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J;NTRODUCTION 

As has been pointed out by A.Rindi / 1 / 
, more theoretical and 

~xperimental results are need~d to evaluate the radiation hazard 
due to neutrons, produced in bombardments of thick targets 
with intermediate energy heavy ions: The relevant measurements 
perforrned at several laboratories provide new data compared 
with those reviewed by H.W.Patterson and R.H.Thomas / 2 1. They are 
ma1nly experimental results obtained at low energies ranging 
between the Coulomb barrier and 20 MeV/amu. The measured parame
ter is the ,dose equivalent rate in mrem/h per unit fluxo As has 
been -no t ed previously 13/, the dose equivalent was deterrnined for 
a 'Series of ions ata fixed ang l e, as has been done a tDarms
tadt 141 and at Oak Ridge 15/Ao r at different angles for a speci
.. 12 C 161 ~38 141fiC lon: (ref. ) or U (ref. ). 

Recently the angular and energy distributions of the fluence 
and the dose equivalent of neutrons produced in a thick carbon 
target bombarded by 4.2 MeV/amu 48 Ti i ons were measured iú'Dub
n,ª" 171. 

This experiment was designed to obtain a more detailed in
forrnation about the shape of neutron spectra, about the angular 
dependence of the equivalent d~se as well as the quality factor. .. 
Such kind of data would be very useful in testing some ~redic
tions made over the last few years 1~,81 • 

In the present paher we make an attempt to test the predic
tion of the formula 31 describing the angular distributions and 
its valudity for a larger number of aneles. That formula derived 
from the data cited above was reasonably accurate for light and 
very heavy ions wi th energies up t o '15 MeV/ amu but was incapab
le of prediéting the angular distribution of neutrons near the 
target bombarded by 86 MeV/amu 12C, ions, whí ch has been obtained 
by J.W.N.Tuyn / 91 and is in good agreement with the cascade cal
culation performed by H.W.Bertiili 110/ • J 

E::PERlMÉNT 

Heasurements, were carri~d out on an externaI ion beam from 
-the JINR cyclotron U-400/ 111 , The experimental lay-out is shown 
in figo 1. Det~ctors ED) were placed at a distance of one meter 
from the target at laboratory angles from 0 0 to 13~0 at 15° 

intervals. Th~ Ghoice o~. .. A~led us to',,-lm disEánc~~e interpose\ ~'-l.. l.,.. <~ ..~ 

fIO! ~t "'."t" . .', ""i'.>;l-~ • 1
~ti:r~·;'·..z.....·oIo, \.,.. cJ ir. li'tj.,'C 
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Fig.l. Plan of th~ ekperimental 
hall and-tre arrangement ofr 
detectors. 

a shadowing cone between the 
target and the measuring detec
tor in order to take into ac
count the contribution from the 
two-component neutron backgroupd 
due to secondary particles 
fo~med as a result of internaI 
beam losses and to neutrons 
scattered after interaction 
with the fLóo r and walls of the 
hall and with the iron cf the 

main magnet. The shadowing matter was a 5% boronloaded paraf
fin cone 40 cm in length. For carbon detectors the distance was 
reduced to 0.5 m because of the low fluxes eXRected for 
high energy neutrons. Ihe energy of ions in beam was 
(6.6~.2)MeV/a:mu*-.The ion beam wí"th an intensity of (1-5) x 
x lO 1 ions/s was monitored with a Faraday cup'with·à 3 mm 
th\ck copper bottom acting as a ·thick targét. 

To avoid discrepancies in measurements due to variations / 
in the beam ~xtraction steadines the ~rradiation conditions 
were cont rolled by mu l, ti-moni toring. The principal monitor, MF• 
was a Faraday cup with a better than 5% ac-curacy. The beam ex
traction constancy was controlled by two auxiliary monitors. The 
moni tor MB' a Li I(Eu) thermal neutron de t ect or located inside 
a 10~inchpolyethylene sphere,was placed at a distance of 1 
meter from the target at 90 o. The MBFmoni t or, a BF3 device in. 
th~ mGderator was placed far from the target in order to con
trol the overall neutron flux leveI from al1 sourées of ra
diation. AlI the detectors w~re calibrated and referenced u~ing 

a Pu- Be neutron source. ,

DETECTION AND MEASUREMENT TECHNIQUE, 
. To measure neutron speétra we used .a 6 Li I(Eu) crystal placed 
at the centre pf moderati~g polyethylene sphêres with different 
diame~e~s of 3, 5, 10 and 12 inches/ 12/ and a threshold 
(20 MeV) activation carbon detector. The unfolding procedure 
has bêen described previously/13/.The cross sections of the 
12C(0, 20).11 C reaction near threshold have.. been t aken from /14/ • 

