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INDCCED RADIOACTIVITY AND RELATED MEASUREMENTS IN
A 3 GeV HIGH CURRENT PROTON SYNCHROTRON

M. Awschalom, F. L. Larsen, W. Schimmerling
Princeton-Pennsylvania Accelerator
Princeton University, Princeton, New Jersey

Some of the experience gained while working
with and arocund the radicactivated components of a
high current 3 GeV proton synchrotron is briefly
presented and discussed. The topics presented
are: 1) air radioactivation in the synchrotron
room, 2) correlation between measured reutron
fluxes through the synchrotron magnets and rem-
anent radiocactivity, 3) transferrable radio-
activity, 4) radiation exposure to personnel,
5) radioactivation of machine components and
shielding.

Air Radioactivation

We have previously reported on the existence
of radioactive gases near our target sectionl.
It was then establishked that the main components
were 01 B 015, Nl3, cl1, However, further infor-
mation has been obtained.

For the calculations that follow we have
assumed that the atmospheric composition is 0.78
Np, 0.21 O0p and almost .01l Ar, by volume. Thus,
the Ar atomic-concentration is a factor of 50
lower than either oxygen or nitrogen. We irradia-
ted an Argon-sample one meter downstream from the
meson target at 15°. Gamma ray analysis of the
sample chow a thﬂ ex1st nce ¢f the folloﬁlng igo-
to% T, 4128, a129, 837,

9 and Ar l The total nonelastic cross-

sec thH of argon is presumably 1.8 higher for Ar
than for 0. We will therefore, in the followirg,
ignore the radicactive products from Ar. Further
analysis of the Ar-spallation products is in
progress. Thus, we studied the spallation pro-
ducts from oxygen and nitrogen, whose most import-
ant prcductes in our case are iu Ol5 Nl3 Cll
We used distilled water as an oxvgen sample and
NH;NO~a< a practical nitrogen sample. The atomic
compo:ltlon of atmospheric air is then 2. T8 %
NHAJOS -1.92 x E0.

All the isotopes in guestion are positron-
emitters. Therefcre, we decided to separate them
by measuring the time-decay of the annihilation-
peak. We used a 3" x 3" NaI{Tl) well crystal
and suitably fast and szable electronics. Fin-
ally, the intensities of the different components
were obtained by a least-squares analysis of the
multidecay curve.

In order to increase the accuracy of the un-
folding of the multidecay curve, a good knowledge
of the half-lives present 1s essential. There~

fore, we undertock an accurate determination of
the helf-life of ClL. The result of this determ-
ination is Tl/E’ 20.39 ¥ .0k min. for cll.

Table I shows the measured and calculated
saturation activities per em3 of air at 70 em
and 70 degrees from the meson target, normalized
to 1012 protons/sec on a 3.8 cm Pt-target. The
uncertainties are statistical only. Ay, are
average concentraticns throughout the machine as
explained below.

Table I
Isctope Tl/2(Min') A(uCi/cm3) Aa$@Ci/cm3)
ot 1.3 (.851.8)x107° L4 x 107°
o'’ 2.1 (1.201’.13)><1O'LF £.5 x 1077
N3 10.1 (.975.02)x10™" 5.3 x 107/
ot 20.39 (1.0&“-‘.01);;10'1L 5.7 x 1077

Let A(r,e) be the activity of an isctope per
unit volume of atmospheric air, at (r,8), ir-
radiated by secondaries from the above meson tar-
get. The average activity A in any volume may
be evaluated if a functional dependence of A is
known.

Samples of aluminum and polyethlene were
irradiated for about 20 days around the meson
target in order to estimate the g dependence of
A(r,8). It can be seen from figure 1 that this
fanction may be approximated by:

A(r,8) = b exp(-ap)

Table IT shows the results of a least-
squares fitting of the data-points with a
straight line.

Table II
Reaction a(rad_l)
Be7 from 012 1.92
C * from 012 1.75
Na22 from A127 1.54
Naeu from Al27 1.08

Figure 2 shows the results of measurements
of air flow in the synchrotron room. Neglecting
turbulence, we assume the air in the synchrotron
room to circulate with an average speed of
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50 ft./min., reaching the target area again in

T = 5 min., that all irradiation takes place with-
in the spkere shown, that the air on the average
spends At = 10 sec in this region and that the
airflow is confined by the columns and the outer
wall.
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Fig. 1. Distrioution of incuced radioactivity ic
Al and C sarples arouné a 38 mm Pt-target, as a
function of angle. Angle measured with respect
tc the direction of the incoming protons.
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Tig. 2. Air flow in the synchrotron room. Alr
speeds are approximately 40-60 ft/min. The

air flow alongside the magnets is inclined 50
degr. into the plane of the Tigure.

