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Abstract
•

Silicosis is a chronic fibrosing of the lungs that may develop from ex-
posure to free crystalline silica incurred in a variety of industries includ-
ing mining, quarrying and stone cutting.

Experiments have been perforated to assess the feasibility of measuring
silicon in vivo by means of the prompt neutron inelastic scattering reaction
* Si(n,n"rY)z*Si. The optimum neutron energy in terms of counts per dose
delivered to a liquid tissue-equivalent phantom was found to be in the range
5 to 8 MeV.

By pulsing the neutron beam and counting only in the on period it was
possible to substantially reduce the background both from thermal neutron
interactions in the phantom and also from the fast interfering reaction
31p(n,ot)28 £2.. In final measurements with a realistic chest phanton no inter-
ferences from other prompt inelastic scattering reactions were observed.
With one Ge(Li) detector of 192 relative efficiency, a detection linit of
0.6g silicon per rem was obtained. A system comprising six 25? efficient de-
tectors would be capable of measuring normal lung silicon contents of about

O.lg.

Berylliosis, a granulomatous lung disease, has been observed in persons
with lung contents ranging from micrograins to tens of •illigrar.s (a "noraal"
value is 1-2 yg) . For gamma photons between 1.665 MeV and 2.225 Me*." (the
beryllium and deuterium photonuclear thresholds respectively), the production
of neutrons is a unique property of beryllium which might be exploited for
analysis in vivo.

Experiments with a Pb-filtered *•- Sb source and an enriched BF-j
counter provided data from which it was projected that a 72-detector array
might yield a detection limit of 3.4 mg Be for a lung dose of 2.5 rads.
Possible methods for improving this result are discussed.
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Silicon, in the fora of free crystalline silica, and beryllium, appearing
as beryllium oxide dust, are potentially hazardous lung contaminants. Silico-
sis is a chronic fibrosing of the lungs that may occur from exposure incurred
in a variety of industries including mining, quarrying and stone cutting1-.
Berylliosis is a granulomatous disease that may develop after even a very
brief exposure to the metal or one of its alloys2.

The lungs of individuals with silicosis may contain up to lOg of silicon
m* free silica1 (compared with a normal level of about O.lg). With such large
amounts of the material, a non-invasive technique for silicon analysis is
feasible both for screening exposed workers and also as a research tool for
the investigation of the dose-response relationship of the element.

For the analysis of silicon in non-biological samples the fast (n,p) re-
action on 28si to produce 28A1 is co—irmly used. However, in biological
specimens, the (n,a) reaction on phosphorus, which also produces ^ A l , presents
a serious interference to the method. Therefore, for this application it is
worthwhile to consider the inelastic neutron scattering reaction 28si (n.n'y)
28Si, which has a higher cross-section and is relatively free from phosphorus
interference for neutrons in the energy range 2 to 5 MeV. The first excited
level of silicon is at an energy of 1778.9 keV, but this level is populated
also by the 3- decay of 2 8 ^ produced hv (n,y) reaction on 2'A1, by (n,a) re-
action on 31P, and by (n,p) reaction on 28gi.

The aim of the present investigation is to determine the optiaum para-
meters for maximizing the yield of 2851 (n.n'y) 28Si in vivo, while at the
sane time minimizing all interferences to this reaction. Finally, the feasi-
bility of performing in vivo measureaents in human subjects is considered.

The problems associated with ̂ n vivo measurement of beryllium are more
complex than those encountered with silicon, a,* the quantities are smaller and
the response is apparently more variable. Berylliosis has been observed in
persons with lung contents ranging from micrograms to tens of milligrams . A
normal value is approximately 1-2 vg. There is strong evidence that the
human response contains a distinct inmunological component and that individual
hypersensitivity is an important factor. However, a recent study suggests
that a dose-response relationship exists in at least some workers: for these
individuals, in vivo measurements would be useful.

