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The measurement procedure based on the continuous thermal neutron beam modulation with a mechanical chopper
was developed for delayed neutron yield measurement of the thermal neutron induced fission of **’Np. The idea of the
procedure is similar to that, widely used in modern computer communications for the non-authorized data access
prevention. The data is modulated with predefined pattern before transmission to the public network and only recipient
that has the modulation pattern is able to demodulate it upon reception. For the thermal neutron induced reaction
applications the thermal neutron beam modulation pattern was used to demodulate the measured delayed neutron
intensity signals on the detector output, resulting nonzero output only for the detector signals correlated with the beam
modulation. The comparison of the method with the conventional measurement procedure was provided and it was
demonstrated that the cross-correlation procedure has special features making it superior over the conventional one
especially when the measured value is extremely small in comparison with the background. Due to strong sensitivity of
measurement procedure on the modulation pattern of the neutron beam one can implement the modulation pattern of
specific shape to separate the effect of the thermal part of the beam from the higher energy one in most confident way in
the particular experiment. The remarkable property of our method is related to the unique possibility of separation the
effects caused exclusively by the thermal neutrons using the neutron TOF measurement available on the IBR-2 pulsed

reactor.
Experimental setup and measurement method

A simplified block diagram of the experimental
setup consisted of neutron detector, the beam
chopper and the thermal neutron flux modulator is
shown in Fig. 1. A neutron detector was made of
450 x 450 x 700 mm  polyethylene block with
cylindrical channel passing through centers of both
the quadrant sides of the block. The axis of the hole
with the diameter of 150 mm was oriented in parallel
to the neutron beam axis. The sample during the
measurement was located at the center of the hole
and was irradiated homogeneously by the neutron
beam of approximately rectangular 15 x 150 mm
shape. The distance between sample location and the
neutron source centre (flight path) was about 30 m
and the inner side of the hole was covered by the
metallic cadmium (Cd) sheet to protect the detector
from the thermal neutrons scattered on the sample.
The 12 cylindrical *He — proportional counters with
dimensions of 32 x 500 mm were placed at equal
distances from each other on the cylinder surface
with diameter of 225 mm which was coaxial with
the central cylindrical hole.

IBR-2 pulsed reactor was used as a neutron
source with the pulsing cycle and the mean power of
the reactor were about 5 per second and 1.5 MW
respectively. There were two kinds of the source
neutron pulses inside single rector burst cycle with
the time structure schematically shown in Fig 2. The
neutron source pulse was created by the reactor
fissile core and had width of ~320 ps. That pulse
registered by the neutron detector due to the part of
prompt fission neutrons, born inside the core, were
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able to pass trough the moderator and the
surrounding materials almost without collisions. The
thermal neutron pulse of the thermalized neutrons
induced the fission on the target followed by prompt
neutron emission. That prompt neutrons detected by
the detector had the TOF structure of the thermal
neutron pulse at the detector location. The reactor
intensity between succeeding bursts was considered
as consisting of three main parts: - sharp fast neutron
pulse, followed by wider thermal neutron pulse and
the steady state flux of the source which was
generated by the reactor core continuously with the
same energy spectrum as burst neutrons but with
intensity of about ~7 % of the total neutron flux of
the IBR-2. A bent mirror neutron guide (not shown
in the Fig. 1) was used to reduce (by factor ~30) the
fast neutron flux at the sample position declining the
thermal neutrons from the beam axis to about
15 mm. Rotating mechanical chopper consisted of
metallic cadmium sheet (of 1 mm thickness) with
narrow slit transparent for thermal neutrons shaped
the thermal neutron pulses and tailor the steady state
share of the thermal neutron flux between reactor
pulses. Additional thermal neutron beam shutter
(modulator) created the thermal neutron beam
modulation pattern as shown in the Fig. 2. When the
modulator was at the “Beam-On” state the thermal
neutron flux at the sample location was estimated
from measurement of fission rate of the **°U sample
(~12.5 mg of 0.9999 enrichment) found to be
4.0 - 10* n/(s - cm?) with the stability value no worse
than 1 %. Neutron signals detected inside each
reactor burst cycle were assigned to the fast, prompt
and delayed neutrons in respect to the beam neutron
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Fig. 1. Experimental Setup.
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Fig. 3. The measured TOF spectrum.

