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AmsTRACT. A survey is made of the first year of operation of a new service offered by
the National Bureau of Standards (NBS). Dosemeter units, consisting of polystyrene
blocks holding stoppered quartz spectrophotometer cells filled with Fricke solution,
are being shipped periodically to groups requesting assistance with absorbed-dose
measurements in high-energy electron beams. As a check on their stability, all dose-
meters are pre-exposed to %°Co y-rays. The participants irradiate a portion of the
dosemeters with electrons, using energies between about 5 and 50 Mev, and doses
hetween 4000 and 8000 rads in water. The exposed dosemeters are returned to NBS
for evaluation. During the first year of operation, slightly more than one-half of the
doses reported by the participants were within + 59, of the NBS dose interpretation,
but some differed by as much as 30%, or more. Little correlation was found between a
participant’s method of beam calibration and agreement with NBS dose interpretation.

1. Introduction

Since July 1967 the National Bureau of Standards (NBS) has been mailing
Fricke dosemeter units quarterly to groups in the United States requesting
- assistance with absorbed-dose measurements in high-energy electron beams
(Lanzl 1967; Department of Commerce 1967). This service is thought of as a
stop-gap procedure, to be carried out while the NBS standard absorbed-dose
calorimetry programme is under development.

In this paper, the information which NBS collected on electron-therapy
equipment and procedures is surveyed briefly; material is presented on NBS’s
experience in the preparation, shipping and evaluation of large numbers of
Fricke dosemeters; and finally, representative data and observations are given
on the results obtained during the first year of the service regarding the unifor-
mity of high-energy electron-beam calibrations for radiation therapy.

2. Survey of equipment and procedures employed by participants in NBS studies
Table 1 shows a summary of the types of electron machines used by the
participants in the NBS studies, and the methods of beam broadening, moni-
toring and calibration. For coverage of the required treatment area, the
initially narrow, monoenergetic electron beams from betatrons or linear
accelerators, operating at energies between 5 and 33 Mev, usually are broadened
by means of thin scattering foils of low atomic number. One institution
employs a narrow, monoenergetic beam of electrons, and scans the treatment
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area. Thereis considerable variation in the physical facilities (type of accelera-
tor; materials used for beam window, collimator, and cone; secatterer-to
phantom-distance). To calibrate their beams, several groups use absorbed-
dose calorimetry (either directly or indirectly via measurements with another
instrument, for example, an ionization chamber calibrated against an absorbed-
dose calorimeter), or Fricke dosimetry. Others use ionization chambers or
LiF thermoluminescence dosemeters calibrated with %Co y-rays in terms of
absorbed dose in a phantom, and apply correction factors relating the response
of their dosemeter to $Co y-rays and to high-enorgy olectrons. Still others
employ ionization chambers calibrated with ¢Co y-rays in terms of exposure,
placing them in the phantom used for electron irradiation, and—ignoring
conceptual and other difficulties—taking their readings (in R) in the electron
beam as the absorbed dose in the medium. Many groups employ more than
one method.

3. The NBS Fricke Dosemeter
3.1. Preparation

Fricke solution, prepared according to the guidelines of the American
Society for Testing Materials (ASTM Standards 1965), is used in silica cells
which, in turn, are cradled in polystyrene blocks. The units are shown in fig. 1.
The glass-stoppered silica spectrophotometer cells were chosen because of their
resistance to radiation damage, and because the use of plastic containers would

Fig. 1. Fricke dosemeter units. The spectrophotometer cell fits snugly into the
polystyrene block; in the finished assembly, a styrofoam plug presses against
the stopper, and keeps it in place.
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result in organic contamination of the solution. Under the present arrange-
ment, handling time and sources of contamination are further reduced by
keeping the Fricke solution in the stoppered cell throughout the entire process
of testing, irradiation, and evaluation.

The polystyrene block is machined to fit into a recess in the polystyrene
phantom recommended by the Sub-committee on Radiation Dosimetry (SCRAD)
of the American Association of Physicists in Medicine (1966). The centre of
the unit is at 1 cm below the surface, which is the depth recommended by
SCRAD for use at the lowest olectron cnorgy employcd for therapy, i.c. 56 Mev.

Prior to their first use, all cells are cleaned ultrasonically in a 0-8 N sulphuric-
acid bath. Distilled and de-ionized sterile water from a commercial supplier is
employed for the preparation of the Fricke solution and all cleansing procedures.
A comparison of the performance of dosemeters prepared with this and with
triply distilled water showed no difference in the stability and reproducibility
of their densities (Pinkerton 1967). It was determined previously (Pinkerton,
private communication from Memorial Hospital, New York) that, for electrons
of 6 Mev and above, and for Fricke solution irradiated in a polystyrene phantom,
the densities obtained with polystyrene irradiation cells agree to within the
experimental reproducibility (better than 19) with the densities obtaincd with
quartz irradiation cells (1 mm wall thickness) for the same pathlength of
solution, and the same average absorbed dose.