The only nuclear reaction which might be suitable for the measurement of
beryllium is the photonuclear (Y»n) reaction on 'Be, which has a threshold at
1.665 MeV. For photons above this energy level but below 2.225 MeV(the deu-
terium (v,n) threshold)the production of neutrons is a unique property of
beryllium that sight be exploited for analysis _in vivo.

Since the analyses of silicon ind beryllium are dependent upon tvo quite
different nuclear reactions, it is necessary to consider separately the exper-
iments relating to each element. The major effort has been applied to silicon,
so this will be considered first.

1. SILICON ANALYSIS

Initial experiments with a 25 ug (5.7x107 n/s) 252Cf source in the
Brookhaven Mobile Activation Facility5 confirmed the possibility of utilizing
inelastic neutron scattering for I the measurement of silicon. Using two 243
Ge(Li) detectors (each of ,2.2 keV resolution) and a siaple phantom, a detec-
tion limit (2 s.d. of the background) of 7.9g silicon vas obtained for an ad-
ministered dose of 1 rem (a quality factor of 10 was assumed).



It was apparent, however, that 252Cf is not an ideal neutron source: a
large proportion of the apactrua is of too low an energy to excite the first
level of silicon and therefore contributes an unnecessary dose. Similarly, the
mean neutron energy of 2.2 MeV is too low to take full advantage of the reaction
cross-section.

a) RARAF Experiments

The Radiological Research Accelerator Facility (RARAF) at Brookhaven is
based upon a 4 MV Van da Graaff which once served as injector for the Cosaotron.
It now operates very reliably in dc mode, to provide beams of monoeaergetic
neutrons in the range 220 keV to 15 MeV by utilizing a variety of nuclear
reactions.

A shield and colliaator were assembled at the end of one of the beam
lines. The shield consisted of an assembly of paraffin wax, polyethylene
bricks and boron-doped polyethylene in a cube of dimension 1 m. The 60 ca
long colliaator provided an aperture of 0.5 x 5 cm at the target and diverged
in the horizontal plane to a size of 10 x 5 ca at the exit. The first 20 ca of
the colliaator was defined by a 10 ca thickness of iron to reduce the neutron
energy by inelastic Sv.~L*-.ering; and the remaining 40 ca consisted of borated
polyethylene.

Total dose aeasureaents at the phantom irradiation position were aade
with a parallel plate ionization chamber made of Shonka A-150 tissue equivalent
(TE) plastic and through which flowed a methane-based TE gas. An identical
chamber inserted in the colliaator at a distance of 21 en fron the target
served as a transmission monitor during the experimental runs. Gamma-ray
dosimetry was performed with a compensated Geiger-Muller type dosimeter.

A compilation of the potential interferences which might arise during
silicon measurements is shown in table I. The column on the right lists the
induced activities including 28Mg 28A1 and 28P, which decay via the 1778.9
keV level in 28Si. In the middle column are listed the prompt neutron capture
gammas, the majority of which are single or double-escape peaks from full
energy lines. Probably the most important column is the one on the left which
indicates the most prominent nuclear level transitions that may be induced by
neutron inelastic scattering. These include a 1781.3 keV line from ?Qce which
is not a significant body element but is present in the detection system. The
1783 and 1783.1 keV lines from HOcd and *8Ca respectively may be resolvable
from 28Si with good resolution detectors. The 1770.2 and 1771.4 keV contribu-
tions from 207Pb and 5°Fe are also resolvable from 28Si, but the use of these
materials for detector shielding is not recommended as their gamna-ray yield is
high and hence unnecessarily coaplicates the accurate determination of low
levels of silicon. Consequently, the front face of the neutron shield and col-
limator was protected by a 2.5 cm thick layer of bismuth. The sane material
was used to shield the 19% Ge(Li) detector which waa situated close to the exit
aperture but out of the direct view of the neutron beaa.

Experiments were carried out at five neutron energies: nominally
2.15, 3.17, 4.9, 6.8 and 14.8 MeV. Further measurements were made with a 39 Ci
238Pu,Be (1.1 x 108 n/s) source placed in the position of the target. This
neutron spectrum extends from 0 to 11 MeV, with a aean neutron energy of 4.5
MeV.