TOF values as shown in Fig. 3. These signals were
normalized to the 5 neutron source burst cycles
creating fast, prompt and delayed neutron counting
rate samples per source cycle. The sequence of the
samples versus the source cycle number was treated
as discrete analog of the corresponding continuous
neutron counting rate function sampled with the
neutron source cycle. During the open state of the
modulator the delayed neutron counting rate
increased continuously until reaching the saturation
level as schematically shown in Fig. 4. Then the
modulator phase was turned to the “Beam-Off”
phase terminating the thermal neutron flux for the
same time interval as at the “Beam-On” phase. At
the “Beam-Off” phase of the modulator the fast
neutron intensity was not terminated, but weakened
by the scattering on the modulator to the ~0.98 of
the value at the “Beam-On” phase as it was
evaluated from the attenuation of the fast neutron
pulse. The delayed neutron counting rate at the
saturation level in respect to the background level
for the given target depended on the fission rate of
the target nuclei. The fission rate of the target can be
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Fig. 4. The calculated (left) and the measured DN
counting rates functions (right) for one reactor burst.

evaluated from simultaneously measured total
number of prompt and delayed neutrons using the
v, value available from the literature and using

235U(nth, f) reaction as the reference. The beam
modulation phase was controlled by the part of the
data acquisition software for the synchronization of
the beam modulation with the data acquisition. The
duration of the beam modulation phase was chosen
to be 200s, so for the both phases 1000 TOF
distributions was recorded. As was described in
previous chapter the TOF distributions were used to
produce fast (FN), prompt (PN) and delayed neutron
(DN) counting rates. All signals making up the TOF
distribution was divided into three groups related to
the fast (0 <TOF < 1.5 ms), prompt (1.5 <TOF <
<24ms), and delayed (24 <TOF <180 ms)
neutrons according to the TOF values. The numbers
of counts in the individual groups were considered
as discrete samples of the corresponding counting
rates. The prompt neutron counting rate measured
for #*'Np(ng, f) reaction is shown in Fig. 2 (solid
line) along with the cross-correlation function (CCF)
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between the beam modulation and the PN rate
(dashed line) calculated using the formula:
l T
PN o (1) = — j PN()M(t—71)dx,
MN 0
1 T
where My = ! M(t)dt . (1)

The CCF was normalized to the total number of PN
detected per period of modulation function. Because
of the DN counting rate measured in the same
experiment had significant constant background and
noise basement the simulated DN counting rate
along with the CCF presented in the left hand side of
Fig. 4 for reference. The time dependence of the
measured DN counting rate is shown on the right
hand side of Fig. 4 and the corresponding CCF
presented in Fig.5 was calculated using the
following formula:

T
DN (1) = % [DNy ()M (¢ )z,
0

1 T
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Fig. 5. Measured CCF for DN after 40 averaging.

It is clear from the comparison of the CCF with
the original counting rate functions that the CCF had
better signal to noise ratio due to CCF is suppressing
the frequency components in the original signal
which are not present in the modulation function.
For further improvement of the signal-to-noise ratio
the CCF and ACF functions were reduced to the
single period of the modulation function by
summing. We used the ACF for the DN because it
produced better signal-to-noise ratio than the CCF.
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Data analysis and results

Analyzing the correlation of the FN counting rate
with the neutron beam modulation we found the
modulation pattern similar to that presented in Fig. 6
for PN.
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Fig. 6. Measured CCFs after ~1.6 - 10° averaging.

That fact we explained by lose of the fast neutrons
after scattering on the cadmium sheet of beam
modulator. The value of the modulation was found to
be compatible with the delayed neutron counting rate
and it was taken into account in data analysis for
correct evaluation of the delayed neutron yield as
follows. As was mentioned earlier the constant
background in the TOF spectrum was created by the
steady state flux of the IBR-2 core and it had the
same spectrum as the pulsed flux. That is why the
same flux reduction due to scattering at the modulator
can be expected for the steady state background as for
the FN pulse. When the correlation functions are
properly normalized then their average values for
period of modulation function are equal the number
of FN, PN or DN detected per period plus the average
constant background counting rate. Denoting the
integral values of PN and DN counts per period as
N,, and N, respectively one can write the

