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ABSTRACT
We have measured the reaction cross‘section for production of ¢ from

19+ jons at the

12¢ in a polystyrene target with incident 375-MeV/amu Ne
Lawrence Berkeley Laboratory's Bevalac. We used a broad-beam irradiation, and
determined both beam profile and absolute particle fluence With LiF thermolum-
inescent dosimeters, which had been calibrated‘by track counting in nuclear
emulsions; the induced}target activity was measured with’a NaI(Tl)-crystal,

Y-ray spectrometer. The reaction cross section was 75 * 7 mb.

* . .
Work performed under the auspices of the Energy Research & Development Admin-

istration.
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The interéctiéns of heavy ions with matter are of fundamental interest, as
in understanding the:interaCtion of the galactic cosmic fadiation with interstel-
lar matter and the.Earth's atmosphere. The interaction‘ofzthe cosmié-ray
components of these heavy ions with spaceéraft materials and,humah
passenders isof practical importance. Energetic heavy ionﬂbeams of
intensities'usable,for both physics and radiobiological expéfiments have recently
beéome available at the Lawrence Berkeley Laboratory'Bévalaé'facility.l The
beam.intensity availabie decreases with ion mass, but inteﬁsities of 107 to 10°
Ne!®* ions/sec have‘been produced at energies up to ~2i¢év/amu. At present
the available 1nten51ty of arl®t is only about 10" 1ons/sec, but plans are under-
way to increase the intensities of Ar!®t one to two orders Of magnitude.

Interpretation of results in many physical and :ad;ob;ologlcal experi-
ments requires khowléage of the absolute number of beam paréicles that impinge
upon the experimentai'apparatus. The response charactefistics of ionization
chambers and secohdéry-emissioh chambers, theltraditionai beam-monitoring instru-
ments for high—intensiﬁy beams of singly-charged particlés,.are not yet well
known for the high dE/dx heavy ions now produced by the'BeQalac. Thus the
determination of reaction cross sections, of fundamental interest in itself, is
also of great vélue in.providing techniques for absolute"determinatiqn of ion

beam intensitiés, . This paper describes preliminary'studiés of the reaction

11 10+

Cross section for. the production of C from the interaction of 375-MeV/amu Ne
ions with !2c.

Experimental Technique

A beam of Ne!’* ions was extracted from the Bevalac at an energy of
400%4 MeV/amu,3 and tfansported to a polysytrene target,  Ffom the known thick-
ness of material in the beam path and specific energy 1osses,4 the beam energy
at the target was cdmputed to be 37216 MeV/amu.

The ions were focused into a broadly distributed beam’aesigned for the
irradiation of small mammals for radiobiological studies.s ‘The radial distrib-
ution ofthe beam was effectively Gaussian in form with a'sténdard deviation, s,
of 4.24 cm. Figuré 1 shows the measured beam distribution using "LiF thermd-
luminescent aosimetefé (Harshaw chips 1/8-in. X' 1/8-in. X 0.635-in.; mass 25
mg.) _ | _

" Two poletyrene discs, each 3.00-in. diam. by 0.250-in. thick, were
irradiated in this beam with therﬁoluminescent dosimeters placed on the surface
of the disc in which the ion beam entered. The dosimeters, which had been ab-

solutely calibrated, were used to determine the incident particle fluence.. Two
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polystyrene discs Were used to estimate the degree of aotiyation buildup with
thickhess of tarqet'materiai. .The irradiation time was SiOQsec, at nominal total
beam'intensity of'~v2:X 1Q7 ions/sec, ofpwhich ~ 6 X 1064iohs/sec were incident
on the dlSCS. | |

' Activation Measurements

Each 1rradiated disc was counted five times in a period of 30 minutes using
a NaI(Tl) sc1ntillation crystal y- spectrometer. The only radionuclide observed
was C which decays by positron emission with a half- life of 20.34 min.; the
counts in each target confirmed this half-life. Counting.rates in the positron-
annihilation Y-ray peak were 3 to 5 X 10" counts/min., t6 be compared with a
background counting rete of 45 counts/min. Approximately.3i2 X 105.counts were
obtained from eech,irradiated target, giving a standard deviation of *0.15%.

Gamma-Ray Spectrometer

The Y-ray spectrometer used here has previously beém'described by Radin
et al. 6'.The detector, an 8-in. diam., 4-in. thick NaI(Tl)fcrystai, is coupled
through a linear pulse amplifier to a lGOO—chanhel pulse height analyzer.
Measurements were made in the Lawrence Berkeley Laboratory iow-background facii-
ity,7 in which the background counting rate is constant to w1th1n 2%. These
small fluctuations in background rates have beeh observed to. correlate with
cosmic-ray muon intensity, and therefore can be corrected_if required.

The linear ampiifiervsystem employs double delay-line clipping to accom-
modate very large overload pulses (e.g. from cosmic-ray muohs) and very hiQh
counting rates. The pulse height analyzer has digital qeiu—stabilization ensuring
that y-ray spectra are measured on a constent energy scéle,:even at counting rates
as high as 107 counts/min. Gamme—ray spectra in the eneréy range 0.1 to 4.1 MeV
are accumulated in'400 channels, at a nominal energy calibration of 10 Kev/channel.

In the measurements reported here, the gt annihilation peak was stabilized
at channel 51, and. the integrated count in the 140-KeV- wide interval comprising
channels 45 through 59 was taken as the measure of the quantity'of He present
in the sample. Thisitechnique is reliable when hovother'y—emitting radionuclides
are present in the sémple——as was the case during these measurements.