For these experiments simple phantoms consisting of polyethylene bottles
containing water, waterglass (sodium silicate), sodiua phosphate or calciua
carbonate were used. At each noutron energy, a water background was obtained,
followed by spectra of the silicon, phosphorus and calcium-containing phnntons.
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figure 1: Typical spectrum
obtained at a neutron
energy of 3.17 MeV.
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Fig. 1 shows a typical spectra* in the region of interest. It was obtained
with a waterglass phantoat at a neutron energy of 3.17 MeV. The 1778.9 k*v
peak is prominent, as are the 1712 keV single escape from hydrogen capture at
2223 keV, and the 1608.5 keV level in 20H±.

A summary of the RASAF experiments is presented In figure 2. The maximum
yield (counts/ram) of the 28Si(n,nfY)z Si reaction in hydrogenous medium
occurs between 5 and 8 MeV, falling thereafter to just under70Z of the maximum
at the D-T energy. By comparison, the (n,a) reaction on phosphorus rises
slowly until about 7 Me?, and reaches a significant level at l4MeV. It is
calculated that with the use of two 24% detectors, the 2a limit of detection
at the optimum neutron energy would be 1.2g silicon per rem, a substantial
improvement over the initial 252Cf experiment.

b) Tandem Van de Graaff Experiments

Once the optimum neutron energy was determined, any further improveaent
in detection limit could come only from a reduction in background. It was
already known that when a pulse of fast neutrons is directed at tissue or some
other hydrogenous material, the maximum flux of thermal neutrons occurs at
about 20-30 us after the beam burst and then gradually diminishes over the
next 300 to 500 us6. By pulsing the neutron beam and counting only in the
beam off period, one can reduce the background contribution from truly
"prompt" events and count only the slow neutron reactions of interest. This
technique is the basis for the successful measurement of body nitrogen and
cadmium, for example?.

Conversely, by pulsing the neutron bean and counting only in the beaa-on
period, one can significantly reduce interferences from slow neutron reactions
(predominantly neutron capture in hydrogen) and count only "pronpt" neutron
inelastic scattering reactions,. A further advantage of the pulsed node of
operation is that induced activities are suppressed approximately in the ratio
of the pulsing duty cycle. Consequently, the potential interference fro= 28^1
via phosphorus is ouch reduced, even at 14 MeV neutron energies.

As a result of these considerations, a radio frequency pulser was built
for use with the Brookhaven Tandem Van de Graaff accelerator. The shield and
collimator was constructed as before. Experiments were carried out with the
original phantoms, and also with a more realistic chest phantom. The latter
contained a bone-equivalent rib cage, sternum and vertebrae, and two polysty-
rene lungs each containing 15g silicon. The remaining space was filled vith
a chemically tissue-equivalent liquid.

Measurements were made with 7 MeV neutrons produced by bombarding a beryl-
lium target with 4 MeV deuterons. The pulsing frequency was 3.7 kHz, vith the
beam on for 10 us and off for the following 260 us. The detection systea was
gated on for 12 us after the start of the neutron pulse. While these experi-
ments were restricted by limitations of time and accelerator beaa current, M.«;
results were, nevertheless, very encouraging. Figure 3 shows A r--~-*-ray spec-
trum from the realistic phantom, obtained with only one 19" detector (of dimin-
ished resolution) and a total dose of 100 mrem. Only a part of the lung was
exposed to the collimated beam, so the effective silicon target was less than
4g.

a
c) Discussion jj

i]

From these data, i t was concluded that the 2o detection limit obtained
with one 19X detector was 1.9g Si per 100 air cm, or 0.6g Si per rem. With six
25% efficient detectors of typical resolution 3 keV, the detection limit would
be improved to 0.15g Si per reel, a value within the normal range of silicon In
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th« lung. Figure 4 illustrates the variation of the detection Halt as a
function of dose delivered, as well aa the improvement that could be obtained
with a sore efficient detection system. A 6-detector configuration would pro-
vide useful data for doses as low as 40-50 area, for screening exposed workers.