following equation:
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Right and left sides of the equation represented the

thermal neutron induced fission rates calculated
using PN and DN counts for the same measurement
time interval. The values v, , & — are average

number of prompt neutrons per fission event and
neutron detector efficiency for PN and v,, ¢,

corresponding values for DN. Rewriting formula (3)
to the following form:

one can find v,using measured values N,,, N,

and available from the literature the v, value. The

&

remaining parameter —~ can be obtained from
gd

calibration ~measurement with *°U  sample

considering the formula (5) as the equation in

SP
respect to —

€4
the literature. Finally the measurement of delayed
neutron yield reduces to measurement of values

Npy, Npy. The method discussed above was

applied to delayed neutron yield measurement of

using value of v, for the ***U from

_ N,y &, 4 thermal neutron induced fission of *’Np and the
Va = N, ‘gvz’ ’ ) following result was found for ~90 hours measu-
rement: v, =0.0114+0.0009.
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3ACTOCYBAHHSI METOJIB LIU®POBOi OBPOBKH CUIHAJIIB
JI0 BUMIPIOBAHHSI BUXO/Y 3AMNI3ZHIJIMX HENTPOHIB
MPUA NOALAI *'Np TEILIOBUMU HEMUTPOHAMU

1. C. 3eitnasos, O. B. 3eiinanosa, B. 1. CmipHos

OnucaHo METONUKY BHMIPIOBaHHS BUXOIY 3alli3HUIMX HEWTPOHIB MOXiTy, IO 0a3yeTbcs HAa ONPOMIHEHHI
NOCTiKyBaHHX siep > Np MOTOKOM TeIUIOBHX HEHTPOHIB, MOIYIbOBAHMM 33 IOMOMOI0I0 MEXaHIYHOTO MepPEPUBHUKA.
Inest meronmy 3amo3wyeHa i3 cydyacHoi Teopii 3B’s3Ky, A€ MoJiOHa Mpolexypa 3acTOCOBYEThCA Ul 3aroOiraHHs
HEaBTOPH30BAaHOMY JOCTYITy 1O iH(GOpPMaIiifHUX MOTOKiB. JIJsl IbOro MOTIK JaHWX, NPU3HAYCHUX Ui Hepenadi
KaHaJlaMH 3arajbHOr0 JIOCTYILy, CIIOYaTKy MOJYJIIOE€ThCS 3a JIOIIOMOIO0 JIOBIJIBHOI KOJIOBOi ITOCIIIOBHOCTI TakuM
YHHOM, 00 TUTBKU OJepXKyBad, SKUH 3HAE€ BKa3aHy KOJOBY MOCIIIOBHICTh, 3MIT BIIHOBHTH OPHUTiHAJIBHY iH(POPMAIIIFO.
Ilpun nocnmimmkeHH! peakuiid, BUKIMKAHUX TEIUIOBUMH HEHTPOHAMH, KOJ, IO BHKOPHCTOBYBABCS [UISL MOIYJISILIi
HEHUTPOHHOTO MOTOKY, 3aCTOCOBYBABCS LIS NEMOMAYIIALIl CHTHANIB JETEKTOpa 3aIli3HUTNX HEWTpoHIB. TakuM YWHOM
rapaHTyBaBCS HEHYJbOBHH pPe3yJbTaT TUIBKM JUIL CHUTHANIB JETEKTOpa, LI0 KOPEMIOIOTH 3 MOMYJIALUEI0 IIOTOKY
TEIUIOBHUX HeWTpoHiB. [IpoBeseHO OPIBHAHHS PO3POOIEHOTO METOAY 3 METOAAMH, IO 3BUYAHHO 3aCTOCOBYIOTHCS AJIA
NOoAIOHUX BUMIPIOBaHb, Ta IOKa3aHO OCOOJIMBOCTI LIOI'O METOAY, IIO0 HAJAIOTh HOMY OCOOJHMBY €(EeKTHBHICTH NpPHU
BUMIPIOBaHHSX Y (DOHOBHX YMOBaX, SIKI BA)KHO KOHTPOJIIOBATH. 3aCTOCYBaHHS Y BUMIPIOBaHHSAX BUIIaJIKOBUX KOZOBHX
HOCIIIZIOBHOCTEH rapantye eeKTUBHE BiJOKpeMJIEHHsI e€(eKTiB, OB’ SI3aHUX 3 JOCIIKYBaHUM SIBHIIEM BiJ (OHOBHX
TIOJIiH, BUKJIMKAHUX 1HIIMMH ITPOLIECaMH.
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NPUIOKEHUE METOJ0OB IIU®POBON OBPABOTKH CHUI'HAJIOB
K U3MEPEHHUIO BbIXOJIA 3ANA3/bIBAIOIIMX HEWTPOHOB
M[PU JEJEHUM *'Np TEILJIOBBIMA HEWTPOHAMU

