the report also has discussions on caﬁbratioas. corrections,

‘cavity éhamber theory, physwca! constants, and exper1menta!

techniques. [t i3 recommended as a source for detat!ed,
practical chamber data.
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2.0. General Principles of Mixed-Field Ionization Chamber Dosimetry

2.1. Instrument Selection and U<e

In principle, dny of several instruments cor combinations of
instruments can bhe used for 'neutron dosimetry, including ionization
chambers, calorimeters, propcrtional counters, and'instruments for the
measurement of fluence and spectral data. This reporf di§cu$ses only

- the use of a pair of ionization chambers for determining neutrorn and

gamma-ray kermas and absorbed doses. Reference 1 should be consulted
for information on other suitable instruments and methods.

Neutron dosimetry 1is more complex than gamma-ray dosimetry,

et e e WLt ettt a gae
B Rt AR ol LA RN Pk g

" mainly because, neutron fields always contain gamma réys produced by the

source and by field-defining structures, by the irraaiation environment,

and by the irradiated object itself. Because neutrons can have a

e s, P

different biological effect compared to an equal abébrbed dose of gamma

N e )

ot ol o

rays, it is necessary to report the separate VaTues of these two
components. With jonization chambers this requires the use of the two-
dosimeter method. One of the chambers is constructed  of A-150 tissue-

equivalent (TE) plastic, and it uses a steédy flow of methane-based TE

TR XTI TaW T

gas through the cavity., This instrument, referred to as the TE-TE

.

lchamber. has,approximatély'the same response to neutrons and to yamma .
rays. hetaﬂs of 'thé wall amd gas compositions ara' qiveﬁ ia)\ppéndéx B ' |
of reference 1. | | | | f
The second chamber is constructed wizh.aagaésiub walls, and o 'E

uses a steady flow of argon gas. This instrument will de referred to as

the Wg-Ar chamber, and it; respense Lo neutrons is wch less than its

* Bvmc L.

response to gamma rays. The use éf_ a graphite chamber with carbon




dioxide gas is deprecated because of the higher re?ative. neutron
response {see Section 5.9) of this wall and gas combination, and because 5
the porosity c¢f graphite makes it difficult to maintaiﬁ gas ourity with-
out excessiQely high flow rates. A photon energy-compensated Geiger-
Maller (GM) dosimeter is often used as the second dosimeter. However,
axperience has shown tiat in the exposure rooms of the AFRRI Eeactor tne
ambient gamma-ray background is usuai.y excessive relative to the high
gamma-ray response of the GM dosimeter.

Two or more ionization chambeEs may be arranged laterally to
the radiation direction for simultaneoﬁs measu}ements. A few .centi-
meters of 'separation betWeen chambers héVing volumes of a few cubic
centimeters or less should suffice to make interchamber radiation
‘scatter negligible. The chambers should be 6riented SO thgt their axes

are perpéndicu]ar to the radiation direction since this will best define

B 29 RIS N

the location of the center of the cavity.volume with respect to the ‘
radiation source. - After the chambers have been mounted, the gas flow %
gdjusted,‘and the collecting potentiai applied, sﬁfficient time should ﬁ
be allowed for transient phenomena to subside before béginning measure- f
ments. This'praétice should be followed whenever 'a chamber i§ disturbed g
by' repositioning, adding or removing a chambe} cap, or changing the‘ ;i
“ipplied voltagé. The chamber may be considered- to be stable when the f
electrometer respoase in the absence of radiatioa is fairly constant ﬁnd %;
,daas not exceed a few percent of the ant1cipateﬂ ‘radiation response. é;
Charge integration durmg ir»adia:ion should be perfomd 1cmg emmgh to o ;Lj
" obtain an electrometer reading that is large with respect to system 23

"~ instabilities. 1t 13 good practice to make éevefal measurements ia

succession to 2valuat, the response variance, Charges measured before

" - - - Se e g ot R T T R T A T A P SR PO
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and after the -chamber is irradiated should be integfated for the same
time as used during irradiation so as to provide an assessment of the
compensation réquired to compute the net charge accumulated during

irradiation,

2.2. lonization Chamber Calibration

.Tnis section discusses the general hrocedure for maintaining
1oniz§tion chamber calibratfons that are traceable to a national
standé;d, éﬁd the procedures for routine verification of proper chamber
operation.. The formulas needed to apply the chamber calibrations to
neut?dn dosimetry are presented in Section 3.

2.2.1. Cafibration at NBS or A;QL.' It is recommended that a
chambef be designated as fhg AFRRI sransfer standard chamber 2and that
this instrument pe used lex_for transferring the calibration from the
standards laboratory. to the 80Co calibration source at AFRRI. The pro-
cedure for using such a transfer standa“d chamber is as follows. The
chémber js tlusted with air and then left opeﬁ‘to the ambient atmos-
.pherés flt'{s irraqiated'at AFRRI in a fixed and reproducible uarrange-
ment énd its resbonse is recorded along with the ambient temperature and
pressure. The jrradiatfon source méy.be'either aAspeciéliy designed
" check source or the.5°£o.§3mw4«fay machine thét,wi!!'be later used for
calibrations of other dosimeters,' . v ‘

' The cuamber is. then transported to the National Bureau of
Standards.(NBS) or fo an AAPM Accreditéd Dosimetry Calibration lLabora-
" tory (AﬁCL)vfor.calibration in a standard 60Co deanm, 'This'measurgment
will bé berforﬁed with the chamﬁer open to atmospheric air, and wf!l be

in terms.of‘the.éxposure or air kerma required to produce unit response




from the chamber, i.e., roentgen per coulomb of charge collected (expo- )
"sure) or grays per coulomb of charge Coilected:(air‘kerma). When the
chamber is returned tc AFRRI, it should first be irradiated in the fixed
check-source field to verify. that the trip to and from the standards
1aboratory‘nas not changed the chamber's response. A§§uming that - the
result bf this second check-source measurement is satiéfactory, the
transfer instfument is then used to determine the exposure rate or air
kerma rate of the AFRRI 80Co machine. The transfer instfument is then
stored for future use 'to verify the 60Co beam calibration periodiﬁafly

or when a problem is suspected.

