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and?’Al(u. ,x)**Na. Thevalues ofthe reactiorcross sections

The induced-radioactivity brings the main contributionare taken from paper [1]. The numb@u.(u. ) determined
to theexposure dose fahe personnel of a high-energgcel- With the detector agrees witthat one obtained with the
erator. At the machines accelerating lieavyparticles to the chamber within the measurement error (the chamber mis-
energies ok1 GeV/nucleonthis contribution amounts up tocounts have been correcte@ihe following values ofGuy(u. )
50% of the dose. are determined:

The present study deals with tlesels of inducedadio- Ggy(P)=(5.G:0.4)10"[P] Gey(P)=(13.20.7)10"P]
activity in dependence dhe target material, sort of particlesg, (*He)=(1.6:0.1)10**He]
peing accelerated:,nq timet e_Iapsed since the endiofadia- Geu(%C)=(4.10.4Y10'1C]  Gey(H3C)=(4.2:0.2Y10[*%C].
tion. Recommendatiorsre given to evaluate the rate per an .

The exposure doseate was measured witthe use of

|nC|_d_ent nUCIeL.mA(t) of a dose caused e inducedadio- scintillator, detector with NaJ(TI) crystal af63x63 mnf
activity of a thicktarget, from thedoserate dp(t) of protons . ' . ; .
dimensionsand the multi-channa@mplitude analyzer. Fig-

with the same ratio of energy on nucleon. ure 1 illustrates the experiment configuration.

I. EXPERIMENTAL PROCEDURE IIl. SIMULATION TECHNIQUE
The copper target 0fi100<130 mnf dimensions is ir-
radiated with beams of protorf$e and**C nucleiand the
lead target 0f1100x<170 mnf -- with protonsand *?C nuclei
of energy 3.65 GeV/nucleon during 4 hours approximately.
The experimental conditionand monitoring are the
same as those described in [The irradiation control is
performed with an ionization chamber. The total number
incident nucleiGuy(u. ), whereu,, andu, are,respectively,
the indices of theprojectile nucleusand targehucleus, is
determined using the reactions of activatib®l(u. ,x)**Fe

The designed technique considers the general rules for
generation of thesecondanhadrons, fragments gfrojectile
nuclei, and residual targeuclei in the nucleus-nucleus in-
teractions. To a certain extent, the dependence of the radi-
onuclide production on the chargend mass numbers is
siTmiIar to thatone on theprojectile energyg, in the proton-
r?ucleusandnucleus-nucleus collisions. Sthe problem ofls
calculation splits, schematically, into two stages.

At first, the direct Monte-Carlo simulation is made of
the induced radioactivity generation of a given target bom-
barded with protons of the sarmeergyE, per nucleon. The
Figure 1. Geortry: (a) - target irradiation; (b) - dose rate measikey results are thedose rates °dr and %dp of inducedy—
rement from the: 1- beam inlet, 2- side, 3- beam outlet. radiation,caused byhe primary protonandsecondary had-
rons correspondingly.

At the second stage, using th# and “ds values and
monitor target considering the peculiarities of particle production in the

3.65 GeV/nucleon (Cu or Pb) inelastic nucleus-nucleus collisions, tdeserates are ob-
tained of the induceg-radiation that arisérom the primary

He Ll \ nuclei °d,, their fragmentédA and secondaryhadronsSdA.
c ‘ Such a division of the total valu into three components
2.5M ——p %, 'da, and®d, is reasoned by the complicatadiependence

for the specifictarget configuration. In thease of ahin tar-

a

P

b target get, the’d, brings the maircontribution to thed, but in the
1 3 case of ahick target and lighprojectile nuclei A<12), al-
P >| I i | detector| most the linear dependence Aiis observed.
4 04 f S ; ; ;
He I I NaJ(Tl) The"d,, 'da, and>da calculating technique is as lolvs.
12c | 1) According [2], thecross sectiom, of a radionuclide
generation in a nucleus-nucleus collision is relatetthab one

2 |___| op for a proton-nucleus interaction up to a factor of 2:
0a= N Op,




where
N = A>?+ (A-1)°€0.078 (InA - 1.85)

andAy is the atomic weight of the target nucleus.