The cells are rinsed several times with the sterile water and the Fricke solution
before the final filling is made. Because of the narrow cell necks which help
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prevent spilling during shipment, but also make cleaning more difficult, the
cells are emptied by aspiration and by shaking. Wash water and solution are
transferred to the cells from wash bottles equipped with finely drawn-out glass
spouts and pressure balloons. Glass tubing is used in all parts of the system
that come in contact with these liquids.

3.2, Test exposures

After an initial sampling of the optical transmission density (hereafter called
density) of the unexposed dosemeters, all dosemeters are exposed identically to
8Co y-rays to a density of between 0-20 and 0-25, corresponding to a dose of
between 5000 and 6000 rads in water. An example of the resulting statistical
distribution of the densities is shown in fig. 2. Typically, the distribution is
somewhat skewed toward the higher densities. Its fractional standard
deviation is slightly below 19;. In an attempt to eliminate possible unstable
dosemeter cells whose densities were considerably higher than average, the
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Fig. 3. Result of a test of the additivity of the response to ®Co y-rays and to high-
energy electrons. The absorbed dose values plotted as abscissae are those
determined by the Therapy Department of Michael Reese Hospital, Chicago,
for their 33 Mev electron irradiations. The density values plotted as ordinates
were obtained at NBS. The solid line through the points was obtained by a
least-squares fit of the data. The dashed line represents the density level due
to the initial **Co y-ray exposures. o
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distribution was truncated arbitrarily, and all further work was done with the
pre-exposed dosemeters whose densities were within the truncated distribution.f
A question may arise regarding the justification for using dosemeters pre-
exposed to 8°Co y-rays for subsequent work with high-energy electrons, par-
ticularly since the G-value of the Fricke solution may be different for the two
types of radiation. Fig. 3 shows the result of a test of the additivity of the
response to 8Co y-rays and to high-energy electrons for one group of Fricke
dosemeters. All samples were first irradiated identically with 8Co y-rays to
produce & density of about 0-24; subsequently, they were given a series of
33 Mev electron doses between 1000 and 11 000 rads in water. The G-value
computed from the slope of the density-versus-electron-dose curve agreed
within 1-3%, with the G-value used initially to compute the absorbed dose.

3.3.. Spectrophotometry

All densities were determined with a commercial spectrophotometer provided
with a hydrogen lamp, a temperature stabilizer, and a digital read-out. The
readings were carried out at 25°, at a wavelength of 304 nm. The spectro-
photometer was calibrated over the range of densities of interest with ferric-ion
golutions of known molarity, made with pure iron dissolved in 0-4 M sulphuric
acid, oxidized with hydrogen peroxide, and then heated to drive off excess
hydrogen peroxide. The molar extinction coefficient for a given ferric-ion
concentration, determined for successive calibrations of this typo, is estimated
to be known to within 0-19%,. However, with the particular spectrophoto-
meter used, its value depends on ferric-ion concentration, and thus on density.
The change over the density range of interest (a range of about 0-22 to 0-63)
is approximately 0-9% (from about 2179/mole cm to about 2160/mole cm).

4. The NBS uniformity studies
4.1. Electron irradiation by participants

The participants are asked to expose all but two of the furnished dosemeters
to between 5000 and 8000 rads in water, at electron energies between 5 and
50 Mev, employing the exposure geometry (field size, type of phantom, position
of dosemeter in phantom) recommended by SCRAD. After irradiation, the
dosemeters are returned to NBS for spectrophotometric evaluation of the
ferric-ion concentration in terms of the absorbed dose in the dosemeter solution.

4.2, Evaluation of the participants’ performance

After return of the mailed dosemeter units, all dosemeters are read again, and
the net density of the electron-exposed dosemeters is determined as the differ-
ence between their mesasured densities and the mean density of the control-
dosemeter cells. An experiment was performed on one batch of Fricke
golution in order to determine whether density growth with time under varying

+ For the sample distribution shown in fig. 2, it later turned out that, over a period
of one month, none of the eliminated dosemeters showed an excessive drift in density.
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storage conditions is a function of density level. No significant trend was
observed between shipped samples and samples remaining at NBS. During
the period of about four weeks between the first and second spectrophotometer
readings, the average density of the control dosemeters increases by about 0-003
to 0-004. Typically, there is little difference between the standard deviations
for the shipped controls and those remaining at NBS, but the distribution for
the shipped controls usually is more symmetrical.

