


Introductlon ' :

“ “Ton beam radiation experiments’ thh liquids, in spite of thelr sclentlﬁc
lmportance have been done rathér seldom (see [1, 2] for blbhography) mainly because
of expenmental difficulties and limited access to appropriate” accelerator facilities.
Three years ago such experiments were started [3] -at the4-meter isochronous

" cyclotron U-400 at the Flerov Laboratory of Nuclear Reactions, ‘Joint ‘Institute- for
Nuclear Research, Dubna using the KHIPTI facility. The latter consists ‘of two parts,

" dedicated to radiochemical or radiation research: “Unlike most other radiation facilities,

“ours has been' performmg at a vertical ion-beam pipe, which allows to-irradiate liquid
and powder samples in open vessels [3 6). Above all, it gives poss1b111ty to 1nvest1gate
hlgh LET radiation processes running in thin layers of liquids exposed to air [4].

Tt is well-known that the ion-beam radiation ‘experiments are not only more
difficult than the low-LET ones, but also more susceptible to systematic errors. Having
this in mind,” we’ decided to test our facility and techniques by repeating. some
;experiments'reponed in literature and comparing the results. Quite a few experlmental
data are available for’ ac1d1c 0.01 M ferrous sulfate aqueous solutions saturated with air
or O, and madlated by C ion beams [7- l 1}; thlS is why we have chosen this system
‘for study ; _—
Experimental. : SRR : : ‘
o The U-400 cyclotron is capable of accelerating -ions with mass to charge ratlos
of 5 12 to energles of 3 +15 MeV per nucleon.’ Presently more than 30 particles
rangmg from "Li to *Xe are available. The beams are extracted via charge exchange
in thin graphlte foils, Relatlvely low charges of the ions being accelerated increase 2.5
to 4.5 times aﬁer passmg through the extraction foil [12]. For each kind of partlcles
) several values of energy are attainable dlrectly from the cyclotron [13]. Other energtes
-can be obtained by degradmg the beams in metallic foils of known thickness. ~ -

The beams have a time structure ‘there is a train of 1 ms pulses separated by'5.1
ms mtervals while each pulse cons:sts of a number of much shorter pulses with a duty
factor of 10 and the frequency equal to that of the accelerating RF - voltage (5+12
MHz). In consequence, the dose rate for the millisecond pulses is 7 times, and for
nanosecond ones about 40 times higher than that calculated as the total dose over the
time.

In this work, we made experiments with carbon ions accelerated as 2c* and
“extracted as ’C®*. Aluminum foils were used for energy degradatton The Fricke
- solution (0. 01 M Fe2+ 04 M H2S04, air saturated H,0) was prepared from tnple

distilled water (second distillation -over potassium permanganate) and, from the
ammonium iron(I) sulfate hexahydrate. recrystallized twice, from acidified aqueous
solutions bubbled by argon. The last operation reduced the Fe** _concentration below

- the detection limit .of . 3 spectrophotometric method. Samples of - the dosimetric
solution were irradiated in flat cylindrical dishes of glass or PTFE. It was checked that

 the vessel’s material does not influence on the, results. Durmg irradiation. the samples

were vigorously stirred by a magnetic stirrer. Optical absorption density was measured
at A=304 nm with the Specord 40M UV/VIS spectrophotometer, and the ferric ion
concentration was calculated from the Lambert-Beer’s law. The molar absorption
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coefficient €304 = 2200 M em™ (T = 298 K) and its temperature coefficient k =
0.0069/K were used in calculations. Irradiated solutions were measured agamst the
non-irradiated ones. After bombardment but prior to analysrs the samples were kept in
small closed bottles, The total energy lmpaned to.the solution, the energy ‘input, was
calculated as a product of ion energy at the surface of the solution, -Es, and the total
number. of ions stopped in the sample, N. This was justified by the fact that all ions
completely stuck in the sample and radiative losses at the indicated initial energy were
negligible. . The Fg-value was calculated as the ion energy in the channel Ec, minus the
energy losses in the target assembly exit wmdow (T, 2 mg/cm ) 8 mm layer of air,
ionization chamber (Al 1.5 mg/cm®; air, 0. 48 mm;-Al, 1.5 mg/cm air, 0.48 mm, Al
1.5 mg/cm) and 28 mm-layer. of air, The Lc-value was defined by accelerator
parameters but it was also measured by a Si/Li semrconductor detector cahbrated with
a-particles of 2B and **Po. The value of N was measured using an.air ionization
chamber- workrng in a current regime. This technrque has been used successfully for
many-years in-radiobiological experiments conducted at JINR cyclotrons [14] and it
- seemed suitable also for our case. The chamber has three parallel electrodes with air
gaps, I = 0.48 mm, between them. A collar support made of one piece of Lucite and
also some springs allow to seal the electrodes and to fix strictly the distance between
them. The chamber worked at ambient pressure. The outer electrodes were at a
potential of + 250V vs. the inner, collecting one. The charge from the collecting
electrode was measured using the P-100 (P-Firm, Poland) digital electrometer with an
‘ accuracy of 0. 5% For additional 1nformat10n on expenmental condltlons see Table 1
Results and Dlscussmn . '