Under the equalolume density ofhe inelastic nuclear
interactions, thalifference ofthe residual nucleus produc-
tions results from the different relative probabilitiestlodir
yield. So, théd, is expressed as

+ %da(n) = N (n), 1)

wherer is the radius-vector of space point at whicthe y-
field functional is being defined.

2) Considering an incidem&-nucleus asA of unbound
nucleons, theloserate °ds caused byhe secondanhadrons

can be written down as
Sda A b

(r) (n)-

(2)

3) Under the nuclei inelastic interaction, tlégh-
energy components dfie internucleacascadeare generated
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Figure 3. Dose rates at position #21.3 cm, leadarget.

lll. RESULTS AND DISCUSSION

Experimental results presented at figures 2-4 are the

notonly atthe fast stages of thocess but alsduring the time-dependent exposure dasges by the induced radioac-
slow decay ofhe spectator fragments of an incident nucledity of the lead target irradiated with protoasd °C nuclei
The projectile decay byhe competing mechanisms like that =13 cm andvarious configurations (see table 1 for the
multifragmentation, evaporation, fission, leads to the appeé@se ratel.dde ratios). The indicated error is the monitoring
ance of the multicharged particleser the whole allowable inaccuracythat doesnot exceed10%. The additive error of

mass range. Thwe]d of the partic]es_fragments with ener.the y-irradiation doserate has thesystematicnature and is
gies close toE,, that differ from neutronsand protons, is less than 15%.

negligible. Thedoserate of they-radioactivity induced by the

spectator nucleons is evaluated according the relationship Table 1. Ratio of doseatesda/dr caused byhe induced ra-

dioactivity of the targets bombarded with nuclei and protons.

‘da(n) = F(AAD %da () = F(AA) N (1), (3)
target A data geometry
whereF(A,A) is the fragmentation parameter determined as 1 2 3
the average number of protoaad neutrons-spectatorshat Cu He exp. 3.4:0.9 - 3.4+0.9
are generated in an individual interaction gbrajectile A- Cu ‘He calc. 3.2 - 4.0
nucleus with a targeir-nucleus. Cu 12¢ exp. 7.92.0 - 9.6+2.4
The resulting value is Cu 12¢ calc. 9.3 - 12.7
da (1) = Oda (1) + Sa (1) + 'da ). @) Pb ' exp. 5.0+1.3 10.32.6 10.4:2.6

Figure 2. Dose rates at position #4113 cm, leadarget.

Figure 4. Dose rates at position #313 cm, leadarget.
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da(rt) = Ade(r1). (%)

The presented formulae are applicable for the analysis of
the long-life component of the induced radioactivity of the
thick targets with diameter antlickness< 2\ (A is the ine-
lastic interaction fregath) and lightnuclei A < 12) with
energy= 1GeV/nucleon.

Due tothe complexity, it is hardly attainable to realize
the sufficiently justified direct simulation dhe radionuclide
production for nuclei. Sdhe obtained experimental data and
derived simple relationshipsan beuseful forthe evaluation
of the induced radioactivitievels atthe relativistic nucleus
accelerators.
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Figures 5and 6showthe experimental datand simu-

lation results of theexposure doseates in dependence on V. REFERENCES
time atl=23 cm and points 1 and 3 respectively for the copper

target irradiated by protorendnuclei ‘He and'’C. The cal- [1] V. P. Bamblevski -- JINR Preprint 16-85-35, Dubna, 1985
culated valuesl, are obtained with Monte-Carlo method angin Russian).

theda ones - according to the formulae (1)-(4). [2] M. M. Komochkov -- JINR Communication P16-83-190,
The proposedtransitional formulaegive resultsthat 1983 (in Russian).
differ from the experimental data not mdirean 25%. It is
necessary to notdat thecalculation ofds value (to be used
later) underestimates it by 30%. Taking this into account, one
may expecthe satisfactory estimation afy values atransi-
tion on (1)-(4).
The experimentaénd calculated values dl,/dr agree
even better (see table 1).
The aboverelationships leads to a conclusitdmat for
the primary nuclei withA<12, thed, is governed by th&da
value. Forthis reason, théollowing slightly overestimating
formula is allowable whethe extraction of componerﬂﬁ:
and®ds is hindered:

Figure 6. Dose rates at position #33 cm, coppetarget.
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