Under these conditions, and making a small correction_for the distribution
of activity across the sample, the efficiency of the Y-speotrometer has been
calculated to be 45.0 * 0.5%, based on the work of Radin and Smith.8 Small
corrections ‘were applied. to the data for dead time and counting loss.

Stability of the Y-spectrometer has been periodically .

checked over the last 4 years; no statistically significant



change in relative detection efficiency as great as O.I%Zhas_been detected over

that period.

Measurement of Incident Fluence

The radial dlstrlbutlon of ion fluence across the target was shown to be

given by (Flg l)
¢(r):= ¢0 exp (-r?/2s?) ' :f ;}' (1)

where ¢0 .isbthe maximum fluence occurring at r =.Q,hand
s is'the standard deviation of the distribution.l

The standard dev1atlon may be determined from the beam proflle shown in
Fig. 1 and has the value s = 4.24 cm. o

The thermoluminescent dosimeters were flrst callbrated in terms of inci-
dent neon ion fluence by exposing them SLmultaneously w1th“Kodak nuclear track
films_(NTA). 'Packages of two dosimeters were placed at the'center of the film
and exposed at 45° tc the beam directicn. The ions reglstered clearly -identifiable
tracks readlly dlstlngulshed from tracks produced by partlcles of lower ioniza-
tion. The track densities in the emu151ons, as determlned by two dlfferent
scanners, were in agreement within the statlstlcal accuracy of their measurements,
and the accuracy of the final calibration was +4.8%. o

The absolute value of ¢(r) was determined by plac1ng ’LiF thermoluminescent
dosimeters across the upstream face of the irradiated target. Table l.summarlzes
measurements of ¢(r) and the calculated value ¢ obtalned-was (6.40 = 0.09)
X 107 ions em ~2. The statistical uncertainty in thls value for maximum fluence
is calculated to be*i 5%, but it is possible that systematlc errors in the tech-
nlques used could lead to an absolute error as hlgh as 'i 10%,

Determination of Buildup Correction

The ratio of the !!C activities in the two polystyrene discs was used to
determine the magnitude of !lc activity buildup with taréet_thickness. The ratio
of disc activities, taken in the sense (rear disc)/(front'disc),vwas found to be
1.152 * 0.002. We assumed a linear buildup of e activiti”with target thick--
ness; therefore, the front disc activity was decreased by the factor 0.928

for purposes of reaction cross-section calculation.



GO0L0430431 9

Calculation of Reaction Cross Section
The reaction ¢ross4section,v 0, is given by:
g = T LM, B(t) Co
° = 2 -rR? /282 S
2T¢y s° (1-e ) pL € [1-exp(-AT)]

whefe' Co is'the countingvrate due [ to e observéd_in the saﬁple at the
end éf the irradiation. . - |
is the efficiency of the Y-spectrometer'défettor

is-the molecular weight of polystyrene L

is:Avbgad;o'é number x (

is the irradiation time

is the decay constant for e

is the radius of the target

4 ™" > 3 B =2 m

is the target thickness

B(t) is the buildup correction in a target thickness t, and the
other symbols have already been defined. ,We substitute véers in the above
equation: o » '

do =6.40 X 107 ions cm™?

.
I

4.24 cm

= 1.05 g cm”’
0.635 cm:
= 0.450

1.332 X 10® counts sec™!

Mm t ©
]

Q
=)
]

= 13.01 grams/per mole

= 6.02 X 1023 molecules/gram—moie _
5.68 X 10™* sec”' (halflife = 20.34 min)
= Sld s A

= 3.81 cm

B = 0.928

P B =
It

The chemical formula for polystyrene is (CH)n ., and is thérefore 92.3% carbon by

12

weight. Elemental carbon is considered to be entirely C, in accordance with

v . 9
the usual convention.

We then obtain a value for the reaction cross section,” g:

o = 75 % 7 mb,

where uncertainty in the value arises mainly from the estimated inaccuracy of
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the absolute fluence:determination by the thermoluminescent"dosimeter method

Improvements in thls method should permit cross- sectlon determlnatlons to accu-

rac1es in the 3 to 5% range.

Summary

We have measured the reaction cross section for produotion of !lc from !2%c
in a polystyrene target with incident 37S-MeV/amu Nel°+-ions, and find a value
of 75 ¥ 7mb. The: absolute particle fluence 1n the broad beam incident on the
targets was determined by thermolumlnescent d051meters whlch were callbrated by
track-countlng in nuclear emulsions. The thermolumlnescent d051meter monitor .
permitted the irradiationfto be done at high beam 1nten51ty)-wh1ch resulted in
relatively large actlvatlon in the target. This high: 1ntens1ty insured that
accuracy of the cross-section value would not be limited by measurement of tar-
get activity, as is often the case when particle countlnggls used as the abso-

lute monitor at low beam intensity.
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Table 1. Absolute Determination of ¢o.

Distance of Dosimeter

from Beam Axis = ¢ (x) R 1)
(cm) l ions cm’? | ' .,  (ions cm’?)
0 . 6.15 X 10’ . 6.15 X107
0 S  6.63 X 107 7 6.63 X107
1.70 o 5.88 X 10’ " 6.37 X107
1.70 L 6.05 X 107  6.56 X107
3.3 4.50 X 10’ ©6.09 X107
3.30 a.85 X107 ~ 6.57 X107

2

Mean (6.40 * 0.09) X 10’ ions cm”
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Fig. 1. Beam profile determined by thermoluminescent dosimeters showing

experimental data and its Gaussian fit. XBL 7140-4412
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