2.2.2. Calibratior at AFRRI. The procedure outlined in the

pfevibus subsection calibrates the yamma-ray bemm~from'the 60Co ﬁachine
in terms of thé exposure. rate or air kerma rate at one or more wé!l-
defined positions in the beam. This calibrated beam is .then used to
calibrate other AFRRI chaqbers (with their usual cévity gases) used
routinely for reactor dosimetry. These $0Co chamber‘ca]ibfations will
bg in terms of the exposure or air kerma required to produce unit
_response from the chamber, i.e..jtﬁe same as for the'transfer instru-
" ment. Such calfbfations“shpuld also he breceded by and fpllowéd by a:
measurement with the check source. Section 3 discusses the conversion

of these calibrations to the tissue absorbed dose calibration factor.

2.3. Caiibration Verification

-1t is yood practice to verify the brober,operation of an ioni-
©. zation chamber prior to its use for making mixed-field measurements.

" Two methods are oescriped.fbr making such checks. ',

- o 10




2.3.1. Vverification With Check Sources. Using check sources

to verify the calibration of an ionization chamber is a comprehensive
test since this method not only checks the integrity of the chamber, its
cables, and the electrometer, but also verifies the proper neutron énd
gamma-ray response if a neutron and a gamma-ray source. are uséd. Even
though the neutron source will also be a Qamma-ray emitter, the response
of a TE-TE or a Mg-Ar chamber in the mixed field will serve to verify
thagithe gas in the TE chamber is TE gas énd that the gas in the My
chamber is Ar (provided, of course, that the earlier check source data
;sed for comparison were obtained under appropriate conditions). The
check sources should be used in an arrangement that al]d«s response
measufements to be made with a random Uncertaintylof 1% or less. It is
- essential that a log sheet be maintainéd for each chamber, detailing {ts
history of calibrations and check source tests. ' Such reéords' are
necessary'for documenting 'a long-term driff or céterioration of chamber

response.

2.3.2. Vverification by Capacitance Measurement. A simple and

quick method of verifying the integrity of a three-terminal chamber
(i.e..‘a guarded,chamber), its cables, collecting potential supply, and.
elecirometer is by measuring the distribufed‘capgcitance between the
oqter‘cnamber.uall (to uhicﬁ'theWCOllecting pbtgntiéi is applied) and
. the jnﬁer caiiectihg electrode. This is done as follows. With the
chamber connected to thelélectrometer system and a moderate collecting
potential appligd. seveya\‘measurements df'driff charge are made usidg a

fixed time interval. The second step is to make several measurementsof

Rty
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the charge ,eccumuhted in the fixed time while applying. a change in'
collecting potential, W, during the charge accuﬁm!ation time. This 1is
done by ungrounding the eIe-ctrometer input and then sfov)ly changing the
collecting potential atb a rate so thet AV has been applied before the
fixed time has elapsed. When the fixed time is reache&, the charge, A,
induced into the éol]ectin‘g,electrqde by av aeting through the distri-
buted capacitahne C, is recorded. The collecting potential should be
returned to the same initia) velue.and t'he‘system allowed to stabilize
before each repeat measurement is made.

The final step is to make.several more measurements of drift
charge in the fixed time interval The drift charges measured before
and after the av charge measurements are then averaged and subtracted
from the charges induced by the av changes.~ The capacitance is then :
computed as C = A)/ AV. where M) is the net drift-compensated change in
charge correspon'ding to the_ voltage change aV. The magnitude of av
should be one 'that' will produce a A} with a smail random uncerta'inty,
and the fixed time over which each of Vthe measurements is made should be
chosen such: as io allow ;he voltage to be changed at a moderate rate.

For example, for a 0.5-c:h3 thimble chamber having C = 0.7 pF, the .

‘initial potential ran be set at 400 V with a¥ = 100 V, the fixed time

" being' 30 s.

These capacitance check measurenents should be repeatable on

the order of 1% between dxfferent measurment sessvons. [t is recom-

}mended that a log sheet of capacitance measurements be mamtained for

each chamber, This may help in identifying a chamber that is undergoing

long-term dimensional changes.’

12
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3.0. Calibraticn Formulas

3.1. Volume Calibration

It is possible to derive the radiation calibration of an ioni-
zation 'chamber from detaitled knowledge of the cavity volume, chambeb
materials, and various physical parameters. The difficulty arises in.
knowing accurately the effective cavity volume in which ion produ;tion
and co!fection take place. Even for the relatively simple geometry of a
parallel-plate chamber, the field distortion present in the-region of
the. guard electrode complicates a straightforwar& cdmputation of thé
effective cavity volume. | The usual resolution to this problém is to
calibrate the chamber in a Qémma-ray field of known exposure rate and to
use these data to derive the mass of cavity gas and hence its vo]umé.

Details and formulas for such computations are giver in references 4

through 7.

3.2. Radiation Sensitivity Calibration

Dosimetrists generally ignore the computation of chamber
cavity volume and instead focus their'attention_on deriiing the tissue-
absorbed-dose calibration factor, a, which is the qdotient of the

absorbed dose in tassue ad;acent to thy cavity of the chamber by tne

'corrected chamber response, It is defined as

(m) . . ‘. ' "
o -ii () -EQAT | | (1)
R’¢c :
13 = B v‘.. v. $\\'
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" Where the ratic X IR, is the exposure calibration in which Xé is the

exposube.at the geometrit center of the chamber in the absence of the

. chamber, and RC is the chamber response. The subscript c denotes the

- calibration radiation field. The conversion factor, which converts

exposure to tissue-equiva]eni absorbed dose, (ft)c, is discussed in

Section 5.2.