'*The energy measurements have kindly been.pe~formed by 
Dr.U.K.Utenkov. 
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By measuring absorbed dose aód the quality factor we have 
determined the corresponding dose eq4ivalent.' For this purpose 
a t í ssue equivalent· ionization chamber model REM-2/15,t6/ ope
rating in unsaturated regime /16/ was used. The systematic accu
racy of this REM-2 instrument was considered to be better than 

u 
\. 25% /15, 16/. ~, 

'The 10-inch sphere was used for alI angles and the complete 
set of the àetectors was used at 0°, 45° and 90°. The readings 
were obtained by subtraction of the results of measurements 
with the shadowing cone from those without it. In the cas~ of 
using a carbon detector the shadowing cone was not placed. 

RESULTS 

. The energy distributions of neutrons corresponding to the 
I spectra measured at 0°,45° and 90° are plotted as ~(E).~ in 
11... figure 2. The part of neutron plix with an enersy above 20 MeV 

in the' total flux varied from 0.3% to 1% for different ángles 
"l'"	 within an accuracy of fáctor 2. The dos~ equivalent due to
 

neutrons wi t h energies below ·E min" I.ÔO keV is smaller than 2%
 
in alI cases.
 

In table 1 we give the quality factors and dose equivalent 
rates per unit flux measured with, the REM-2 chamber fcr t.hree 
angles of ínterest, compared with the same dose data plus fluen
ce per ion (100 keV ~ E ~25 MeV) obtained using the Bcnner spherl 
techniqu~~ The total neutron yield is e~timated to be (1_6.!, 
+O,.4)xl0 n/ion. The integral dose distribution as a function 
~f neutron energy has been calculated. The percentage'ratic of 
the equivalent dose of neutrons with energies a~ove a given E 
to the total equivalent dose is expressed as 

E mal. . E IDa.X dH E)
 
'R(E) = J dH(E) x .dEr j -(- x dE,
 

E dE E min dE
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where H(E) is the energy distribution of equivalent dose and 
E 100 keV. The R(E) dependence is shown in fig.2.min =:: 

Table 1 
Quality factors and dose equivalent rates per unit flux 
measured with the REM -2 chamber ~nd the dose equiva
'lent rated and neutvon flux (E 2. 100 keV) meaeux-ed 
using the Bonner spheres. All values are given for 
a distance of 1 meter 

Angle Re:n-2 Bonner spheree 

Q.P.- -
~ 

h-Lon 
~ 

h·ion 

n 

cm2• ion 

0° 

45° 

90° 

5.2:!:1 

- 5. t!o.4 

5.4:!:2.7 

(7 .·2t1.4)~10-10 

O.6!:o.4)$10-10 

(1.0!o.6h10-10 . 

(6. 9:!:2.4)",10-10 

{J.6!o.9)~10-10 

{0.84~1)x'O-10 

(S.4't1.4)...10-9 

(2.9:!:O.S)~10-9 

(O.S!Q. 12).-.10-9 

DISCUSSION 

In considering the ratios R(E) one can see that, as expected, 
the higher energy components are more essential at OO,and that 
there is a little difference at 45° and 90° angles. In alI 
distributions (fig.2) neutrons with E >2.5 MeV represent more 
than 50% of rem-dose and those 'with E >14 MeV less than 9%. 
This indicates that devices which have neutron response functions 
near dose equivalent shape for neutrpn energies of 0.1-14 MeV 
ar, s~it~ble for use as dosemeters for any angle of neutr9n 
em1SS1on. 

