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The features of the organic scintillator light yield as a function of the ionizing
radiation energy at high specific energy losses (dE/dx) taking fast neutrons as an example
have been considered. The dependences of light yield on the neutron energy have been
obtained in experiment for stilbene single crystal and the liquid scintillator (diisopropyl
naphthalene + BPO, 5 g/l) under irradiation by 23°Pu-Be neutron source. A method of
neutron spectra reconstruction basing on recoil proton spectra has been described and the
obtained spectra for 23%Pu-Be source have been presented.

PaccmarpuBaioTca 0co0eHHOCTU 3aBUCUMOCTU CBETOBOT'O BBIXOJa OPraHUUYECKOTO CIIMHTUJI-
JIATOpPa OT SHEPTHU HNOHUBUPYIOIIET0 UBJYUEeHUs ¢ OOJBIINMU YAEJIbHBEIMU dHEPTeTUYEeCKUMU
notepaMu dE/dx Ha mpuMepe OBICTPHIX HEHTPOHOB. JKCIEPUMEHTAJIHBHO MOJYYEeHBLI 3aBUCHU-
MOCTH CBETOBOT'O BBHIXOJa MOHOKPUCTAJJA CTUJIL0EHA U JKUIKOTO CIUHTUJJIATOPA (IUU30IIPO-
muaHadranue + 5 r/x BPO) or sHeprum He#iTpoHA NpU OOJyUeHUN HEMTPOHAMHU OT MCTOUHUKA
239py—Be. Onmcana METOZUKA BOCCTAHOBJIEHHS HEUTPOHHBIX CIEKTPOB U8 CIHEKTPOB HPOTOHOB
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OTJAYM U IIPUBEEHbI [OJyUeHHbIe CIIeKTPhl NCTOYHUKA 299Pu—Be.

The hydrogen containing media and
thus, first of all, organic scintillators, are
the most efficient means for the fast neu-
tron spectrometry [1, 2]. The fast neutrons
generate in organic scintillators the recoil
protons causing the scintillation pulses.
When an organic scintillator is excited by
ionizing particles with high specific energy
losses (dE/dx), such as protons, its light
yield depends non-linearly on the particle
energy. This non-linearity of the scintillator
light yield is due to the presence of quench-
ing energy loss in the particle track [1, 2].
It is Birks who has proposed a semi-empiri-
cal expression for the relationship between
the particle energy E and the number of
scintillation photons L generated by such a
particle. This description is based on as-
sumption of unimolecular quenching charac-
ter within the track [1]. In [3], a L(E)
dependence was obtained by Wright assum-
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ing the bimolecular quenching caused by in-
teraction of neighboring ionized or excited
molecules. However, it has been shown [4]
that the Wright formula was derived incor-
rectly and thus cannot be used. Our results
[5, 6] testify to bimolecular quenching for
ionizing radiation with high specific energy
losses (dE/dx), thus, the unimolecular ap-
proximation is inapplicable. That is why the
semi-empirical relation by Birks for L(E) is
invalid, too. Thus, the problem of the scin-
tillation response dependence on the ioniz-
ing particle energy requires a further
study.

It is to note that there are essentially no
separate sources emitting any specific sin-
gle type of ionizing radiation, therefore,
when a neutron source is used in experi-
ment,the scintillator detects both neutrons
and accompanying background y photons. In
[7], we have described the experimental
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setup of our design and technique for selec-
tive detection of fast neutrons and y radia-
tion. The scintillation amplitude spectra
for stilbene single crystal presented below
have been obtained using that setup. As the
scintillation amplitude spectra obtained
under neutron irradiation of organic scintil-
lating media are the recoil proton ones, the
neutron spectrum is to be reconstructed
prior to its study.