During 1985 NBS and the ADCL's will begin to supply air kerma

E cxlibrations in addition to exposure calibéations, which later will be

discontinued. This change to (x /R for the air kerma calibration

air)
will require that (ft)é in equation 1 be changed to an air kerma-to-
tissue absorped dose factor, (fé)c,'as‘discussed in Section 5.2.

The pébduct of several correction factors gkA compensa;es for
small distortions of the radiation field when measurements are made Qith

the chamber in free air, and is given by

'HkA = kwkstkr“ka" C (2)

where k, 1s the chamber wali‘attenuation and scatter correction
' factor (Section 6.2),
kSt is the ste@-s;atteé correction fdctor'(Section 6.4).
krﬁ‘ js the radial ﬁonynjformity correction factor (Sectidn
6.5), and | | |
kan is thelaxia! nonuniformity correction factbrd(sectﬁon

 6.6).

14




CARVRS w5

D R AT L SO

o"i %

The product of several correction factors HkR converts the

reading, R, taken from the electrometer, to the electric charge produced

within an ideal cavity at a reference temperature and pressure, and is

given by

where k is the
) t,p
©6.1),
ks is the
ke‘ is the
k‘ is the
k is the
. P
kf is the
kh is the

ﬁkR = kt,pkskeklkpkfkh (3).

temperature and pressure: correction factor (Section

saturation correction factor (Section 6.3),
electrometer correction factér (Section 6.7),
leakage correction factor (Section 6.8),

polafity correction factor (Section 6.9),

gas flow-rate correction factor (Sgction 6.10), and

humidity correction factor (Section 6.1i).

This may appear to be a formidable list of correction factors,

but (as discussed in Section 6) many of these factors can be either

neglectéd or iacluded in the method of making the measurements. Note

script ¢, indicating that these factors are to be evaluated for the

calibration radiation field. '
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4.0. Mixed-Field Measurements

4.1. Neutron and Gamma-Ray Kerma'and Absnrbed Dose

At a point in a mixed field where the neutron and gamma-ray
tissue absorbed doses o1 kermas are Dn and .Dy, respectively, the

relative responses of the two chambers are given by

' = ‘
RT‘ kTDn + hTDY | (4)
"o ' \
RU kUDn + hUDY . (5)

where the subs:ript T refers to the TE-TE chamber and the subsc~ ot U

refers to the Mg-Ar chamber. The coefficients k. and k.. are the

T d
responses of each chamberl to the neutrons in the mixed field relative to
its re'sponse to the gamma rays used for the calibration, and h.... and hU
.are the responses of each chamber to the gamma rays in the mixed field
relative to its respdnse to the gamma rays used for the calibration.
Consequently, P% and R{) are the readings of the two chambers in the.
mixed field relative to their responses to the gamma rays used fdr the
calibfatwn. | |

| The separate absorbed doses are obi;ained by 'simu‘ltaqeous solu-

tion of equations 4 and 5 to gi.ve' :

h RS ~ MR
i

D = .

(6
™y )

k,R' - k RS
LU UT

D = L . (N
v Mykr - My - 3 |

o
-J6




' The relative gamma-ray responses hT and hU can be computed
from '
R ol vt g
Y m,g’y en’ Pt/ tren’ Pimiy

where ¢ denotes the calibration gamma rays,
| Y denotes the mixéd-fie]d damma rays,

t denotes tissue,

m denotes wall material, .

W is the average energy required to produce an ion pair in the

cavity gas'(Section 5.3),
s js the wa]tho-gas restricted co}lﬁsion mass stopping power

ratio, commonly referred to as the gas-to-wall absorbed-dose
conversion factor (Section 5.4), and

A”en/b is the mass energy absorption coefficient (Section 5.6).

The values of h, and h, are close to unity, and the simplify-

T U
ing assumption hf = h, = 1 is usually made. This is equivalent to
assuming th;t the effective quality of the gamma rays in the mixed field
- is equivalent to the quality of the'gamma raysvused for the calibration
| E | .' 'witn‘respect to the values of H. Sm 9 and ﬁeﬁl”f‘ Equations 6 and 7 hay

]

then de simplified to

R""R. . . .
. W v ok, (9)
N LU -
L} .
N KR! = KR! - ~
N ) oLV _UT 7 : | (10) .-
3 Y kp = ky - h o
N .
: -,
; ow ,

“ue g
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The relative neutron response kT of the TE-TE chamber is

computed in a manner similar to that used for hf. Thus

W (5 o (/o) /Can/ gl

L = £ P.QC
TTW, T ot X, %),

(11)

where the subscript n denotes the mixed field, T g-is the gas-to-wé11

absorbed-dose conversion factor for the non-Bragg-Gray cavity conditions
generally produced by neutrons (Section 5.5), and (Kt/Km)n is the ratio f
of neutron kerma in tissue to the neutron kermd'in the chamber materials’ - k
(Sect1on 5.7). | o i
Due to the lack of data for the wall and gas mater1als of the E

Mg-Ar chamber. the value of k cannot be readxly computed. so it is

U
usually evaluated by expe¢rimental methods (Section 5.9).

The relative chamber responses R% and Rﬁ are computed from the 4 ‘ :

reading, R, obtained for each chamber in the mixed field.

I ek S R

- (nk ) . ' i

i R n : ) !