In an attempt to deter~ine a l?ss complicated procedure fo~ 

dose rate measurements the readings of the lO-in and 12-in sphe
res are compared with the total dos~ equivalent (see table 2). 
One ca~ see that with a 12-in sphere alone there is a possibili 
ty of obtaining realistic estimates of radiation dose induced 
by similar heavy iqns of close energies with a better that 10% 
accuracy, if the background .is carefully controlled. 
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.~. Table 2 
',\, Comparison of the convers~on factors for the 10 and 

12~in spheres. (Counts per second per mrem/h) 

IJf} 

h
 
I 

I'I~ 

Angle 0° 45 0 
, 900 

10-in sphere 1.27 1.05 1.29 
, 

12-in sphere 1.03 0.97 0.90 

I' Fig.3. The angular distribution1 of the dose equivalent compa
red with the parametriza~ion: 

-- parametriza t.ion ,of the,	 t-Bonncr

!-RCH-2 

Bonner spectrometer data;\:1'" ...\ >< parametrization o f the 
Rem-2 data.t 

<» 

~ 
.~ 

" The analytic formula f'br•
the angular distribution!3! 
has the following from 

2 

) 
~r 111

f(8,y) =::- • --- • -- , 

411 log(l + 1/y) y + sín 20/2 
o	 105 :lU «35 where O is the angle in degrees

R~ees ) de~ees 
and y is an anisotropy fit 

; .parameter determined by t·he 
,f value of f(OO)/f(900} = 1+ 1/y. 
~ 
Jij! 

According to our results, the.y factors determined from the 
dose rates obtained using the Bonner spheres and the REM-2 cham

J> ber are equal to "0.083 and 0.080 r espec t LveLy , In fig.3, the .i, 
calculated rcO, y) function is shown together wi th the expe: 

f rimental angular distributions relative to 0 0
• One can notice
 

f ,that the distribution meqsured using the REM-2 chamber is the

j, same as that derived from f(O;'y) and that agreement wi th the 

:>I:' Bonner distribution is quite satisfactory. Thus the validity 
of the formula for de r'í.va t i.on of f(O: y), which was earlier 

t~! tested for the ions ranging from 12U to 2,°Ne and for 238U!has now 
I been confirmed for medium-mass i~ns also for energies below
f 10 MeV/?mu. Consequently the dose angular distributions can be
 

plotted on the basis ofmeasurements at 0° and 90° in'the,in

,1' dicated region of ion energies. However some restrictions may
 
., arise, for exampie, in' the case where the target nucleus is
 

r
I 

m~ch lighter than the projectile.
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B 06"'beAH.t'ieHHOM HHCTHTYTe RA\e'pHblX J1CCneAOBaHHH Ha4an
 
BblXOAJ1Tb C60PHHK "Hpamxu e coo6U/eHUR OHHH". B HeM'
 

'6YAYT nOMe~aTbCR CTaTbJ1, cOAepma~He OpHrJ1HanbHble HaY4Hble, 
HaY4HO-Te~HJ14eCKJ1e, MeTOAH4eCKJ1e J1 npJ1KnaAHble pe3ynbTaTbI, 
Tpe6YIO~He Cp04HOH ny6nHKa1.4HH. 5YAY4H 4aCTblO "Coo6~eHHH 
OH1iW', c r ar sa , 'soweAWHe B C60PHJ1K, ,\I1MeIOT, KaK H APyrHe 
J13AaHJ1R OHRH, cTaTYc O$H~J1anbHblX ny6nJ1Ka1.4J1H. 

C60PHHK "KpaTKHe cooõuieuaa OH.RW'.. 6YAeT BblXOAJ1Tb 
-perynRpHO. 

/ The Joint Institute for Nuclear'Research begins publi
shing a col1ection, of papers entitled JJNR Rapid Communi
eations which is a section of the JINR Communications 
and is intended for the accelerated publication of impor
tant results on the following subjects: 

'Physics of elementary particles and atomic nuclei. 
Th'eoretical physics.
 
Expertmentel techni ques and methods.
 
Acc'e1erators .
 

, Cryogenics.
 
Computing mathematics and methods.
 
Solid state physics. Liquids.
 
Theory of condensed matte~.
 
Appl ied researches,
 

Being a .part of the JINR Conmunications, the articTes 
af new collection lik~ all óther publications of 
the Joint Institute for-Nuc lear Research have the status 
of	 official publicatipns. 

JINR Rapid Communieations will be issued regularly. 

,/ 
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