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Abstract

The relevant absolutgray emission probabilities from tiledecay o**Np were measured by meanscoand
y-spectroscopic techniques. We obtained valuesa6¢0.4) %, (8.9+0.2) % and (18.8+0.3) % for thel 945,
1025.87 and 1028.54 keyfrays, respectively, in agreement with the previmesasured ones. These intensities
were used to deduce the thermal neutron captuss aection of*’Np for which a value of (182.2+4.5) b is
obtained higher by 11% than the recommended value.
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1. Introduction

Neptunium-237 is a long lived (5=2.144 16 years) isotope which is present in spent-fuelightl water
reactors and contributes significantly to the laegn radiotoxicity of nuclear wastes. THENp capture cross
section is an important parameter in the fieldrah$mutation and also in the field of high burnfugl studies as

it strongly affects the production of heavier elamse When bombarded with neutrodNp produces the
intensea-emitter 2%u through thd-decay of***Np, generating additional radiotoxicity and causintpss of
neutrons in the fuel.

The most recent measurements of tip(ny) cross section as a function of the neutron enirdlye range of
0.02 to 100 eV (Shcherbakov et al, 2005) have shanwvaverall good agreement with earlier measuresremd
evaluated data but have pointed out a problemeelad the absolute normalization of the measurement
Generally, for time of flight measurements, themailization is given by measurements based on dictiva
techniques or sometimes calculated from resonaacemeters as performed by Weston and Todd (1981).
However, the thermal cross section values obtayedctivation techniques and pile oscillation meltipoesent
large discrepancies that affect the precision reguior such cross section.

If we consider only the values measured by mearnssdectroscopic techniques from Brown and Hall (3956
Schuman and Berreth (1969), and Eberle et al. (197 obtain a mean cross section of 180 b witkraor of 4

b that is compatible with the value of (181+6) liadhed by Weston and Todd (1981). A significantdipancy

is observed when comparing the above values toegulenit measurements doneybspectroscopic techniques
where a mean value of 155.3 b with an error of 2.8 found in the original data of Jurova et alb§4),
Kobayashi et al. (1994) and Katoh et al. (2003)wdfs later shown by Harada et al. (2006) that pathe
discrepancies betwean andy measurements comes from treay emission probabilities of tHé*Np decay.
Indeed, all the experiments based onyagtivation technique used the 984-kgvay to determine the amount
of #®%p. Kobayashi et al. (1991), Katoh et al. (2003} alurova et al. (1984) used an intensity value of
(27.84£0.8) % from Lederer (1981). In their expenmediarada et al. (2006) used coupjednda-spectroscopic
techniques to measure the emission probabilithisfytray. They found a value of (25.2+0.5) % that iwéo
than the evaluated one from Lederer (1981). They aleasured the 312 keMtay emission probability from
the decay of**®Pa. They used these two values to correct the {meéous experiments. The corrected cross
sections became compatible with the cross sectimasured by Harada et al. (2006), yielding a meduevof
(170£3) b, while the value of Kobayashi et al. (4p%as increased by the correction to (196+4) breasing
therefore the discrepancies between the data.

Kobayashi et al. (1994) used the thermal neutraiitia of the Kyoto University Reactor (KUR) whetthe
neutron energy distribution is in good agreemernh & Maxwellian distribution at a temperature of €0 On

the other hand, most of the experiments were deirgguhe Cd ratio technique, samples being irradianto
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neutron fluxes with non-negligible epithermal compnt. For example, Katoh et al. (2003) and Hardda.e
(2006) used the pneumatic tube facility of the (RUR this irradiation channel, the epithermal hertmal ratio

is about 0.033 in the Westcott convention. As dised in Katoh et al. (2003), the huge first resoaamhich is
located near the Cd cut-off could have an impadherfinal determination of the cross section.

In the present experiment we took advantage oHigh Flux Reactor of the Laue-Langevin Institut ¢Boble —
France) and the highly thermalized neutron fluxha H9 irradiation channel to extend the measur¢merthe
absolute emission probabilities to the three migtrisey-rays from**Np and to explore the effect of the first
resonance on the determination of the capture c®stion. Thé*’Np sample was irradiated in the H9 channel,
which provides a neutron flux with an estimatedttegrimal to thermal ratio of 0.0021 in the Westcott
convention. The-emission probabilities were determined from thate to thea-activity of 2*®Pu. The cross
section was deduced from tigeand a-activities of the sample. This experiment is at @dira more complete
program dedicated to the study of the transmutattmain of**’Np when irradiated into thermal-neutron high-
fluxes.

