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ABSTRACT

The light output response of Pilot U Sciﬁtillator for stepped
charged_parﬁiclee has beepvmeasured for 4He, 6Li,_12C, 160, 20Ne and 4OAr
ions incident at various energies up to 20 MeV/nucleen. From these we
derived a systematic description of the variation of the scintillation
barameters ﬁith‘the charge and enefgy of the projeetile. The suitability

of such a detector for the focal plane of a heavy ien magnetic épectromé

eter is discussed.

Work supported by the U. S Energy Research and Development Admlnlstra—
tion. ;
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I. INTRODUCTION

The light output response of organic scintillators to ionizing
particles is known to depend on thevnatufe of the'part_icle_.1 The exact
variation of this response is of considerable interest because of the
possible application to particle identification systems, particularly for
the identification of heavy-ion reaction products in megnetic'spectrome
eters, in whicn plastic scintillators are used conVeniently to span the
whole foeal piane.\'It was shown in Ref. 2 that the measurement of the
time of flight (TOF) and of the specific energy loss (g%) of pa;ticles
detected and localized in the focal plane of a magnetie spectrometer,
permits an identification of Z and A for fully ionized particles (Z and A
are ﬁhe atomic number and the mass number of the ion). Unfortunately, this

method.leaves an ambiguity in the identification arising from different

" charge states q of particles of given Z, because both TOF and %—-depend

on‘%. The range of a heavy ion in a gas counter has been measured in
some detectors for this purpose3,-but this becomes unw1e1dy at high

energies. The total energy has also been used4, and we chose that method.

- The response of a scintillator stopping the detected particles in the

focal plane of a magnetic spectrometer depends on the energy E, the charge
. ’ : -2

Z and the mass A of the ion through a function L(E,Z,A). Since E a:ng,
2 .

the parameter L(g—3 Z, A) can removevthe~% ambiguity if the dependence of

L on E and Z are sufficiently distinct. In practice, the resolution of
the scintillator becomes important as it sets the main limitation on the
performance of the system. The energy resolution of large plastic scin-

tillators is rather poor, from 5 to 15% depending on the ion and its.
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energy for the measurements reported in this work. The charge state and

mass selectivities %g-and éé-will be limited by the resolution

We
A

AL

LE)

shall discuss this point quantitatively in the last section.
Systeﬁatic measurements of the response for various particles

over a wide range of energies below 300 MeV, are.aﬁailable so far only for

N , | 7

light particles (protons to alphas),s’6 or for low energy heavy ions.

In addition to providing information for particle identification, data for

heavier particles are important for developing the theory of the scintil-

’

lation proceés. In the theory formulated by Bifksl; the specific scin-

tillation response is:

Asg_E_: '
db _ " dx . db__ S , 0
 ae € juedt
4 dx
dE _ ces R .
Where = specific energy loss of the ionizing particle
S = scintillation efficiency
kB' = gcintillation quenching factor whichjaccoﬁnts for non-

radiative deexcitation of a proportion of excited scin-
tillating centers along the path of the ionizing particle.
From this formula we can predict some interesting features of the scin-
tillation response:
. . dE |
a. for sufficiently small values of -— (corresponding to high

dx

‘ o dE
energies), so that kBEB;‘<< 1, relationship (1) reduces to:

dL _ . dE :
dx S dx _ _ (2)

which leadsAto L(E)=Lo+ SE.
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In this 1limit, the light output depends linearly on E. " The knowledge of
the experimental values L(E) in this high energy region is then expected

to’provide a measurement of the scintillation efficiency S.

b. for large values of %%'(corresponding to low energies), so

- that kB gg- >>1 the equétion (1) can be approximated by

dL _ S dL _ S 4Bl

"% °F @& W e - G

which leads to L(E)~ ﬁ% R

. ' -1 S
where R = dE(§§5 -is the range of the ionizing particle. Thus the low

energy data should yield values of ﬁ%.



4~

II. EXPERIMENTAL SET UP AND PROCEDURE

The'éxperiments were performed with beams from the 88-Inch
Cyciotron of the Lawrence Berkeley Laboratory. The detection system is
shown in Fig._i.- The Scintillator was placed at the focal plane of the
magpetic specfrometer and a 5 mm wide slit was placed in front of it. The
meésﬁrementsvwere made with particles elastically sééﬁtered from a thin -
gold target. Fér each incident beam, a set.of different particle energies
was obtained By degrading the energy of the scattered particles with alu-
minum absorbersvplaced in the séattering chamber before the entrance aper-
ture of the spectrometer. For each particle énergy_in the focal plane,
the specfrometef was tuned so as to center the elastic peak on the slit in
front of thé scintillator, ensuring a constant positioning of the particles
in the focal plane. The energies were determined ffom the field setting of
the magnetic.spectfometer. The light output was collected with an XP1040
photomultipliéf through a lucite light pipe (Fig. 1). The signal propor-
tional to light butput was taken from the ninth dynode of the photomulti-

plier, and fed to an ORTEC type 113 scintillator preamplifier.
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III. EXPERIMENTAL RESULTS AND ANALYSIS

_The data were analyzed in such a way as to provide‘experimental—'
ists with a means of deducing with reasonable accuracy the Z of a particle
from the knowledge of the scintillation response and eﬁergyf To that end,
we used a convenient parametrization to repfoduqe fhe'data. ‘Values of S
and kB have been tentatively deduced from a rough aﬁaiysis using the ap-
proximations autlined in Section 1.