The NBS Fricke-dosimetry service is intended as an aid to other laboratories
for achieving uniformity in the cdlibration of high-energy electron beams, A
reference to absorbed dose is, therefore, not required in the NBS evaluation of
the test results. However, it was felt that such a reference would be helpful.
It was decided to provide an interpretation of the results in terms of absorbed
dose, with the understanding that the NBS dose values will not be based on an
absolute calibration procedure, but will be obtained witli the aid of certain
assumptions about the G-value (see below).. The absorbed dose in the Fricke
dosemeters was determined as

Dypiiore = {09424 x 10° x net density)/(ep,tt+— ep,t1)G,

where the constant is the product of Avogadro’s number and the conversion
factor from ev to rads, divided by the specific gravity of the solution; ey *++ is
the molar extinction coefficient for ferric ions, determined experimentally for
the particular spectrophotometer and the particular conditions of its use (see
section 3.3); andeg, ™t is the molar extinction coefficient for ferrous ions, which
was set equal to unity. " The G-value was assumed to be independent of tem-
perature over the range encountered during irradiation of the dosemeters
under laboratory conditions; and to be equal to 15-5/100 ev over the electron-
energy range of interest.t Also, within the limits of uncertainty of the
NBS Fricke-dosimetry service, it was assumed that the dose in the Fricke-
dosemcter solution could be set equal to that in water. The absorbed dose per
unit fluence for the Fricke solution is only & few tenths of 19, higher than that
for water (Pettersson and Hettinger 1967).

In order to test our ability to interpret the participants’ irradiations, we
carried out a test involving exposure at NBS of Fricke dosemeters to two
levels of ®Co y-rays, mailing them to a number of participants who then re-
turned them for evaluation. The rms value of the difference between the dose
computed from exposure and that determined from readings on an individual
Fricke dosemeter was about 1:5%,. = The corresponding 959%, confidence interval
for individual dosemeter readings was about 39;.

4.3. Typical performance
The typical overall performance of the participants as a group in a single
mailing is reflected by fig. 4, in which the dose valuesreported by each participant

+ Pettersson.and Hettinger (1967) use a temperature coefficient of -4-0-15%, per °c.
For data on the trend of G with LET, see, f.i., ICRU Report 10 b (1964).
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are plotted on a log-log plot against the values determined at NBS. Along the
heavier 45-degree line marked ‘ correct *', the values assigned by the partici-
pants agree with the NBS doso interprotation. The other lines are the
boundaries of regions in which the deviation from the * correct ” values is
smaller than the indicated boundary value. Fig. 5 shows the results of a
statistical evaluation of the dose data shown in fig. 4. The distribution is
slightly skew, indicating that there is a tendency for the dose reported by the
participants to be somewhat higher than that determined at NBS. In 22 out
of 38 cases, the participants’ dose assignment was within +49, of the NBS
dose evaluation.

So far, NBS has carried out four tests. In some instances, the agreement
between the doses reported by the participants and the NBS dose interpretation
improved with subsequent tests, but not in all. Little or no correlation could
be found between the extent of agreement with NBS and the method used for
calibrating the electron beam. Nagl and Sanielevici (1967) had similar
experiences in their international comparisons.

4.4, Future work

In the hope that the NBS Fricke-dosimetry service is contributing to an
improvement in the uniformity of therapy dosimetry in the United States, it is
planned to continue it, if there is demand, at least up to the time that NBS will
be in a position to offer an absorbed-dose calorimetry service.

We wish to thank Dr. Jaques Ovadia and his staff of Michael Reese Hospital,
Chicago, for administering the electron irradiations required for the study of
additivity of the response of the Fricke-dosemeters to electrons and #Co y-ray
photons. We also wish to thank Mr. Arthur Pinkerton of the Sloan-Kettering
Institute, New York, and Dr. Peter Almond of M.D. Anderson Hospital,
Houston, for assisting in the planning of the service, and Mr. Erle Deardorff of
NBS for carrying out the spectrophotometer readings.

The work was supported in part by the U.S. Public Health Service, National
Center for Radiological Health.