2. Description of the experiment
21 Target preparation

The **'Np target was prepared at the Lawrence Berkeleyioht Laboratory. The?*Np sample was
electrodeposited by molecular plating techniqueMathamid et al., 2005) on a 12 mm diameter Ni foie
deposit area was a circle of 8 mm diameter. Thekitgiss of the Ni plate was chosen to bendto allow the
release of fission products from the target duiimgdiation in order to reduce theray background of the
sample. Thé*Np target was mounted on a Ti holder together with mm diameter Al foil containing 1% (in
mass) of°Co for measurement of the neutron flux. The digtapetween thé'Np target and th&°Co neutron
flux monitor was 35 mm. Since the irradiation chanallows for a ftirradiation geometry and the neutron
density is quite constant in the irradiation atba,35 mm distance does not introduce significacettainty on
the neutron flux normalization.
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Fig. 1: Alpha energy spectrum prior to the irraidiat recorded at 5 cm from the target. Data wetediwith the
a-energy function described in Marie et al. (200&hape parameters were determined once and kepicalen
for eacha-ray.

The composition of thé*'Np sample and the quantity 67Np atoms were determined msspectroscopy
(section 2.2) prior to the irradiation by using thNeni-INCA chamber (Marie et al., 2006). The-energy
spectrum is shown in Fig. 1, where we see thatithetivity is dominated by Cm isotopes. Using théoiding

procedure described in section 2.2, we extractedattivities for each isotopes and the isotopic pmsition of
the ®Np sample listed in Table 1. TRENp activity was determined in reference t&%€m calibration source



and amounts to (370.3+3.7) Bq. By using the nucpmaameters listed in Table 2, we deduced the numbe
%'Np atoms present in the target to be (3.612+0.088)corresponding to a mass (@#.21+0.14) pg.

The initial isotopic composition of the target wagen into account to calculate théNp and®*u activities
(see section 3).

Table 1: Percentage of atoms contained irfiidp target prior to irradiation.
237Np ZSEPU 235Pu 24CPu 24:Cm
99.7574 % 0.00135 0.1218 0.10635 0.0083

244Cm
0.0048

2.2 Activity measurements

The®'Np and>°Co samples were irradiated for 2.733 hours in theadled diaphragm position of the Lohengrin
spectrometer (H9 channel). After about half an hthe samples were transferred into the Mini-INGramber

to be analyzed by- anda-spectroscopy. The experimental setup and theadetlysis are described in details in
the reference Marie et al. (2006). Here, only artsdescription is given emphasizing specific aspeaxtthe
present measurement. The detection system comdisisHigh Purity Germanium (HPGe) detector with an
intrinsic efficiency of 9.98%, an energy resolutioh1.7 keV at 1173 keV, and a Passive Implantexh#t
Silicon (PIPS) detector with an energy resolutibA ©keV for 5.5 MeVa-rays. Signals from the HPGe detector
are treated with a Digital Signal Processor (DSPemas those from the PIPS detector are treatdd awit
conventional fast Amplifier and Analog to Digitab@verter. The DSP calculates its live time withragsion
better than 2% even when the electronic dead tavaf 50%. Nevertheless, we only used runs for wiineh
dead time was lower than 50%. The absolute effitemnwere established with calibratgdind a source$
having geometrical characteristics similar to thmples. Measurements were made 2-3 days aftenthefehe
irradiation to reduce the total activity due to gHived contaminants.
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Fig. 2: Energy spectrum of emittgerays by?*®Np at 79 cm from the target. The majmays used for the
analysis are energy-labeled. Right: zoom-in on1b26 and 1029-keV doublet, with the results froe tiulti-
peak minimization (lines).

An example ofy-ray energy spectrum is shown in Fig. 2, wherettinee mairy rays from?**Np (see Table 2)
are clearly separated from the background. We atse the presence of contaminants coming from the
activation of the target holder. A significant paftthe input counting rate is not visible on thgufe as it
corresponds torrays coming from'®Au (the most intensg-ray is at 411-keV) and X-rays from the Pb
shielding. Thesg-rays were responsible for about 80% of the inmuinting rate. They were also responsible
for a depopulating of th€®Np y-rays by fortuitous coincidences that can not hected by the Pile-up rejection

2 From the Radioactivity Standards Laboratory (LBACERCA. The activities were certified to be knowith
1.25% of uncertainty @) for ®*Co and'*Euy-sources and 2% and 0.7% for ##\m and**’Cma-sources,
respectively.



system of the electronic. We evaluated the amofinbonts lostA(E,) in each®®Np photopeak activitA(E;)
from the activities measured in the sum peak aA¢Bs-E; ):

dA(Ei):ZA(Ei +Ej)(B—;’;S) 1)

where the photopeak signal (S) over the total aung signal (S+B), (B) being the Compton backgahuvas
estimated with an accurate MCNP simulation of tHeQe detector foy-energies ranging between 100 and
1200 keV. The correction factor that have beeniaggbr the three maigrays of***Np amounts to (5+1)%. It
was deduced from the most actiyeays of the spectra. The photopeak activities vaetermined from a multi-
peak chi-square minimization procedure, each pesikgbmodeled by a Gaussian function added to an
exponential background. We added an exponentlatdaivoluted with the Gaussian function to desctheetail

of the photopeak at high energy due to the pilesith low-energy photons. As can be seen on Fighg,
statistics in each photopeak is very high, so tiatminimization procedure is very sensitive to ti@deling of
the peak. To take care of the imperfections inrtlegleling description we increased the errors obthioy the

fit to reduce the chi-square by degrees of freedlmse to unity. The final errors of tlyeactivities contained the
errors of the fit and the errors on the photopdé&iency (2%).