It is: well establlshed that 1rrad1atron of acidic ferrous sulfate solutlon leads to
oxrdatron of -ferrous Jions-to the Fe state, and that the reactron pattem does not
depend on the kind of rad1at10n [15]. The ferric ion concentration mcreases linearly

~ with dose in a wrde dose range, and G(Fe )-value the number of Fe ions generated
“by- 100eV of energy. imparted, depends on the vield of pnmary products of water
radiolysis as follows

1) GFEeH =G,, +3G, +3Gyyo, 26y,

A maimnum value of G(Fe**) equal to 15.6 +0.1 is found in low-LET fields. In
high-LET ones, G(Fe +)—values are ‘much- lower. It results mainly from radical
recombination in dense ionization regions leadrng to reconstruction of H20 molecules
" or to synthesis of some other non-oxidizing species. -

: One of ‘the’ peculrantres 'of high-LET radiolysis is a dependence of G-values
: \upon energy which arises according to LET variation along. the particle path (Fig.1,
“lower insert). So, two kinds of G-values, the differential, G’, (instantaneous, thin target
- ‘or G; ):and the integral, Gy , (thick target, Go or (7) are used to descnbe radiation
eﬁ‘ects They are related by the equation:
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For liquid samples bombarded with 1ntermed1ate energy 1ons (penetrat1on range ,
< 1mm) in steady-state. expenments the only measurable value is Gg..In the present
work, we measured Gi(Fe’")-values for 0.01M ferrous sulfate solutions’ 1rrad1ated by
"2C jon beams having £ = 133 MeV and E; in the range from 120 to 36 MeV. As i itis”
seen from Table 2, this energy range partly overlaps some of the ranges explored"
before. At the same Fg, optical absorption density at 304 nm, OD5p4, 1ncreased lmearly
with the dose (Fig 1, upper insert) that pomted to stab1llty of the GL(Fe )—value in the
explored range of energy inputs. Radiation’yields of Fe’" generation were evaluated
using the formula:

‘ OD,,;-v*N, 100-¢- AE
3 G F 3 — 304 2 .
¢ ) E( © +) . Q Es War “€304 '

where v 1s the volume of 1rrad1ated solution, NA is the Avogadro number e is the
charge unit, AE, is the energy . dep051ted by 'C ion in two .air gaps between the
electrodes of ionizing chamber, Q is the total charge collected by the electrometer
during irradiation of the sample, Waie is the differential energy of ion pair formation in
air 1rrad1ated by 10 MeV/amu ‘C jon beams, and £ 304 IS the molar absorptlon
coeﬂ'rclent of the Fe’" ion at 304 nm.

- The results are presented in Table 2. Each Gx(Fe® )-value was measured twrce
(the rcsults agreed within 1 - 3%) and the mean values are given. Standard dev1at10ns‘
determined earher from 7 mdependent measurements for Fricke solutron irradiated’
with . 1B and ? Mg ion beams were 1.5% and 2%, “respectively.” The overall
uncertamty of Gi(Fe® )-value at the 95% confidence level U, was calculated accordrng
to the IAEA recommendatlon for dosimetric systems 22 ‘

@ U=z +1 l3z I i

where z; are the random errors and = jare the systemat1c erTors..
In eq. (3) there are three parameters, N, , e , and & o4, wh1ch are known
accurately enough.and three parameters, ODjq4, v, and 0, which are. measured with

. an accuracy of about 0.5%. However, for still three parameters involved ', Eg, AE 2l and

Wi, the situation is more complicated and is discussed below in detail. .
E. was measured with a precision of about 1%, while the uncertainties in .
energy losses depend on stopping power and, target thickness errors and. are