= R . : ¢

, :

The two products of correction factors Ik, and ik, are defined the same ';
as in equations 2 and 3 except that the subscript n in equatiem 12 E
indicatgs'that'tne.factors are to be evaluated for the mixed field, i
When equations 9 and 10 are solved for the tissue kermas in free air, i
then (ik,), should de evaluated. ‘When these equations are used ta L
obtain the absorbed doses in a phantom, then (mk,), is set to unity. g
3
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The displacement factor (kd)n correéts for the perturtation
produced by the chamber gas cavity when measurements of absorbed dose

are made ia a phantom. If we set (k = 1, then the computed absorbed

d)n
doses w111 be at the effective center of the chamber rather than at its
geometr1c center. Section 5¢8 discusses suitable values of this factor
for phantom measurements, For tissbe kerma determinations in free air,
the disp]acemenb factor is uaity.

Equation 10 sometimes will y1e1d a negative value for D

particularly when the gamma~ray kerma or absorbed dose is small relatlve

to Dn‘ say a few percent. This is, of course, a physical impossibility.

Assuming that the chamber responses have been measured accurately, a.

negat1ve value of D usual‘y 1nd1cates that the value of k,, used is too

U
1arge. Values of kU are determ1ned only approximately by experiment,
and ever then they apply only to the specific chamber configuration and
radiation field used, | ‘
More puzzling is the rare.bccasion when equation 9 ylelds a
computed value.of D that is negatiie. fhis can ogcur in'a radiation
field conta1niﬂg only a small mreutron kerma or absorbed dose relative to

Dy. Equatwba 6, which gives the relationship for D bafore the simpli.

hy: and it can be concluded that the simp1ifyin§ assumption used to

derive equatiba 9 g invalid if Da < 0. It would be ngceséary to have . l

spectral data for the ggmma;r;y cbmaﬁneat of tba mixed field in order to

evaluate the relative gamma-ray respénses,hT and hu of tbe'tub chambers

using equation 3.
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4,2 Total Kerma or Abcorbed Dose

| : The total tissue kerma or absorbed dose, D T can be obtamed

simply by Summmg the two components computed from equatwns 9 and 10,

10e.’
Dy =D, + D | (13)
An alternative is the simple expression
0 'R' ,

. L 1.

Dy Ckp 148 (14)
D ho-k ’

where " 6 = _Dl -%—l‘ (15)

: T T

4 Now, since kT =.0.95 and hT is close to 1, if BJDT < Q.4 then
we will have § < 0.021. Thus, in equation 14 if we set & = 0, then an

error of less than about 2% will be made in computing DT’ i.e..j

| % 0, o

‘

" Table 1 lists the errors produced in computing Oy from equa-

1\ tion 14 when it i3 assumed that § = 0. Evén'for EJﬂT =1, '_the error
‘ does not exceed 5% as a caﬂiaquence of setting kT = 0,95, A p@&mtull}y'
more serious error in this case might be the failure to realize that Dy
. L does not contain a component of absorbed dose due to neutrons.
N
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Table 1. Errors produced in computing DT from equation 14 by assuming -

§=0

DY / DT P“ / DY % error-in DT
0.02 49 0.1
0.05 19 ' 0.3
0.1 9 0.5

0.2 B! 1.0
0.3 2.3 1.6
0.4 1.5 2.1
0.6 0.67 3.1
0.8. 0.25 4.0
1.0 ‘ 0 : 5.0

, * ‘
for this t:ab]-e..kT = 0,95 and “T = 1.00 were used.

When D‘/DT « 1, i.e., D_ = 0, equation 14 reduces to

n

DY = R%/hT - (17)

which {s the same result as given by equation 4 with D = 0.
D, in a mixed field can be evaluated from squation €, with the

assumption hy = 1, as

B R -k, s
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If the low values of k, for a small Mg-Ar ionization chamber

U
are considered (as shown in Table 2, page 23), then it is possible to

make the following approximation with an error of less than 2%:

D, / DY < 2, 6 inches of Pb-shielded reactor;
=8 ' ‘ . 0
D Ruv for Dn / DY < 1, bare reactor; ' (19)

Dn / “Y < 0.8, 12 inches of water-shielded reactor.

1 may be useful to note that (see also Table 1)

D

2n
D.

T

- 1 (20)

<
<

Equation 16 can be used to approximate D, from measurements

T
made with only a TE-TE chamber, and equaiion 19 can be used to approxi-
mate D% from measurements made with only a Mg-Ar chamber. These

approximacions are useful for making quick dosimetry evaluations or when

more complete data are not available. However, the errors in these

approximations are not randgm;.and they result in errgrs that make DT or

DY sysieméticai1y too high. It is recommended that the final dosimetry

evafuations‘be made without these errors by using equations 9 and 10,

-

LR R SR S N AT A

S e UL,

>

A
. e

SUAR IN SODeN

.....v...‘.
R S A

AN LI

T e




Table 2. Values of physical parameters for three s ielding cqnfigurqtions

used in Exposure Room 1 of the AFRRI reactor (referénce 19)

Shielding “onfiguration

— t w oy B
Parameter 6" Pb - Bare 12" H,0°
£ 8 0.45 0.8 1.55

: i 1 . :
- ”n’ MTE " gas 32.2 32.0 < 31.7
*k ' Co

W /W, , 1.099 1.092 - 1.082
K17 ICRU muscte 152 1.96 2.76
K, A-150 plastic 1.5 2.02 2.83
K, MTE gas o 1.54 2.00 2.80
kys Mg-Ar 0.01 0.02 . 0.025
Ky» GM 0.002 0.0016 0.0027

* , .
Reactor core shielded with 6 inches of Pb

tBa-re reactor room, i.e., no added shiglding

Breactor core shielded with 12 inches of water

§Tissue-kerma-weighted mean neutron eﬁengy in Mey
?Hn is in units of eV, . 7
YMTE denotes methane-based TE gas.