The aétvaf data points obtained from the measuremeats are shown on
Fig. 2. The experimental cufves are in qualitative agreement with the
'aredictions of Sectian 1, i.e;, the variation of the light output Lais
linear with energy at the highvenergy limit. Figure 3a also shows that the
dependence of L(E) on the range of the particle is approximately linear
at the low energ& limit. For simplicity, the data'weré fitted with a
simple analyticai parametrization suggested from the shape of the exper-
imental curve. Good.results were obtained with the f:ial function (see
Fig. 2):

—E S |
L(E) = YE + B(e -1) o (4
where Y. is the slope of the light output in the region linear with énergy.
The values of Y for the different particles are plotted as a function of
Z_l in Fig. 4c; they are_well reproduced by the first order equation:
y = 0.58 +3.87 27" . o ®
The value of Y.fOr Z =1 was extractéd from the protonAdata of Becchetti

t 1.7 The values of L(E) for the two experiments were normalized with

the data for'd particles. Although the measurements.qf Becchetti7 are
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for NE102 scintillator, the properties of NE102 and Pilot U'scintillétors
are close.eﬁohghg.tp justify the assumption of similéf responses.

The Qaiues of the parameter B were deduced from extrapdlation of
thé asymptote (YE-B) to the E axis, and the valueé of d'from the.daﬁa
points in thé'éurved region of the response. The‘Z dependence of the B8

and a_parametéfs is shown in Figs. 4a and 4b. Their empirical values are:

32, + 2.6 Z | (6)

1 ™)

B

a = 0.01 +0.13 2~

Note that L(E):in eq. 4 is always positive for y > aB. In practice y was
obtained slightly.smaller than of for the cases studied here, and thus
relation 4 is not valid for E lower than the solut;oﬂ_Eo'of eq. 4.. The
value of Eo isvlower than 10 MeV from 4He to 160; if isvabout 20 Mev fbr
20Ne and aBoﬁt 60 MeV for 4OAr. As shown by Fig. 2 fhis,descriptioﬁ is
not expected ﬁo be accurate for energies belqw those of our experiménts,
_especially for 4OAr ions lower than 100 MeV. For this latter projectile,
a more compliqated parametrization is pfobably called for (to be discussed
later). |

Collééting all the previous results, one éan predict the response
of a Pilot ﬁ séintillétor to an ion (betweeﬁ 4He and‘AoAr) of given Z by
using the relation:

.. 0.13
- ~0.01 +2:43g
NL(E) = (0.58+ 2By By 2 420600 2 -1 (s)

where N is a normalization coefficient, accounting for the effects of the
photomultiplier, of the light pipe attenuation and .of the experimental

geometry.
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From this L(E) dependence, we can estimate the mass and charge

selectivity,bvariations of L(E) can be related to the variation of q and A:

T oL oL
AL = Sa- Aq + BA_AA
Using eq. 4 fo calbulate the partial derivativeé and usiqg the relation
2 L i .
Ea %K-, we ge?:
AL A AA, o
— . - — E
- ey - 27 A].X(_) | |
with | | : o (9}
. . ] |
gy YE-BA -e
X T ~OF

YE -0B E e

'We note that X(E) <1, x(0) =1, and x(E)>1 - B at the high energy 1imit

YE

'wﬁere E >>1;.betweeﬁ these limits X (E) reaches a minimgm. When v <a B

this is valid only for E > E0 (Eo is the solution of eq. 4 for L(E) =0).
v A ..
Thus in the least-favorable situation (x(E) =1) the E-amblguity

(for which éé-= %f) can be removed provided that

A
AA _Aq, AL (10)
-5 )

A resolutidnﬁof_loz in the experiment would thefefére;remove”the %- ambi-

guity for'q‘<'10. For example it would be possiblévto separate 1_60(8+)

from 140(7+) or 18Ne(9+) from 20Ne(10+). Working out ﬁhe actual values of

4OAr'we find out that for 150 MeV 4OAr ions, X(E) = 0.46. This

leads,. for %%E) = 11% at this energy, to a maximum Selectivity.of 5%.