The concentrations near the target section
after the air has circulatec N times around the
machine 1is then:

A A [Leexp(- at)] / [1-exp(-x T)]

Where 3 1s the decay-constant.

Let A(x) be the concentration in a location
whose distance from the target is x along the
direction of the airflow, and P the pathlength

o a full revolution.

Alx) = A exp (=2 Tx/p)

The average concentration A

- the outer ring
is then

=p-L [ F -
A, =P xfoA(x)dx~AAt/T
If then, we choose a =1.75 rad._l for all iso-
topes and take into consideration the shadowing
by the magnets, we get the results shown in
Table T.

These congentrations should be compared t02
(MpC) 2x10~ u,Cl/cm3 for 40 hours occupaticnal
expos%re for W13 and 015, If the MPC) for cll
is comparable to that of N3 and 013, w& may con-
clude that with a beam intensity of 1012 protons/
second on a 38mm Pt target, our concentration of
radicactive gases is rot a personnel oroblem.

Neutron Fluxes and Remanent Radic-
activity of the Synchrotron

The neutron flux through the top center of
all synchrotron magnets has been monitored from
the first day attempts were made to accelerate
protons. For this purpose we have used neutron
flux integrators of the type described by
A. R. Smith3 whose calibration we have rechecked.
Our present knowledge of the composition of the
particle fluxes at those locations does not ware
rant a more sophisticated method of integration.
This neutron flux is expected to correlate well
with the remanent radioactivity of the synchro-
tron proper. On figure 3, the so0lid squares show
the neutron flux for the perlod 12/7/66 to 1/3/67.
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Correlation between neutron flux and
Solid squares: rneutron

Fig. 3.
remanent radiocactivity.
flux. Solid triangles: vacuum chamber front
spacers, 34 hr cooling time. Open circles:
nagnet top centers, 34 hr cooling time. Open
triangles: magnet fop centers, 52 day cooling
time.
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This distribution is essentially the same as that
for the entire period from 4/15/63 to 1/3/67
except for a scale factor. The solid triangles
show the exposure dose rate measured with an
ionization chamber or ccrntact withk the outside
cof the vacuum chamber, after a thirty-four hour
cooling period {one weekend). The open circles
show the same type of measurements after the
same cooling time but on top of the syrchrotron
ragnets. The open triangles are those of a
survey made at the top center of the magnets
after a Tifty-two day cooling period. Thess
curves show an excellent correlation with ore
another and with what one would expect from the
use of a thick meson producing target (38 mm Pt)
upstream from magnet number nine, sce Fig. 4.
The higker spatial resolution of the open circle
and solid triangle data allows for the identi-
fication of those structures which scrape the
beam such as RF drift tubes, inflector, exc.

The use of neutron flux monitors as diagnostic
tools in the early days of operation demorstrated
the loss of orotons "over the top" of the mag-
nesic field, when excessive rumbers of protons
struck the inflector. Ionization chambers have
been used for the same purpcse.
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Fig. 4. Tloor plan of the synchrotron and im-
mediate facllities.

F'igure 5 shows the dose rate at different
azimuthal and radial positions between the
magnets and the shielding wall. In general,
the doss rates fall off as the distance from the
magret increases. All data points were taken
with air filled ionization chambers. The solid
lines represent the average of two sets of points
taxen within fifteen minutes of eachk other. The
curves nave been normalized arbitrarily to ime
prove legibility. The anomalous shape of the
curve for magnet seven is due to the fact that
the ionizaticn chamber was able to "see" the
neson target more and more as the distance from
nagnet seven Increased.

The magnet eleven location was further
studied with two ionization chambers measuring
simultaneously the dose rate for approximately

thirty two hours from about half an hour after
machire turn-off. These air filled ionization
chambers were located at 30cm from the vacuum
chember and 15cm from the wall. They were some-
what isolated from the rest of the synchrotron
room by lead curtains sixty-fouar mm thick.
Figure 5 shows that the doss rate from ths
synchrotron was three times larger than that of
the wall initially and that this ratio increased
in time.
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Fig. 5. Exposure dose rates between magnets &
walls, on median plane. The data have beer ar-
bitrarily normalized to improve legibility and
emphasize relative wall contribution. Solid
lines: data gathered within one half hour

of machine turn-off. Dashed lines: similar
survey thirty-four hours later.