"k
HC = 29.3 ev.

tterma factors are in units of 10-1! Gy em2,

oo
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5.0. Physical Parameters

5.1. Spectral Information

The itens discussed in the fo}?oning subsections as physical
parameters are quantitigs whose values are usually obtained either
~direct.ly or by computation from previoﬁsly published or otherwise avail-
able data. The evaluation of these physical parameters yenerally
requires kaniedge of the radiation spectrum f@r which the parameter is
to be computed. In some c:3ses only rough radiafion quality information
is needed, whereas otnher cases require use of a re]iablé and detailed
spectrum. - Taole 2 gives the pissue-kerma-weighted mean neutron energies |
for three reactor configurations. The data}présented in Table 2 were

computed using neutron and gamma-ray spectral data from reference 9.

5.2. Ekposure- and Air Kerma-to-Tissue Absorbed Dose Conversion

)

Factors, (ft c and (ft)c

The factor (ft)C required to convert exposure to tissue-.

absorbgd dose for computing the calibration factor, <2._is defined as

| W) [sa, 1
~ (ft)c R & § obd [ uen ° t ] | . : (21)

¢ (Man/ P air .

where subscript ¢ denotes the calibration radiation quality, subscript t .
denotes tissue, and e is the electronic ¢hérge. For dry air and ICRU
muscle or soft tissue. (tt),c = 37.3 J/C or (ft)c = 9,62 x 10-3 Gy/R for

éither‘5°Co or 137Cs in air (reference 10).
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The factor (“é)c required to convert air kerma to tissue

absorted dose for computing the calibration factor, a., is defined as

'. _ (ue"/o)t . - |
(fe = [732;7;7;;; (1 -4l (22)

C

where g is the fraction of charged-partic]e ‘kinetic energy lost to
bremsstrahlung in the material. For 6%Co and 137Cs gamma rays, the
ratio of che mass energy-absorption coefficients is 1.102 for either
| ICRU striated muscle or ICRU soft tissue (reference 11). . For $0Co and
13/Cs gamma rays, the fraction g is 0.003 and 0.001, respectively‘
(reference 12). With these va‘.ues,' equation 22 yields (ft.:)c = 1.099 for

60Co in air, and (fé)c = 1.101 for 137Cs in air.

5.3. Average Energy Required to Produce an Ton Pair, W

.The basic quantity: measured with an ion'ization chamber is the
electric. charge or current produced in the gas canty. To obtain t‘ie
'_kerma or abscrbed dose. this quant1ty is converted to energy by the us‘e o
of W, the average energy reqmred to produce an ion pair in the gas.

For the electrons produced by the energetic gamma rays used for cahbra

tion, i.e., 5°Co. a value .of H = 29.3 eV is appropriate for methane
based TE gas {reference i3). - | '

Vaiues of H for the secondary particles produced in methaﬂe~
based TE gas by neutrons are given. in reference 13 which also descmbek
the method_of calculatlng H" for a known neutron spectrum, Table R

1ists computed values of "n‘ and un/wc for three reactor confiuurations.
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5.4. Wall-to-Gas Stopping-Power Ratio, S

3

The wall-to-gas stopping-power ratio, S g’ applies when the

ionization chamber can be considered to have a Bragg-Gray cavity. For
60Co gamma rays and for the gamma rays present in the mixed field,
Sh g - 1.00 is a good assumption for the TE-TE chamber.

5.5. Gas-to-Wall Absorbed-Dose Conversion Factor, F g

]

The gas-to-wall ansorbed-dose conversion factor, rm’g, applies
to ionization chamber measurements of neutron fields for which the gas
cavity contributes significantly to the secondary particle spectrum.
Attempts to comﬁute *m’g'have yielded values that differ from unity by
1% or 2% and have uncertaintias of about 2%. It is recommended that
rm’g = 1.00 be used for neutron measurements with the TE-TE chamber.

5.6. Mass Energy-Absorption Coefficient Ratio, (uen/p)t/(uen/p)m

Because of the good simulation. of ICRU muscle or soft tissue

.by the TE-TE chamber for 80Co gamma rays and for the gamma rays present

in the mixed f1e1d, it is rgcommended‘that (ven/o)t/(uenlo)m.= 1.00 be

used for the mass energy-absorption coefficient ratio,

5.7. Neutron Kerma{Factor Ratio, KKt/KN)n

Neutroa kerma factors, 1i.e., the ¢ “fents of kerma by

fluence, are given for a variety of elements, compouads, and mixtures in

.reference 14, These values can be used to derive suitably weighted mean

 kerma’ factors usiny data on the neutron spectrum at the measurement

position, For the. relatively low enerygy neutrons present in reactof

spectra, the chamber kerma is due ‘to both the wall and gas materials.
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Since the wall and gas combositions of the TE-TE chamber are very
similar, it is satlsfactory to use the average of the wall and gas
.kermas for the kerma in the chamber mater1al, ne Kerma factors for
ICRU muscle tissue, A-150 plastic{ and methane-based TE gas are listed
in Table 2 for three reactor configurations. Spectrum changes as a
neutron béam passes into a tissue phantom will probably have little

effect on the kerma-factor ratio.