Let the function ¢(£,) describes a spec-
trum of neutrons with energy values E,.
When neutrons are scattered elastically in a
substance, the recoil nuclei are formed, the
energy E, thereof being related to the in-
itial neutron energy E, as [1, 8]

E(E,) = a - E,cos, (1)

where o = 4mM,/(m + M,)%; m is the neu-
tron mass; M,, the recoil nucleus mass; 0 is
the scatter angle; 0<cos20<l1. It follows from
Eq.(1) that for monoenergy neutrons, the
spectrum of recoil nuclei is in proportion to

w(E,) = o - cos?0. (2)

Differentiation of Eq.(1) gives us

du(E,)
dE.=E —=—dE_,
r n dEr r
or
dE,
du(Er) = E—. (3)
n

If the scintillator active substance is hy-
drogen, then o = 1 and the recoil proton spec-
trum is formed (with energy values Ep). For
hydrogen, the scattering in the mass center
system is substantially isotropic up to
E~20 MeV [1, 8]. Taking into account that
for isotropic scattering (for E, < 20 MeV),
the following expression is valid:

du(E,) = w(E,)dE,,

we can get from (3):

dE
P E <E,;
WE)IE, =1 E, " P . (4)
0, Ep >E,

Eq.(4) describes the differential spectrum
of the recoil protons obtainable by measure-
ments. If a fast neutron flow with the spec-
tral energy distribution ¢(E,) enters a hy-
drogen-containing medium with the neutron
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detection &(E,), then, according to (4), we
get for an infinitesimal energy range dE,

e(E)eE,) (5)
u(E'p)dEn = TnndEn.
By integrating Eq.(5) between Ep and
E, . we get
max 8(E )
u(E,) = const | E: O(E,)dE,,. (6)

E,

To reconstruct the neutron spectrum,
Eq.(6) is to be differentiated with respect to
Ep. In (6), the function under the integral
sign as well as its upper limit are inde-
pendent of E,. It is only the derivative of
the lower limit with respect to Ep that is
nonzero:

e(E,)
En

du(E,) = - W(E,)dE,

E =FE
P n

or the differential neutron spectrum can be
written as

E, y du(E,)
e(E,) dE,

(7

(P(En) = -

E,-E,

As noted above, the scintillation pulse
amplitude L is a nonlinear function of the
recoil proton energy [1,5]. The expression
(7) does not contain items of the form L(E))
that should characterize the relationship be-
tween the recoil proton energy Ep and the
scintillation response L caused by such a
recoil proton. Therefore, the information on
the scintillation response nonlinearity is
comprised in @(E,) (7). Thus, if a scintilla-
tor is irradiated by a neutron source having
a spectrum E (k) consisting of £ known en-
ergies, then it is just the expression (7) that
provides information on the E (k) spectrum
under account for the scintillation response
nonlinearity. In other words, in the ap-
proach proposed, a neutron source with an
at least partly known spectrum should be
used to study the excitation features of the
scintillation response to neutrons. It is just
such an approach that provides the initial
experimental data, the approximation of
which makes it possible to obtain directly
the information on the scintillation re-
sponse nonlinearity.

The light yield is known to be a linear
function of the gamma radiation energy E..
Therefore, if the analyzer scale is calibrated
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Fig. 1. A recoil proton spectrum for stilbene
single crystal (dia. 40 mm, height 40 mm)
under neutron irradiation from 23%°Pu-Be
source.

using a set of y energies from separate ra-
dionuclide sources, the linear dependence
obtained makes it possible to confront any
channel number of the analyzer scale with a
corresponding y radiation energy. Using an
attested scintillator with the known light
yield in photons per 1 MeV of vy energy, the
energy scale of the device can be calibrated
in terms of scintillation light photons. If
the apparatus conditions (the irradiation
conditions, voltage, etc.) are the same for
neutron measurements and y radiation ones,
the photon calibration of the scale obtained
under y irradiation will be wvalid for the
neutron excitation, too.

