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ABSTRACT

The response of a variety of dosimeters was evaluated in the radia-
tion field outside the shielding of the Lawrence Berkeley Laboratory
Bevalac Biomedical Facility, The primary beam was 580 MeV-A neon
ions, incident upon a 30.5-cm polyethylene cube. The fleld was character-
ized by a neutron spectrometer consisting of Bonner spheres und other
detectors and by estimates of charged particle fluences in NTA fiim and in
the Berklet spectrometer. The responses of American Acrylics CR-39
track-etch plastic detectors and AECL (Canada) type BD-100 Bubble
Detectors were compared to those of NTA fi!lm, Andersson-Braun remme-
ter and recombination-chamber results as well as to reference dose
equivalents based upon the unfolded neutron spectrum. Evaluations of
these dosimeters are discussed.
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This experiment was designed, frstly, to characterize the complex radiation field
outside the shielding of the Lawrence Berkeley Laboratory (LBL) Bevalac Blomedical
Facility, and secondly, to evaluate a variety of detectors in such a field. In particular,
the responses of American Acrylics CR-30 track-etch plastic and AECL (Canada) type
BD-100 Bubble Detectors were compared to those of NTA flm, rem-meter and
recombination-chamber results as well as to reference dose equivalents based upon the
unfolded neutron spectrum.

EXPERIMENTAL METHOD

The Biomedical Control Room at the LBL Bevalac heavy-ion accelerator was the
site selected for this experiment (Fig. 1). Neon ions at 580 MeV-A were stopped in a
30.5-cm polyethylene cube at the patient isocenter. Detectors were placed on the oppo-
site side of an 0.91-m thick concrete wall at about 90° to the beam direction. This loca-
tion afforded an opportunity to study dosimeters in a mixed-hadron field extending to
high energies. All data were normalized to primary beam current via a secondary emis-
sion monitor (SEM), for which an absolute calibration was made.

The neutron field was characterized by unfolding the spectrum from measure-
ments taken with an array of seven Bonner spheres (diameters 0 to 0.305m) and
TAl(n,a)*Na and '*C{n,2n; p,pn)''C activation detectors having thresholds of 6.5 and 20
MeV, respectively. In addition to spectral information, the unfolding code LOUHI7S |1,
provided estimates of the average neutron quality factor (Q), absorbed dose (D) and dose
equivalent (H). Independent assessments of Q and H were provided by a recombination
chamber [2], an integrating Andersson-Braun rem meter, and a polyethylene-moderated
BF, proportional counter calibrated with a standard *PuBe source.

Irradiations of neutron dosimeters were conducted under identical beam condi-
tions. CR-39, BD-100 and NTA film dosimeters were irradiated on an anthropomorphic
torso phantom (location A) where the neutron dose equivalent rate was about 200 uSv
ht for a primary beam current of 2.5X10* Ne s'. CR-30 and BD-100 dosimeters wera
also irradiated on an ANSI [3] neutron phantom 1 meter away at location B. This was
an area of lower dose rate and somewhat softer spectrum.

The track etch dosimeters were processed by the electrochemical etching method
of Hankins et al. [4] and scanned over a detector area of 0.54 cm*®. Dose equivalents are
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based upon a calibration to 14 MeV neutrons of 2.3110°% tracks cm™ Sv-'. The bubble
detectors were processed according to the manufacturer’s instructions. Sensitivities of
the glass and plastic bubble detectors are 30 and 180 bubbles per uSv, respectively, for a
PuBe spectrum. The NTA films were developed per the recommendations of Kodak the
day following exposure, and evaluated using a 400-power dark-field scan for tracks over a
9.35X10™* cm? emulsion area (net track-density to dose conversion of 8.56X 10° tracks

em=® Sv!).

Previous work suggested that charged particles exist near the phantom locations.
This was confirmed by measurements made with the Berklet spectrometer [5] at loca-
tions shown in Fig. 1. Spectra are shown in Fig. 2 for proton energies above 18 MeV.

COMPARISON OF DOSIMETERS

Spectral data from the neutron spectrometer are shown in Figs. 3 and 4. The
reference dose equivalents, H,,, , against which the doslineter responses were compared
were derived from the unfolding code, LOUHI78. Average quality factor estimates over
all components of the radiation field from recombination-chamber measurements were
4.2 and 4.1 (£ 1.1) at dosimeter locations A and B, as compared with the estimates of
neutron quality factor from the neutron spectrometer of 4.9 and 5.1, respectively.