5.8. Displacement Factor, (kd)n

The displacement factor, (kd)n, corrects the measured ioniza-
tion charge or current to compensate for“the differences in attenuation
and scattéhing of the primary radiation caused by the displacement of
phantom material by the ionization chaﬁber-cqvity. Thus the charge or
current is obtained that would have been measured by a hypotheticai
chamber of zerc volume centered at the same location. For high-energy
neutrons, (kd)n can be 1% or 2% less than unity., However, for thg'loq;
energy neutrons produced by the reactor, experiment has shown that

(K,) = 1.00 is a good approximation (reference 15).
d’n

5.9 Relative Neutron Respcnsé; kU

o In prwnc1ple, the relative neutron response, Kk U' for the Mg-Ar

chamber can be calculated usvng an equat1on simiiar to equatxon 11.
However, caicu1at10ns of ku hav° 1arge uncertainties due to the uncer-
tainties of the parameters needed for compu;ation. Thus, va!ues of k,

y
are usually obtained by a variety of experimental methods. Reference 16

gives values of k, for a Mg-Ar chamber, and reference 17 gives k, values

U .
for 4 GM dosimeter, Since ku is. a function,of neutron energy, these

data must be appropriately weighted to derive values of k. applicable to

U

neutron fields with known spectra. Table 2 gives k., values for a Mg-Ar

U
chamber and a GM dosimeter for three reactor configurations.
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6.0. Correction Factors

The correction factors discussed in the following subsections are
quantities whose values are usually determined by making measurements in

specific arrangements of radiation source and instrumencation system.

6.1. T.mper:ture and Pressure Correction Factor, kt b

Al cplmber readings have to be cbnvéfted to a reference tem-
peratufe and pressure, which are usually chosen to:bé those used by thev
standardizing laboratory at which the exposure chamber is calibrated.
In the U.S. the reference values used by NBS and the ADCL'S are 295.16 K
(22°C) and one standard atmosphere (760 mm of ngbr 101.3 kPa). When
the chamoer cavity temperature and pressure for a meésurement are'Tm(°C)

and Pm {mm of Hg), respectively, the correction factor is given by

273.16 + T 5o

tip~ T 25.06 * P (23)

k

. To keep uncertainties less than 0.1%, thelthermometer should
be capable of being read with an overall urcertainty of b.3°C or less,
and the barometer should be capable of being read with an overall uncer-

tainty of 0.8 mm Hg or less. ,It'is important to &ssurejtnat the cham- -

“ber, gas'supbly; and 9hahtdmrtempératures ire in equilibriun with the

ambient temper2ture, and that the gas-flow rate is not so large as to
cause the cavity pressure to be significantly greater than the atmos-

pheric precsure (see-Section 6.10).
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6.2. Chamber Wall Attenuation and Scatter Correction Factor, kw

When a TE-TE chamber is used to make absorbed dose measure-
ments in a phantom,lthe chamber wall attenuation and scatter correction
vfactor is gw = 1.00. This factor also applies for measurements in a
phantom with the Mg-ir chamber, but in this case the magnesium wal)
should be thick enough to stop the most energetic recoil protons gener-
ated in the hydrogenous phantom material. This factor, hdwever, must be
evaluated when chamber measurements are used to derive tissue kerma in
free air since such a determination implies. that the radiation is
neither attenuated.by the chamber wall nor augmented by s;atter from the
chamber wall., First, it is important to éstabiish that the chamber
wall, plus a buildup cap if needed, is of adequatejthickness to assure
that transient §econdary-partic1e equilibrium is attained in the chamber
- for  the kerma measurement. Measurements must then be made by adding
caps to the chamber to assess the effect of further increases in wall
thickness. | _ |

In general, attenuation is dominant over scatter, and. increas-
ing wall thickness decreases chamber response. .A graph of response
versus wall thicknessés beyond that required to produce se;bndary
.partic!e'equilibrium is extripo!a;ed to zero wall thitkness. and k'}is
computed as the ra;io'of the response obtained with the wall thickness
Jsua11} used to the re;ponse obtainea'by the extrapolation to zero wall
thickness., Strictly, the extrapolation §hou1d ‘be made to the mean
Center. of charged-particle preduction; however, for' the !oh—energy
neutrons at the reactor, this ceanter is ;ery close to the: inner wall of
the.¢hamber 50 that extrapoiation to zero wall thickn§ss is anlacceptﬁ
able procedure. The fac;or kw is usqdl\j on the order of a few percent
leﬁ§'than unity, depending on the actual wall thickness used for the

measurement of tissue ker@a_in free air and on the radiation quality.
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6.3. Saturation Correction Factor, ks

The electric charge measured with an iopization chamber is
1e$s than the charge liberated in the champer cavity by the dirgctly
jonizing particles due to initial (intratrgck) and general (intertrack)
ion recombination. Tests to determine the ionization saturation correc-
tion factor, ks’ should be made using an absorbed dose rate and radia-
tion field the same as or sihilar to ;hét for which dosimetry 1is
required. The tests consist of making response”measurements with sev-
era}>vafues of collecting potential. One voltage polarity may be used
for all the meas&rements, but use of both ﬁolarities for -each voltage
will increase the precision and reliability of the data. Using recip-

rocal response and voltage quantities, these data are extrapolated to

'infinite_voltage (reference 18). For neutrons, initial ion recombina-

tion usually dominates, and a p}ot of R-! against V-1 will enable kg to
be evaluated as the ratio of R at V’1'= 0 to R at the'potentia1 used to
make the kerma or absorbed dose measﬁrement;. Typically, 1 < ks < 1.01,

At hjgh absorbed dose rates, general recomﬁinatiqn may dominate
and then a plot of R-l against V-2, is appropriate for performing the
extrapo!atidn.'lFor some intgrﬁediate cases it may be necessary to fit
the data to a function of both V=1 and V-2 to make alre11 b!elextrapola-
tion. " |

Although this quimetry'guide is not inteﬁded cover dosimee

try for readtor'pulses. it is appropriate to remark that the main problem

in performing Such measurements with ionization chambers | is the diffi-

.cdlty‘of dccurate}y accounting for the large amount of genéral ion recom-

bination that occurs in this mode of reactor -operation,| Calorimetric




dosi‘me;‘ry is recommended for this situation, and could be used to assess
the saturation correction factors for ionization chambers. However, this
approach must be used with caution since these factors will depend on the

pulse intensity, duration, and shape. Large factors, say greater than

5%, are acceptable, provided that the pulse characteristics do not vary

significantly.