Finally, it should be stated that these experiment* are of a preliminary
nature; further work is needed to optimize the pulsing parameters. Neverthe-
less, as Figure 3 shows, the first escape peak from hydrcgen capture has been
greatly reduced, if not removed completely, as the only lines which do appear
are the inelastic scattering levels in bismuth and silicon.

2. BERYLLIUM MEASUREMENT

Beryllium is the lightest of all solid and chemically stable substances.
Its present industrial uses are numerous, including incorporation in fatigue-
resistant alloys, heat-resistant ceramics, electronic and nuclear reactor parts,
rocketry and classified weaponry. Although the first report of occupational
disease in a beryllium worker appeared in 19338, it was r.at until the early
1940's when light bulb manufacturers began using zinc beryllium silicate as an
ingredient of the phosphors in fluorescent tubes, that pulmonary berylliosi*
was rediscovered and established as an Industrial disease.

The diagnosis of berylliosls has posed many problems, particularly as it is
difficult to distinguish from other granulomatous disease-. The importance of
measuring the metal In tissue has been stressed^, and sir.ee measurement is pre-
sently dependent upon analysis of biopsy specimens, it is apparent that the de-
velopment of a non-Invasive technique for beryllium would be of considerable
value in the diagnosis of beryllium disease.

a) Theoretical Sensitivity

The (y,n) cross-section for beryllium is shown in Figure 5. It rises to a
peak of 1.6 mb (+15%) at 1.67 MeV photon energy and then falls to a very low
value at about 2.0 MeV, before rising again to several =£::lma of about
5 mb9*10*11.
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In order to avoid any possible interference from photoneutron production in
deuterium, the ideal photon source should have an energy between 1.665 and
2.225 MeV. Within this range, the beryllium cross-section dictates that a
nonoenergetic source of 1.67 MeV would be the optima in terms of photo-
neutron yield per dose delivered.

It can be calculated that for such an ideal photon source, the neutron
yield will be 150 (+30) neutrons/agBe/rad.

Therefore, with good n-y discrimination and a low neutron background it
might be possible with a large detection system to measure one milligram for a
lung dose of several rads. :

b) Photon Sources

In practice it is very difficult to obtain the required monoenergetlc
photon source. Many isotopes have been considered, but most have been rejected
on the grounds of (i) short half-life, (ii) the presence of too many lover
energy emissions which contribute to the dose delivered but not to the measure-
ment of Be, end (lii) the presence of significant missions above the deuterium
threshold. Table II lists those isotopes which have been considered in more
detail: column 4 lists only those gamma-rays which are above the beryllium
threshold. The final column on the right indicates the relative photoneutron
yield per unit dose delivered; the factor Avogadro's number divided by the
atomic mass of beryllium converts these values to absolute neutron production
per gram of beryllium per rad of given dose. The isotopes have been listed
according to this figure of merit.

Aluminum-28 approaches the ideal source most closely, but would require
the use of a nuclear reactor-based cyclic activation-irradiation system.

Antimony-124 has a more useful half-life, but it also has a significant
number of lower energy lines (see table III) . However, by filtering the *2"*Sb
spectrum with 4 cm Pb, it is possible to improve the la* value to approxi-
mately 1.3, which is more than 60% of the ideal response.

Table III also indicates that the *2 Sb spectrum contains nine relatively
weak emissions above an energy of 2.225 MeV. The potential interference from
these lines due to photoneutron production in deuterium was therefore con-
sidered. Assuming a normal chest content of 15 mg deuterium and a lung content
of 0.1 mg beryllium, the neutron contribution from deuterium is only 11% of the
total (see table IV). Since this level of interference will diminish *» the
beryllium content is increased, it is not expected to present a serious problem
to the measurement of beryllium.

c) Experiments with 124Sb
*

A simplified diagram of the experimental arrangement is shown in figure 6.
A 40 nCi l-4Sb source was housed in a cylindrical lead cask of wall thickness
13 en. The useful beam emerged through a 6.5 cm diameter aperture and was
filtered ("hardened") by 4 cm lead before striking the pliantom. In cross-
sretion, the chest phantom consisted of a 12 cm thick polystyrene foam lung
sandwiched between two 4 cm thick layers of paraffin wax. The beryllium target
was a bottle containing 100 g beryllium oxide, equivalent to 36 g beryllium.