Table 1 shows a comparison of four dosimeter responses with the neutron dose
equivalents derived from the neutron spectrometer, H,,. Three of the measurements
(excepting the NTA filin) are reasonably consistent among themselves but give lower
responses than H,, . In particular, the CR-39 and BD-100 dosimeters apparently under-
respond by 30 to 40% and 30 to 60%, respectively. In contrast the NTA dosimeters,
which respond to both protons and neutrons, greatly overestimate the dose equivalent,
primarily because they register incident charged particles, with =~100% efficiency.

Table 1. Comparison of dosimeter response to neutron spectrometer H,,; .
{Dose equivalent in mSv per 110" Ne)

Loca- Hy; , Neutron A-B* CR-39*%* BD-100** NTA
tion Spectrometer Rem-meter Film
A 2.15 1.10 1.374£0.15  1.13+0.12(g) 22.7
0.95+0.11(p)
B 1.22 0.74 0.85+0.17  0.762:0.11(g) —
0.85:0.31(p)

*  Negligible statistical error. ** Uncertainties are standard errors from scanning multiple fields. (g)
Glass BD-100 Bubble \‘etector {no longer available). (p) Plastic BD-100 Bubble Detector.

Evaluation of the NTA film revealed large numbers of charged particles that
traversed the 30-pm layer of sensitive emulsion. The minimum proton energy required
to traverse this thickness perpendicularly is about 1.7 MeV. The charged particle fluence
above this energy, derived from counting tracks that penetrate the sensitive layer com-
pletely, is 3.5X10"* cm™® per primary Ne ion as compared to the total neutron fluence of
8.8¢107 cm™® Ne™ (all energies). The Berklet detector (sensitive to protons > 16 MeV)
measured charged particle spectra at three locations marked on Fig. 1. Figure 2 shows a
decline of the number of such particles and an apparent flattening of the spectra with



increasing angle from the beam direction.

DISCUSSION

The experimental arrangement provides an opportunity to study dosimeter
response in & field containing significant fluences of both high energy neutrons and pro-
tons. The spectrum for location A (Figs. 3, 4) is qualitatively typical of both dosimetry
locations. The two peaks at about 0.1 and 10 MeV persisted throughout our attempts to
refine the spectra. They are attributed to evaporation neutrons and to the transmission
of higher energy neutrons through the thin shield. The minimum proton energy needed
to traverse the concrete shield is about 650 MeV, but values as high as 2.9 GeV are
kinematically possible at 00 for Ne-C interactions. The charged-particle field observed
can therefore be tentatively ascribed in part to protons from the target that are tran-
sported directly through the shield.

The under-response of the plastic BD-100 dosimeters suggests a reduced sensi-
tivity for the higher energy components in the neutron fields. These dosimeters should
not respond to protons above ~0.5 MeV because of decreasing LET [6), and therefore
their response is mainly due to neutrons. An important result of this experiment was the
rough correspondence between the CR-30 and the reference dose equivalents from the
neutron spectrometer. However, the correspondence could result from the fortuitous
response to incident charged particles. CR-39 has a limited energy range of response to
protons, but probably greater than that of the BD-100 detectors [7]. The response of
these two dosimeters is not well known but will be evaluated in future studies.

We attribute the excess response of the NTA film above the reference neutron
dose to tracks from incident charged particles. This overestimate was noted for films
attached to both the proximal and distal sides of the phantom, and suggests that these
particles were sufficiently energetic to be transmitted by the phantom, or were produced
by neutron interactions within it.

It is well known that radiation fields around high energy machines are complex.
The authors wish to note the paramount importance of understanding these fields before
dosimeter responses can be properly interpreted.

This work was supported by the U, S. Department of Energy under Contract No.
DE-ACO03-76SF00098 with the University of California.
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FIGURE CAPTIONS

Fig. 1. Plan view of experimental setup
at the LBL Bevalac Biomedical Facility.

Fig. 2. Charged particle spectra observed
by the Berklet detector at three angles to
the beam direction shown in Fig. 1.

Fig. 3. Spectrum obtained with neutron
spectrometer measurements unfolded by
the program LOUHI7S for location A.

Fig. 4. Spectrum of previous figure dep-
icted as cumulative percentages of
fluence and dose equivalent.
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