‘proportional to the relative decrease in the ion beam energy g te~FEs) Ec . Though we

used a thin vacuum window and no cell window, . the °C 1on ‘beam energy was
reduced by about 10%, mainly in the ionization chamber mounted between the vacuum
window and the sample. However, because stopping power, values for light pro_|ectrles;
with intermediate energies are known with good accuracy and. the energy loss is not
very large, possible error of Es determmat10n seems to be neglrgrble The situation
changes when the particle are addltronally degraded in Al-foils and - straggling strongly
broadens their energy spectrum..In such cases, the expenmentally measured Gg(Fe' )~
values present some averages for rather poorly defined energy ranges. If we ascnbe



them to the peak energy in the spectrum , an overestimate takes place. It arises from
G'(Fe’")-value'i mcreasmg with the energy. This situation is clearly seen from our data
in Table 1. The GE(Fe *)-values pass through a minimum at ~50% energy degradation
and then" ‘grow- up; this, on the base of * present knowledge, should be rather
con51dered as an artifact. Because of that, only the G-values for two highest energles
(mltral energy degradation equal 10% and 21%) are recognized as correct.

‘The next parameter which should be d|scussed is the energy depos1ted by a C
on m air, AE, , calculated as follows ’

(5) AE, =dE/dm-p, -2,
where dE/dm is the "C ion beam stopping power in arr p,,r is the pressure and
temperature dependant air density, and / is the dlstance between two adjacent
electrodes. As-said before, the stopping power values for '2C ion beams seem to be
accurate enough. The Northcliffe and Schilling’s data tables [17], commonly used in
the previous works, and the Stoppow-82 program [16] used in this work ‘yield results
which agree - w1thm .0.1%. ‘Temperature and ~‘pressure were measured and,
consequently, PeT was known with an accuracy better than 1%. The 2/ - dlstance
uncertainty was + 2% The overall uncertainty of AFE, -values was about'3 %.

The last parameter which should be discussed is w.,. It is accurately known
only for high energy electrons [18], for 1.8MeV protons [19] and 5.3 'MeV -alphas

[19]: (33.9710.05) eV, 35.1 eV and 35.18 eV, respectwely To our best knowledge ’

there have been only two ‘works [20, 21] in which differential energies of ion pair
formation i in air 1rrad1ated by heavy i 1ons were determmed expenmentally Accordlng to
[19], the wa,,-value for 6.7 MeV/amu 2C ions is 36 241.0 eV and for 129.4 MeV/amu

- 33.740.9 eV. Based on this work, we took Wi, for 10 MeV/amu as (36 1£1.0) ev,

but because previously we used (35+ 1) eV, we present the calculations for this value
as well. As a result, GE(Fe )-value were determined with U of about 5%.

Since Gi{Fe'") is a non-linear function of energy, it is better to compare ours
and the previous results in a graph (Fig.1), in the form commonly used in such cases
[11]. Here the data from Table 2 are presented except this of Jayko et al. for a solution
saturated not with air but’oxygen, and except our results for the lower energies (the
reasons were discussed above). One 'can see that the experimental. points follow a
smooth line which can be interpreted as a satisfactory agreement among all the data.
Ourdata seem to fit better with w,;= 35 eV, however thls cannot be con51dered asa
strong support of valldlty of the value.

From Table 1 1t 1S seen that in vigorously stirred solutlons the beam intensity in
the range (1 - 40)- 10° ions- cm’2 -s” does not influence on (:E(Fe ) The same can be
said about 0.001M NaCl additive (Table 2). Saturation by oxygen probably increases
the ferric ion radiation yield by some percent." -

' On the basis of the results obtained for 0.01 M ferrous ‘sulfate solutlons we
have concluded that the facrllty functios correctly. We are aware that the difficulties
and uncertainties ‘will increase with the atomic mass of the projectiles. But it is a
general problem not only with this partlcular |nstallatlon More accurate stopplng

power data for heavy prolectlles and more numerous and accurate data on differential
w-values for heavy ions in air are needed.

Table 1.

Experimental conditions. -

Beam Ref.

Volume -

Energy
inputx10°'*

Beam - Beam inten-

Cell
window
(mg/cmz)

Vacuum

Es

Ton

direction
eV ml

x10?
2.1

s_
10
0.8-20

sity
cm

spot
cm?

)

(mg/cm®)

window

MeV

102

17
(8]
[
[10]

(1]

hor.

0.3

lzcﬁl‘

0.2
283 ..

mica* (2.9)

Al 2.7

77

12 ~4+
C

~1

102 Al(5.1)

20

lzcﬁ'l-

30 hor.

30

1 1-10

0.3
0.3

mica* (4)

mica* (4)

Ti (4)
Ti (4)
Ti (2)

12C6+

hor.

1-5

35

. 126+
- c

VEr.