Table I I : Possible photon sources for beryllium analysis.
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figure 6: Expericent arrangement
consisting of 1Z4Sb source,
phantoe containing beryllium,
and 10SF- counter.

The detection system consisted of a 5 cm diameter x 31 cm long counter
(model 2033 by LND Inc., Oceanaidc, N.Y.) filled with 96% - enriched 10BF3 to
a pressure of 70 cm Hg. Counter efficiency was 49 counts per unit flux. At
an operating voltage of 2250 volts the output was fed via an ORTEC 142 pre-
amplifier and S72 amplifier to a SD 2400 multichannel analyser. Dosiaetry was
performed by the use of LiF TLD rods placed in the position of the phantom.

Measurements were made with the counter placed in a variety of positions
and orientations around the phantom to determine the optimum geometry. From
the results obtained, it was projected that with an array of 72 counters
placed perpendicular to the body a yield of 11 counts per milligram of beryl-
lium might be achieved for a lung dose of 5 rads. If this dose was delivered
in a period of 10 minutes, the background count-rate (assuming this to be
independent of gamma dose-rate) would be approximately 350 counts, and the
2a detection limit would be 3.4 mg Be.

d) Discussion

The detection limit might be improved by reducing the background and in-
creasing th» l*cect.ion efficiency. For example, the use of a cosmic ray
shower l<*cector to disable the counting equipment for about 10 msec on regis-
fr-Lcion of a shower could reduce the cosmic ray neutron component by on order
of magnitude. In these experiments the background was found to be largely
independent of gas*"- dose-rate within the range available, namely less than
1 rad/h. Ho**i./er, at the projected dose-rates of 15-30 rads/h, i t may be
necess^r., to employ pulse rise time discrimination to reject pi le up counts
originating from the excitation source.

Since the neutrons emerging from the bodv have a range of energies from
thermal to 24 keV, the use of high pressure 1"BF3 detectors or 3He proportion-
al counters wi l l improve the detection efficiency of neutrons which are not
completely thermalised by about

An alternative approach i s
from Che chest but are captured

a factor of

to consider those neutrons which do not emerge
Instead by body hydrogen. By using a pulsed

source, which might for example be a filtered brcasstrahlung spectrum



from an electron r.ccelerator, and counting in th^ beam-off period the neutron-
induced (and hence berylliun-produced) capture gamma-rays with a large volute
sodium iodide detection system, it may be possible to achieve a slightly
better sensitivity of detection than by neutron counting.

3. CONCLUSIONS

These experiments have demonstrated the feasibility of measuring silicon
in vivo by the method of prompt neutron inelastic scattered gamma ray an-
alysis. A practical system based on the use of 5 to 8 MeV neutrons from a
pulsed Van de Graaff accelerator would be capable of detecting normal lung
contents of about 0.1 g silicon for a dose of 1 rem. For screening workers
suspected of suffering from silicosis, useful data might be obtained for
doses of less than 0.1 rem. The technique can be applied with some sacrifice
of sensitivity with 14 MeV neutrons from a D-T generator.

The measurement of beryllium _in vivo is demonstrated by the method of
photoneutron detection. The sensitivity of the technique is not as high as
one would like, but still it should be possible to detect with a large array
of counters 3.4 mg beryllium for a dose of 2.5 rads. With such technical
innovations as have been discussed, it may yet be possible to achieve a
detection limit of 1 mg beryllium per 2.5 rad dose, but the experimental data
so far is unavailable. *

Both techniques would be useful in screening exposed workers and as a
research tool to evaluate dose-response relationships for these elements.
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