6.4. Stem-Scatter Correction Factor, kct

For measuremer;ts in a phantom, the stem-scatter.correction is
kgy = 1.00. When measurements are made to determine tissue kerma in free
air, the effect of stem scatter is -to augmen‘t slightly the chamber
reshonse. The stem-scatter correction factor can be assessed by ;ﬁacirjg

a dummy stem on the chamber erd opposite to the: functional stem, ar;d

measuring the charge produced relative to the charge produced without the

dummy stem., The value of ks is then the ratio of the response with the

¢
dummy stem to that without the'dumpy stem, j’ypica” yl« kst < 1.01, and
it i"s often difficult to attain the precision required for its determ"n-
at‘icn. Since kst is close to unity and has gbout_‘the same value for
the calibration and mixed radiation fields, an acceptable procedure is
to neglect stem scatter for both measurements, i.e., assume k_, = 1.00.

'6.5. Radial Nonuniforuiry Correction Factor, kfm-

If the radiation field in the blane perpendicu!ér to the axis

~of the beam i3 not uniform, it may be necessary to app!y a correction

factor k_ for this radial nonuniformity, [n most calibration and

measurrment situations, km = 1,00,

LN
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6.6. Axial Nonuniformity Correction Factor, kan

Most measurements are made with the ionization chamber at a
large enough distance from the radiation source so that there is no
appreciable variation in kérma averaged over the axial extent of the
’chambér- relative to the kerma at the centef of the chamber. If the
distance from the §ource'to the chamber center is ten or more ‘times the
chamber radius, the use of kan = 1,00 will be in error by less than 0.3%

(reference 19).

6.7. Electrometer Correction Factor, ke

_ The electrometer correction factor, ke, relates the reading-of
the eleétrometer to the-actué] charge generated. If the same eiectrome-
‘ter is used for the calibration and for the measurements in the mixed
field, then the absolute acﬁdracy‘of the electrometer is of 'no conse-

quence, and ke = 1.00. Nhen différent electrometers are used, either

- they should be adjusted to measure charge acturately or their relative

calibrations should be measured to assess ke‘

6.8.. Leakage Current Correction Factor, ky

Electrometers, cables, and ionfzation chambers should not
haye’signiricant leakage current relative to the charges'er‘currents to.
be measured. glectrometer dr{fti due to sysieu instabilities or to
aﬁbient background radiation have.the same effect as a leakage current; -
i.e., they increase or decrease, the chamber response. An efficient

method of taking such. drifts into account is to mike several drift
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measurements before and after the meacurements of the radiation field

are made, and then to add'or subtract the average drift to the measured ‘

charge produced by the radiation so asbto compute a net charge. When

this is done, k] = 1.00.

6.9. Po]arfty Correction Factor, kp .

A change in the polarity of theb cof]etting potential can
cause a change in the absolute value of the'measurgd charge. Experience
has demonstrated that measurements in Exposure Room 1 of the AFRRI
reactor produce polarity effects that can be as much as 20% to 30% at
large distances (> 3 m) from the reactor core. These differences are
probably due to extra-cameral currents, andvtheic effect can be essen;
tiaily eliminated by making severa) measucéments at both polarities and

using the average response. If this procedure is followed, kp = 1.00.

6.10. Gas Flow-Rate Corbectign Factor;jkf

It is possible to assess experimentally the variation in
chamber resbonse with gas f1ow-ra£e; biffusian of air into the'chamber
cavity is significant at low flow rates, aad pressure buildup in the
cavity is significant at high flow rates. Between these extremes there
usuaﬁ!y exists a‘broad p!ateau of daiform.reséonse not éignificant!y
deéendent on flow rate, Operation of the chamber in ihis range of flow
rates allows us to set k. = 1.00. For the 0.5 cm? Exradin fonization
chamber, this range of flow rates s from about 19 to ioa con? gia*l. A
good approach is to always use the same flow rate, say 30 cm3 hin‘i.
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6.11. Humidity Correction Factor, kh

For a chamber flushed with TE gas or argon, the humidity

; | : cortection factor is kh = 1.00. A humidity correction may be made for

an air-filled chamber open to the atmosphere when the standardizing

'_7.: }aboratory provides. a calibration factor for the exposure standard
o chamber for dry air. Reference 20 gives a curve of kil as functjon of
relative humidity which shows that kh.differs from unity by 0.3%, at ;
most. In the dnited|States, standardizing Iappratories provide calibra- %
_ tion factors for ambient air, so that k_ = 1.00.

h

6.12. Summary of Correction Factors

LR L i

The foregoing subsections have discussed 11 correction

factors; however, only k and kw are usually iarge enough to require :

t.p
careful evaluation. The other factors can be either neglected, deter-
mined apprbximate]y, or set equal to 1.00 by suitable measurement'proce-
dures. Thus, the evaluations of K, and NK, are rendered much less
formidable, It is'recommended that records be kept of these correction

factors as they are evaluated for specific chambers and radiation

L AP AP AP Il o BLFLILFLN

ficlds, so that they will be availab!e for future yse.
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As examples and for future reference, Table 3 lists correction

factors for two commerc1a]1y available models of fonization chambers*

jrradiated in S%Co beams and in AFRRI .reactor ‘fields. These factors :
were derived from measurements performed at. NBS and at AFRRI. :E
*In the interests of accurécy.and clarity in descr1binq vartous items of ' Si
. instrumentation, mention is made of commercial sources. This in no way o=

implies endorsement of such products by the U.S. Governmant. o
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7.0. Gas Flow Systems