Using the expression (7) let the neutron
spectrum be reconstructed from the recoil
proton one. Knowing the neutron peak en-
ergy, the channel number can be confronted
with it and thus the number of photons in a
scintillation pulse. This makes it possible to
determine the set of (p(Enj) values for j=
1...k. (Here, j is the neutron peak number
in the spectrum; Enf, the energy corre-
sponding to that peak). Thus, a correlation
is obtained between the light signal and the
neutron energy for k energy values. Since
the law describing the light yield nonlinear-
ity is unknown and is a quantity to be
sought in the procedure under considera-
tion, the values for intermediate energies
between the known k ones are not defined
uniquely. The corresponding light response
in photons can be determined only for the
known energies of neutron peaks. Using the
calibration curve for y radiation, it is possi-
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Fig. 2. The neutron spectrum for stilbene sin-
gle crystal (dia. 40 mm, height 40 mm) re-
constructed according to (7) for neutron irra-
diation from 23°Pu-Be source.

ble to determine the y radiation energy val-
ues E., corresponding to light signals identi-
cal to E,/ neutron energies. Thus, one can
find the corresponding E, and E, energy
values resulting in scinti«ilation pulses of
the same amplitudes. This correlation is
just the scintillation response nonlinearity
characteristic under excitation by recoil
protons that is obtained directly from the
experiment.

The following radionuclides were used in
this work: 239Pu-Be as the source of neu-
trons and y radiation as well as 137CS,
60Co, 192Eu, and 22Na as vy radiation
sources. The studies were carried out using
the above-mentioned setup and measure-
ment procedure [7], taking a stilbene single
crystal and a liquid scintillator as examples
of two limiting cases, namely, a stable or-
dered structure and a structure where dif-
fusion processes prevail [2]. The 40 mm
high stilbene single crystal was 40 mm in
diameter. The liquid scintillator on the di-
isopropyl naphthalene was deoxygenated
and sealed in 40 mm high glass container of
30 mm in diameter. The recoil proton spec-
tra were obtained for both scintillators
under irradiation by fast neutrons from
239py-Be source. Then, using the expression
(7), the neutron spectra of 239Pu-Be were
reconstructed under account for the above
note on the function (7) nonlinearity. Then,
the experimental conditions remaining un-
changed, the amplitude spectra were ob-
tained for the same scintillators under y
irradiation from 137Cs, €0Co, '92Eu, and
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Fig. 3. Dependence of energy Ey of y radia-
tion on the analyzer channel number N.,.
Stars refer to the stilbene single crystal (dia.
40 mm, height 40 mm) and circles to the
liquid scintillator (diisopropyl naphthalene +
5 g/1 BPO sealed in a 40 mm high glass con-
tainer of 30 mm in diameter)

22Na sources. Using the obtained amplitude
spectra, the channel numbers were found
corresponding to the Compton edge ener-
gies. Knowing the later and the channel
numbers corresponding thereto, the ana-
lyzer scale was calibrated. In the 23°Pu-Be
spectrum, the neutron energy values were
selected that have been studied well both
theoretically and in experiment. Fig. 1 dem-
onstrates the recoil proton spectrum ob-
tained for the stilbene single crystal under
irradiation by fast neutrons from 23%Pu-Be
radionuclide source. Fig. 2 shows the recon-
structed neutron spectrum for that source
and the scintillator. Similar results have
been obtained for the liquid scintillator. The
multichannel analyzer channel width cali-
bration for y scintillations of the stilbene
crystal and the liquid scintillator are shown
in Fig. 3.