Riesums
L'uniformité des calibrations avec des faisceaux d’électrons de haute énergie

On rend compte de la premitre année du fonotionnement d’un service nouveau existant au
National Bureau of Standards (NBS). Des dispositifs dosimétriques, composés des bloes poly-
styrdne portant des cuvettes spectrophotométriques en quartz aves bouchon, remplies de la
solution Fricke, sont envoyés périodiquoment aux groupes qui voudraiont étro aidés dans los
mesures de la dose absorbée en cas de faisceaux d’électrons de haute énergie. Pour contrdler
leur stabilité tous les dosimétres sont exposés préalablement aux rayons gamma du *°Co. Les
participants irradient une partie de dosimétres avec des électrons, en employant des énergies
entre 5 et 50 Mev environ, et des doses entre 4000 et 8000 rads en I'eau. Les dosimatres exposés
sont retournés au NBS pour étre évalués. Pendant la premiére année du fonctionnement, un psu
plus que la moitié de doses communiquées par les participants ne différait plus que de 4 5% de la
dose d'interprétation de NBS, mais pour quelques dases la différence s’élevait & 309, ou davantage.

On a trouvé peu de corrélation entre la méthode employée par le participant pour la calibration du
faiscean ot I'accord aveo la dose d'interprétation de WBS,

U P.M.B.
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ZUSAMMENFASSUNG
Gleichférmigkeit der Kalibrierung mittels energiereicher Elektronenstrahlen

Es wird eine Ubersicht ausgefihrt filr das erste Arbeitsjahr der vom National Bureau of
Standards (NBS) angebotenen Dienstleistungen. Dosimetergeriite bestehend aus Polystyrol-
bldcken mit einer versohlossenen, mit Frickeldsung gefiillten Spektrophotometer-Quartz-Kiivette,
werden periodisch an Gruppen ausgesandt, wélche um Hilfe in Messungen der absorbierten Dosis
mit energiereichen Elektronenstrahlen bitten. Als Stabilitéitskontrolle were alle Dosimeter zuerst
80Co.Gammastrahlen ausgesetzt. Die Teilnehmer bestrahlen einen Teil dieser Dosimeter mit
Elektronen, wobei Energien von ungeféhr § bis 50 Mev, und Dosen zwischen 4000 und 8000 rad
im Wasser angewandt werden. Die bestrahlten Dosimeter werden an das NBS zur Bewertung
zurickgesandt. Im Laufe. des ersten Arbeitsjahres, etwas mehr als die H&lfte der von den
Teilnehmern gemeldeten Dosen waren innerhalb der Grenzen von 5% von der NBS-Dosis-
Deutung verschieden, doch betrug der Unterschied in manchen Fillen 30%, oder mehr. Es wurde
eine unbedeutende Korrelation gefunden zwischen dem vom Teilnehmer angewandten Strahlen-
Kalibrierungsverfahren und der Ubereinstimmung mit der NBS-Dosis-Deutung.

Peaiome
EnuxooGpasue KarOPOBOK 371€KTPOHHEEIX nyyeit Gonsmolt sHeprun

Ilpencrannen OTHET NEpBOrO roja cgmemoam HOBOI ciay»6bl, mpemnaraemoit Hanmo-
HynHeM Olopo craggaproB (HBC) CIHIA., J[osUMETPHYECKHE YCTAHOBKHM, COCTOALKE M3
TONMCTHEPONOBLIX GJIOKOB C SaKYIOPSHHBIMU KBAPLEBLIME CTICKTPOGOTOMETPHUCCKMMI KIOBETAMM,
HAMOMHEHHBIMH PACTBOPOM PPHKKE, OTIPABJIAIOTCA IEPUORMYECKH K TDYIIIAM, LITHMCS
B COACHCTBHM IIPK 3amepax NOTVIOMIEHHOR 03k B C/Iyyae 3JIeKTPOHHBIX Jyuel Gosmpluof aHepruy,
Jna nposepky uX CTAGMIBLHOCTH BCe NOSUMEIPHI IOABEPTAIOTCA IPEABAPHTENBbHO OOIyueHNno
ramma-TyqaMy K3 °Co, YuaCTHMKM OBNYuAIOT WYACTE HOSHMETPOB 3JIEKTPOHAMM, IPHMEHAR
SHEPIHY OT OKOJIO § [0 50 MaB 1 HO3EI MOXKY 4000 M 8000 pax B Bote, OGayucHHBIE JO3UMETPHI
Bo3spawarorcs B HBC mna onenky, B TeueHMe nepBoro roaa paGoTs! HeMHOrHM Gosee NOIOBHHLL
R03, YKa3aHHBIX YUACTHHKAMY, HAXOZMNOCH B Npegenax =+5% or maTepnperauuy gossl HEC, HO
HEKOTOPSBIe 03B! PaSHIIIACH HA 30% uiM Goaswe., Cnabas KoppenAuna 6bina HalOeHA MEKAY
angllnﬁ éno'rpeﬁnemm YUaCTHUKOM AR KaNuOpPOBKM Jyuell, B COTMIACHEM C MHTepnperauue#
Z03bI .
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