7.1. Static Gas Filling Versus Gas-Flow Systems |

Sealed ionization chambers containing a static gas filling are
sometimes used. For example, proportional counters can often be used
over moderate-time periods. with a static gas filling. The ionization

chambers routinely used at the AFRRI reacior have too low a ratio of

. cavity volume to surface area for reliable operation as -sealed instru-

ments. -

7.2, Gas Composition and Verification

It is prudeht when procuring TE gas to request ah‘analysis to
ensure that the cyliﬁder of gas obtained ﬁas a compositiqn close to that
desired; and that the compbnents of tﬁe gas mixture have been thoroughly
mixed. Commercial gas vendors mix the gas before a sample is taken for
anqusis. Once mixed, thermal diffusion will prevent the gas codpdnents
frqm separating. |

.The acceptability of a TE gas mixture can be evaluated Dby

computing the kerma factor for the analyzed composition using the data

of reference 14. A deviation of a'few percant from éhe kerma factors

. shown- in Table 2 for methane-based TE gas i ackeptabie, and ‘the small

difference may be takea into account in the evaiuatioa of the neutren
karma factor ratio. as discussed tn Sectien 8.7,

If the cempositiaa of gas on hand and in usa hecames suspect

obtained by ccnhec:1n9 2 suitadble clean sample}conzéiner to a gas'éaui.

fold to which a vacuum pump, preésure’gauge. and the yas ;app!y cylinder
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a samale of the gas can be drawn and analyzed., A gas sample may be"
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Table 3. Correction factors for two commercially available ionization
chambers (Exradin model T2 with Tt cavity gas and Exradin N
model MG2 with argon cavity gas) irradiated in ©0Co beams and
in AFRRI ER1 reactor fields

Correction Factors . ' .
Chaml?er'.and | ' = : :_‘,
Radiation kw | ks : kst ‘
Hodel T2 | , o -
60¢o 0.992" . 1.001 1.008 . |

6" b 0.9¢4 1.002 -
Bare' .~ 0.976" 1.002 - -
' i : *%x r
12“ H Zo 0 0995 1 -002 - \:
Model MG2 | :
60Co 0.992" o 1.009 1.009 5

6" pb" © 0.988 1.006 . -
Bare' 0.986" 1,006 . -
_ _— :
At 1m from nominal center of reactor core with 6 mches af P -
smelding o S 4 . =

J At 1 m from nominal center of reactor core with no added shielding

Bat 1 m from nominal center of reactor core but with care displ aced L1:3
as to provide 12 inches of water shielding

*Factors with 400 V callecting potential _
Yractor with l-masthick cap of same material as chamber wall

'Factor with 2-mm-thick cap of same materfal as chamber wall

TeTh 7 " b S N DL
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* Factor’with S.mm-thick cap of same material as chamber wall




have been connected. All gonnéctions to the manifold stould be made via
shutoff valves, except for the gauge. The sample cdntainer, gauge, and
manifold are evacuated and then filled with the gas several times to
flush the -~ '~ out of the system. Finally, the sample container is
filled with-the gas to an appropriate pressure and then iso]ate& via its
shutoff valve. In some tases it may be possible to transport the gas
supply cylinder to thé analysis }abo*atory, which will then have the
responsibility of drawing the sample for analysis.

A quicker'check of gas composition can often be made by hsing
a neutron source, such as 252Cf, to check the'response of the chamber.
This technique can reveal significant departures from the optimum hydro-
genvcontent of TE‘gas or the‘presence of hydrdgenous cqntamination in

argon.

7.3. Flow System Hardware .

‘The.valves, flow meter, tubing, and connectors that comprise
the gas flow system should be chosén with care to achieve a reliable
system that can be readily assembled and modified as needed. A}l joints
should seal tightly to avojd'leakage and wasté of gas. Two systems of
gas'fiftings that'have been féund td be versatile and reliable far use

with ionization chambers are:

Gra-Tec, Inc., 156 Nort5 Plymouth Avenue, Rochester, New
York 14608, telephone (716) 232-1180. Brass.modular fittings
are available in a large variety'of'adaptors and interconnec-
iions using rubber O-ring seals, Manifélds, ‘ya)Ves. and
vst#rter kits are available for use with various sizes of

‘tubing.
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Alltech Associates, Incorporated, Applied Science Lébs,
ZOSI-Haukegan Road, Neerfield, [llinois 60015, ielephone4(312)
948-8600. - Tef]on.modular fittings designed for use in liquid
chromatography‘ are available for use with small-diameter

(1/16- and 1/8-ihch) teflon tubing. -

The components. available from the latter supplier are particu-
larly suitable for use at and close to the chamber. Teflon tubing is
recommended for lengthy connections rather than tubing of soft plastic

or rubber.

7.4. Establishing and Checking Gas Flow .

Sectionls.lo discusses the rationale for choosing an appropri-
ate.gas-flow rate. Since low flow rates are required, only low gauge
pressures above;.atmospheric pressuré are negded from the pressure-
re&gcing regu:ating valve at the éas cylinder. Gas flow should -be

started at a high-flow rate to flush all tuding and the chamber cavity

‘with the desired gas. After flushina for a time long enough to assure .

thatvonly clean cylinder gas flows through the chamber, the flow rate
should be reduced to the desired low rate as indicated by .2 yas-flow
meter having adequate’ resolution to permit repeaiao!e settings. Gas
flow througn the cavity can be verified by temporarily connecting one
end of a'shor; length of tuding to tNe.gas exhaust port and observing
the gas bubbles péoduced lhen"the:ew',\: . end of the ;ube‘is plaied in
water, Care should be exercised to prevent ahy water or its vapor from
being introduced into an argon gas system, since the response of a Mg-Ar

chamber cén be advefsely affected by even small amounts of hydrogenous

‘matert ‘]_ .
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