Then, the correspondence between E. and
E, energy values resulting in scintillation
pulses with equal amplitudes in the same
scintillator has been found. Fig. 4 shows the
dependence of E, on E, for the stilbene sin-
gle crystal and the liquid scintillator. The
only data concern E, (E, ) dependence for
organic crystals, which were known before
this paper, were the results of [11] by Broek
and Anderson. In [11] one can find four
pairs of values of E, and E,. Each pair of E,
and EY values gives the energies of neutron
and gamma excitation, which have to result
in the equal scintillation amplitudes in a
stilbene single crystal. These data are cited
in many books (see e.g. [1,8]) and remain
thus far unique. The stars on Fig. 4 show
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Fig. 4. En(Ey) dependence for the same stil-
bene single crystal (double crosses) and the
liquid scintillator (circles) as on Fig. 3. Stars
show the En(EY) dependence that was ob-
tained for stilbene single crystal by Broek
H.W. and Anderson C.E. [11] (see e.g. [1]).
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Fig. 5. Scintillator light yield as a function
of neutron energy E, under neutron irradia-
tion from 23°Pu-Be source. Circles refer to
the stilbene single crystal (dia. 40 mm,
height 40 mm); double crosses, to the liquid
scintillator (diisopropyl naphthalene + 5 g/1
BPO sealed in a 40 mm high glass container
of 30 mm in diameter). Points refer to ex-
perimental data; lines, to approximation
thereof as N = A + B-E,, where A = 297
photons, B = 5242 photons per MeV (1); A =
12319 photons, B = 8296 photons per MeV
(2); A = 3489 photons, B = 1741 photons per
MeV (3); A = 7383 photons, B = 4391 pho-
tons per MeV (4).

the E, (Ey ) dependence for the stilbene
crystal taking from [11]. One can see that
our results and results of [11] are in a good
agreement. Fig. 5 presents the light yield
dependences on the neutron energy E,
under neutron irradiation from the 23°Pu-Be
source for both scintillators. The experimental
points can be approximated by two linear de-
pendences of N =A + BE, kind. In the con-
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text of the problem under consideration in
this work, it is only the B values in similar
formal approximations that are of impor-
tance. Those values provide a qualitative
conception of the averaged effect of quench-
ing processes in the tracks of protons gener-
ated by neutrons of a specific energy. In-
creasing B parameter evidences a weakening
effect of quenching processes in the tracks
for a specific spectrum of recoil protons.
The slope of curves 2 and 4 is higher than
that of 1 and 3 ones, thus demonstrating
clearly the nonlinear increase of the scintilla-
tor light yield with increasing neutron en-
ergy. Such character of the dependences can
be explained by the fact that as the neutron
energy decreases (and thus the average en-
ergy of the generated recoil protons), the im-
portance of the quenching processes in the
track increases, the energy loss for quenching
rises and thus the light yield drops.

Thus, a neutron spectrum reconstruction
procedure from the experimental recoil pro-
ton spectra has been described. Its potential
has been demonstrated taking a stilbene sin-
gle crystal and a liquid scintillator as exam-
ples. The obtained dependences of E, on E
and of light yield on E, provide an initiaf
information to study the nonlinearity of
processes occurring in particle tracks in or-
ganic scintillators.
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HochigKeHHA CIEeKTpa aMILIITYyd CHMHTHJIIAIIN,
0 TEHEPYIOTHhCSA MBUIAKUMHU HEMTPOHAMH
B OPraHiYHOMY CIHUHTHJIATOPI

€.B.Mapmunenko

PosriamaoTbea ocoOJIMBOCTI 3aJIe;KHOCTL CBiTJIOBOrO BUXOAY OPraHIYHOTO CIUHTUJIATOPA
Bij eHeprii ioHi8yI0UOro BUNIPOMIiHIOBAHHSA 3 BEJIUKUMU IIUTOMUMYU €HEPreTUYHNMU BTpaTaMU
dE/dx Ha nmpukJajai mMBUAKUX HeiiTpoHiB. EKcepuMeHTaIbLHO OTPUMAHO 3aJIe;KHOCTL CBiTJIO-
BOTO BUXOJY MOHOKPHCTAJIA CTUJIBOEHY Ta PiAKoTo cHuHTUJIATOpa (miisompomimnadramin +
5 r/1 BPO) Bixg eneprii HeilTpony mnpu ompomiHeHHI Helitponamu Bix msxepena 2°°Pu—Be.
Onucano MeTOAWKY BiIHOBJIEHHS HEWTPOHHMUX CIEKTPiB i3 CHeKTpiB mpoToHiB Bimmaui Ta

HABEeIEeHO OTPUMAHI cHeKTpu mKepesa 2°°Pu-Be.
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