1 (7-40%%) 1-13

2.5

no

121

‘12Cs+

this
work ’

* 2.9 g/em’ was taken as the mica density;

** - fluence rate in micro- and nanosecond pulses, respectively;

hor. = horizontal; .

ver. = vertical.
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Tab]e” . :
(lb(Fe )-values for st1rred001M Fncke solutlons 1rrad1ated by PCions. .. .
Ec p LL (L(-LS) oﬁ(Fe“ )**, Remarks- . Ref,
MeV  MeV % B : L &
120 102 15 e 494 N )]
120 080" ¢ 33 b ATF. S A
120 54 55 4.0% TN 4 I
91.5 77 16 - 4091 0.001MNaCl - [8]:
7420 I58 L - s 40 "~ +20.001M NaCl [8]
735 57 22 © 411 0.001M NaCl 81 -
541. 31 - 43- .o 383 1 0.00IMNaCl- - [8] °
' 102 - : 5.2 0, saturated : 9]
20 e R I DIEFE DL - [0} -
.35 , R B LA R )
133 120 10 439+o 22 (5. 08) S this,work‘
133 105 21 4.83+0.20 (4.98) .. thiswork <
133 86 35 448 (462) . - i lothis work t
1337 66 50 445 (459)° - : ot - thiswork:
m 36 73 4.78 (4. 94) oA T f.':vthis'\'lv'ork' =

- obtamed from the Figure RS
- (7~-values in parenthe51s were obtained assuming that Wair = 35 eV
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Ol CTymnx 3. R
| I'Iposepxa d)ynrcuuonuposanux YCTaHOBKH'

|AJs PafMALMOHHBIX ncc.nenoeamm Ha umurorpone Y 400 OI/IHI/I
c nomombro uosnmerpa (mece : :

e

EENR _E12-95- 109

HCCKOJIbKO JICT Hasau Ha BCpTHKBJIbHOM xanane nyqxos quHpeXMCTPOBO-

‘To ummorpona mxenmx nonoa B I[y6ne 6bma co3fana cnenna.nbnasr yCTaHOBKa-
'umr pazmongnqecrmx " pannanuonnmx nccnenoaanuu (IIpOCI(T XI/IHTI/I) .

_Koropan o6ecnetmnaer Oqub XOpOIlIHC yCJIOBHSI IIJIH 06JIY‘{CHI/ISI )KP[I(KOCTCI/I

ik nopomxos ‘B Hacrosmeit pa60Te coobuiaeTcs o npaxrnqecxom MCTIBITaHHH
L 'pazmannonnon 4acTH yCTaHOBKH. [TonkucieHHbIE BOHBIE pac*raopm amaomm
st cepHoxncnoro ‘xeqesza (1) o6eranmc1> 'MOHAMH - ymepoua 12°¢ 3Hepmen >
10 MaB/a.e.m. Pesynbrarm nsmepennn 3aBUCMMOCTH nm-erpa.nbnoro BhIXOMA |
‘ tOGleBOB&HHH Fe* or 03B! M SHEPrHH HOHOB JOCTATOYHO xopomo comacyroTcsrj il
| c naHHBIME Tpexupymx na60paropnn Ochxnarorcsr HEKOTOpEIE Texnuqecxnel st
L npo6nthr panuannonnmx axcnepnmenron c TH)KCJII:IMH nonamr S

: Pa6orra anomenaB.IIa6opampnn mrepnmx peaxnmr PIM I‘ H (Dneporsa OI/IHI/I

j IIpenpmr'r OGbe}:(uHemrom uncru'ry'ra sn:(epubrx uccneuoaa}mu lIyGHa, 1995

‘Stuglrk Z.. : RIS B
" | Radiation Facrhty at the JINR U- 400 Cyclotron Checked
S lby Fncke Dosrmeter Measurements B S

i Reactrons JINR T

Vh{
3

‘ A few years ago, a vertrcal beam line of the 4 meter heavy 1on cyclotron e
in’ Dubna was dedicated to’ ‘radiochemical and radiation research (KHIPTI'|-.
: 'facrllty) providing excellent condmons for 1rrad1atron of liquids and powders HEa
Practrcal examrnatron of the radratron part of this facrhty is reported on. Acidic |,

aqueous _ferrous sulfate solutlons (Fncke dosrmeter) were bombarded‘ 8
S with 10° MeV/amu carbon 12 ‘ions. ‘Dose ‘and “ion’ energy dependence )
| of the mtegral yreld of . Fe3* formation - was . measured and compared. :
,' : wrth the data from three other laboratones to frnd a satrsfactory agreement g
s 'lSome techmcal problems of heavy 1on expenments are d1scussed o

‘v.‘: : e;The mvestlgatron has been performed at the Flerov Laboratory of Nuclear 1
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