M. C. 3eiinanos, O. B. 3eiinaiaoBa, B. . CmupHoB

OnmncaHa MeTOAMKAa W3MEPEHHUs] BBIXO/A 3ala3/bIBAIOIIMX HEHTPOHOB JIEJICHUs, OCHOBaHHas Ha OOIy4YeHHH
MccleayeMpIX  siep > Np OTOKAM TEIUIOBBIX HEHTPOHOB, MOJIYJIMPOBAHHBIM C IOMOIIBIO MEXAHHUECKOTO
npepbiBarens. Vaes MeTona 3aMMCTBOBaHa W3 COBPEMEHHON TEOPHH CBSI3H, TJ€ aHAJIOTMYHAS MPOLIEypa UCIIOIb3YeTCs
JUIS TIPEJOTBPALCHNS! HEaBTOPHU3MPOBAHHOIO JOCTyNa K MH()OPMALMOHHBIM IOTOKaM. IS 3TOro MOTOK JaHHBIX,
MIPEeAHA3HAYCHHBIX Ul Iepeadl 4depe3 KaHalbl CBSA3M IyOJIMYHOTO JOCTYINA, CHadala MOAYJIHPYETCS C HOMOIIBIO
MIPOM3BOJIFHOW KOJOBOHM ITOCTIEIOBATEIHHOCTH TaKUM O0pa3oM, YTO TOJBKO IOIydYaTeNlb, 00Jamaiomuil yKa3aHHOU
KOJIOBOH ITOCJIEIOBATENBFHOCTBIO, CMOXET BOCCTAaHOBHUTH OPHIMHANBHYIO HH(popManmio. [Ipy nccnenoBanuu peakuui,
BBI3BAHHBIX TCIIJIOBBIMU HeﬁTpOHaMPI, Kona, HCIIOJIb30BaHHBIN JJI MOAYJIAINA Heﬁ’l’pOHHOFO IMOTOKAa, MPUMECHSAJICA IJIsA
ACMOAYJIAIUN CUTHAJIOB ACTCKTOpA 3ara3abIBarolInx HeﬁTpOHOB. Tem caMbIM rapaHTUPpOBaJICA HeHyﬂeBOﬁ pe3ysibTart
TOJIBKO [JId CUTHAJIOB ACTCKTOpaA, KOPPEIHMPOBAHHBIX C MO[lyJ'IHIJ,l/leI‘/II IIOTOKa TCIINIOBBIX HeﬁTpOHOB. HposeueHo
CpaBHEHHE pa3pabOTaHHOIO METOJa C NPUMEHSEMBIMH OOBIYHO METOAAMH JUIsl HMOJOOHBIX M3MEPEHHI M NOKa3aHbI
0COOEHHOCTH 3TOTr0 METO/A, NPUAAIOIINE eMy 0c00yI0 3 PEKTUBHOCTD NIPU U3MEPEHUSX C TPYIHO KOHTPOINPYEMBIMHU
(oHOBBIMU ycitoBHsIMH. lcIionp3oBaHME B HM3MEPEHHAX CIIyYailHBIX KOJOBBIX IOCIIENOBATEILHOCTEH TrapaHTUPYyeT
a¢dextuBHOE otTheneHne 3()(EeKTOB, CBSI3AHHBIX C HCCIEAYEMBIM SBICHHEM, OT ()OHOBBIX COOBITHH, BBI3BaHHBIX
JPYTHMH TIPOLIECCaMHU.
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