The skyshine contribution was slightly less
than 10%. Surveys made at other times show that
the wall is essentially a plane soarce. The
magnet, as a radiation source, is more difficult
to describe. It may be regarded as a plane
cource plus a bump in the middle. TFigure % shows
negligible change in the dose rate versas dis-
tance from 120 to 300 cm at the two times. This
is in qualitative agreement with the source
geometry. Since the dose rate from the wall is
abcut one third that of the magnet, soon after
machine turn-off, one could see that thers might
be some advantage in the addition of boror tc the
concrete of the walls to reduce the Na24+ contri-
bution™.

Transferable Radioactivity

Wipe tests of radioactive materials are
regularly made to ascertain the presence of trans-
ferable radicactivity. The results of these wipe
tests have generally been negative. The only
one exception has been the molybdenum sesgquisul-
fide power used as lubricant and corrosion pre-
ventive. This powder was found to be quite radio-
active and was repleced by lithium grease.
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Radiation Exposure to Personnel

The excellently designed shielding around the
accelerator has resulted in freedon from skyshine

and groundshine. Thus, doses to personnel working

de the central room of the synchrotron are
oentla;ly vackground except for very few in-
stances. Conseguently, our only problem in per-
sonnel exposure control has been gamms doses
“romn <he radioezctivated synchrotron components.

Figures 7 and 8 show the cumulative personnel
cose distributions plotted on lognormal proba-
bility ;aper.S The results in figure 7 are
quarterly gamma exposures for all monitored per-
sonnel and ir figure 8, exclusively Zor personnel
receiving non-zero doses. The medlan values
x(1/2, ) have been ircicated for the Q-th
quarter, the most probeble value being approxi-
mately zerc on all curves in figure 7.

12,0 "y

2.0,
A
8047
Ru
SR RATO = _ [T
A - A/r sl
4 r60
F50
Lap
ofF30
e
<
o
Las
20
8 5\
ERS NEAR THE ~5+ Lis
wk /‘CUUM CMMEER 3\ ..
14 o
2] Trreai
o EN
= o
%]
32 |
10 | + i l. . . " o
B T L T e L@pi_z%*“ l_L..J.LO

T ME S(NCE TURN OFF {HOURS )

Fig. 6. Exposure dose rates near synchrotror
magret eleven and correspording point on shield
wall. Measuremeants made on median plane with
gir filled ionization charmbers which weve lo-
cated at 15 cm from the wall and at 30 cm from
~he Troat spacer of the vacuumr chamber. These
ion chambers were partly screened from the room
backgrourd with lead cutrains 64 mm thick. Note
the change 1r scale in the ordinates.

It should be noted that ninety-five percent
of the perscnnel monitored received gamma doses
of less than 1 rem/quarter. In very few in-
stances have neutron or beta doses been recorded
in excess of 100 mrem. It may be arguec that the
low neutrcrn doses recorded ars dae to the in-
nerent limitations of the film badges,® but
even the suggested correcticn factor of four for
the recorded nsutron doses would keep these
exposures very low.
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Fig. 8. Cumulative cuarterly non-zerc gamma
doses, monitored by film badges in 1966. Pocket
dosimeter results in the first quarter are shown
fer comparisorn.

Radioactivation of Machine
Components and Shielding

Irformation corcerning the radioactivaticn
of machine components is essential for planning
mainterance and repair within conservative
limitations on the dose received by perscnnel.
The components requiring most attention are tkre
synchrotron vacuum chambers, which are replaced
and reconstructed on a regular basis st FPA.

The decay of several such vacuum chambers
has been followed for some time. The chambers
are monitored at several positions with a
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portable ionization chamber. The results of meas-
urements at two positions are plotted versus time
in figure 9 for vacuur chamber number 9-15.

The vacuum chambers are made of an alloy con-
taining 70 percent Cu and 30 percent Ni. Reaction
products with comparsble half-1life are Feo9 (h5
days), Co%0 (77 days) and o8 (71 adays).

Very little activation of shielding materials
has been found. The dose due to large shielding
blocks moved during shutdowns has been found to be
less than 10 mrad/hr @ 1 ft. except in very few
instances. To measure the radicactivity of small-
er shielding blocks (e.g. lead bricks) a hole is
generally left when laying the bricks uson a skid
and the exposure is measured inside and outside.
Few radiocactive bricks have been found.
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Fig. 9. Exposure dose rate decay of a vacuum
chamber.

No long lived activity has been found in the
water used to cool the magnets. This is mainly
due to the efficiency of the ion exchange columns.
Traces of Be'! were found in the oil used for cool-
ing at the RF stations. These, however, are of
the order of 10-10 ¢i per em3 and thus guite
regligible.
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