X (E) for

This should permit'the separation, for example,ofléoAf(l7+) from 42Ar(18+).

Figure 5 shdws‘the.variation of X(E) for 4He, 160, GQAr.' A measurement of

L(E) is particularly important for the identification of exotic neutron

SEFEOPEFOCOD



excess nuclei,sﬁch as 240,‘W'here multiple %-ambiguities_exist,e.g.,210(7+L
18564), Po(s+).

Figure 3a displaysvthe data points plotted as e:function of the
range of the pafticles. As shown in Section 1, the respocse near the
origin isveXpected to vary linearly with the range, following the approx-
imate relation L(ﬁywﬁ%qi, The data from Ref. 6 actuaily exhibit a roughly
1inear variation around the originifor projectiles ftom ‘ H to 120.
The data were.fitted with second order polynomials with. the constraint |
L(O)\=40. No-eignificant changes occurred when highercorder polynomials
were used. The7data pdints for 40Ar were fitted with‘evstraight line.
The coefficients of the linear term then provided an approximate value of
the ratio S/kB. -ﬁsing the values of S obtained from:the.high‘energy data

and the relation S=Y (approximation a) in Section 1), we obtain tenta-

tive values for’the quenching factor, kB. However, consistent results

were not obtained when these wvalues were used to calculate the term kBgE.
Although approximation b) (k ) )1s justified (kB—E-varies from 3 to

9.5 dependlng on the particle), approximation a (kng << 1) is not justi-

fied; in fact kBﬁﬁ?min varies from approximately 0.5 to 1.1. The values

of S were thetefore corrected using relation (1):
_ dE
= vl + kB32)

These estimates for S and kB are given in Table 1 and_ﬁere used to inte-
grate eqcetion (1); Values of %%-were taken from the tabies of Ref. 10
for (CHZ)n’ which are expected to be close to the valueS‘for Pilot U
scintillator. The results are compared to the experimentel values in

Fig; 3b. The quality of the fits is reasonable for the light ions but

'_deterlorates with increasing mass of the prOJectlle and becomes
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quite poof " for Ar. For this latter case we could not find any

" value of the'pérameters that would improve the fit. This suggests that

a Second.brdetlterm, C(%%)z, in the denominator of Eq. 1, as proposed

in Ref. 11, might be necessary to reproduce the data. Calculated curves
. L . :

are not very sensitive to the value of kB; however the order of magnitude

~of kB is expected to be correct and the dependenéé_qf:kB on Z (see Table

1) seems to be genuine. The values obtained foruiight’ions compare

[3)
" reasonably with the results from other works.
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IV. CONCLUSION

The meesuxements reportedvalloﬁed an‘analytical description of fhe
Z‘aﬁd energy'dependence of the scintillation respoﬁse.of Pilot U scintil-
;ator. Unfoétuhately the data did not permitvthe depeedenCe-on.A to be
deduced.in theisame-way. This variation with A is:exﬁecfed to be weak,
but some dataB’6 provide unambiguous evidence for sdch'a dependence.

The epaiyeis also provided reugh values fof.ﬁhe scintillation
efficiency S and quenching factor kB. More precise determination of these
variablee requires more complete analysis such as perfbrmed invref. 12 on

more detailed experimental measurements.

We wish to thank: G. KeKelis for his help with the experiments;
J. Bowen,, W.:Holley, and the cyclotron crew for providing the heavy-ion

beams.
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Table 1. Vaihes of the SCintillation'efficiency S and the quenching
féctor'kB obtained from this- analysis. S is 'in arbitrary

units and kB in mg/cmz.

‘Particle ."S kB
e 3.92 3.8
GLi ' . 3.50 2.2
12¢ 2.07 44
164 1.79 24
20ye _ 1.80 .18

40Ar 1. .1




Fig. 1.

Fig. 2.

Fig. 3.

Fig. 40,

Fig. 5.
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FIGURE CAPTIONS

Schematic view of the detection system. .

Expgrimental'results obtained iﬁ thié work. The error bars
afé'less than the size of the data points. :The curves are
obtained from a parametrization of the iight output L as a
funétion of eﬁergy using eq. 4 in the text;

a). Experimental valueé of the light output L as a function
of the range of the particies. The rangév§élﬁes have been
Fakén:frém ref. 8.for (CHZ)n' 'b) The data'points are com—
pargditp the values L(E) obtained by'integréfing eq. 1 as

J

described in the text.

- The values of the parameters Y* B” o from eq. 4, For each

particle, B is plotted as a function of Z, and o and Yy asva

function of Z-l. The equations of the straight lines are
given in the text (eq. 5, 6, 7).
Energy dependence of the resolution factor X(E) (equation 9)

for 4He, 160 and 4OAr projectiles.
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their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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