Table 2: Evaluated nuclear data used in this erpsar.

Nuclide Half-live Radiation Energy (keV) Intensii$o)

ZNp @ 2.144 18y (7) a 4771.4 (8) 23.15 (29)
a 4788.0 (9) 47.64 (6)
y 984.45 (2)

ZENp D) 2.117d (2) y 1025.87 (2)
y 1028.54 (2)

2py D 87.7y (3) a 5456.3 (3) 28.98 (10)
a 5499.03 (20) 70.91 (10)

®Co? 1925.1d (5) y 1173.237 99.9736 (7)
y 1332.501 99.9856 (4)

3 Singh and Tuli (2005)
® Chukreev et al. (2002)
9 Tuli (2003)
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Fig. 3: Alpha-energy spectrum recorded after 3 ddysoling at a distance of 29 cm from the tar@etta were
fitted with the function described in Marie et §006). Shape parameters were determined once epid k
identical for eaclu-peak.

An example ofxi-energy spectrum is shown in Fig. 3 where we seetays from?*®Pu (see Table 2). For these
measurements the electronic dead time was cordrtdlde less than 12%. We tested that for dead lomver
than this value the estimated live time get a ienibetter than 1%. The dead time was mainly drivg low
energy events produced Byandy rays coming from the target and interacting with tletector. These events,
when piled-up witho-rays, are also responsible for the small tail taat be seen at high energy.

The resulting measured activities are shown in &&bfor?*'Np, %u and the 984.45 keV, 1028.54 keV and
1025.87 keW-rays, which originates from the (2+) (2+) and (2+)— (0+) transitions of the 1028.545 keV
level in?*®Pu, and from the (3+) (2+) transition of the 1069.943 keV level, respasdy. We see that for each
measurement, tHé'Np activities are compatible within error bars witle activity measured before irradiation.
It confirms that the burn-up of the target coulddoasidered as negligible and that there was reodbsnaterial
during irradiation.

Table 3: Measured activities f6f'Np, the three most intengeays of**Np and***Pu.

Cooling time (days) | %*Np (Bq) ““Np (MBa) 28y (Bq)
984.45 keV  1025.87 keV 1028.54 keV
2.4037 371.2£3.6 15.31+0.36 5.3210.21 11.25+0.34 890483
2.5709 367.5+3.4 14.44+0.34 5.05+0.20 10.62+0.32 84585
2.7381 367.4£3.4 13.67+0.32 4.72+0.19 9.99+0.31 3%36
2.9049 38715 13.06+0.36 4.54+0.26 9.61+0.39 5388+12

3. Absolutey-ray emission probabilitiesfrom **Np

The absolute-ray emission probabilities frof®Np were determined in reference to the measaredtivities
of 2¥Pu. As®Np nuclides decay t6**Pu, their activity as a function of time is linkeThe time dependent
relation can be established by solving the Bateetprations:

A=A, )+~ AT e e @

whereAx(Ti,) is the238Np act|V|ty by the end of irradiatiory(t) is the?*®Pu activity after a cooling timeand
/]i are the or a decay rates. The activities by the end of irragdiletan be written as:

A(T,)=AG:0N, (@[%] ©)

1

ot + | AT O) e ) (e e
A(T,) =A™ { T [{ o M A1 J]} ?

1

where the quantitiesl, = A, +(G° + ;' )@ are the total disappearance probabilitiés,and & being the
capture and fission cross sectionsjs the neutron flux, and the indéx1 stands fo*'Np. As the burn-up of
the target is negligible/i1 =0) and by inserting Eq. (3) into Eq. (4), we get thiation between th&%Pu and
238\ p activities by the end of irradiation:

S, AAT) 1-e
AL)= A" + 7 _M[ A[le ﬂ (5)

If the quantity A3(0) is sufficiently small to be neglected and /ig =/12,/i3 =A,, as it is the case in our

experimental conditions, we see that the réd(T;,)/Ax(T;) does not depend on any cross section values but
only on the decay rates.

Finally, the measured activities for teays from?*®Np anda-rays fron?>%u can be expressed as a function of
the isotope activities taking into account the gmédion time of the measuremeRT(= 4 hours):

v, =1, AT, )en E28)

A,RT ©)



At (1_ eiAaRT) + /]3'0& (Tirr) [e—ag (1_ eiAZRT) —g™ (1_ e ) ]} (7)

Y,(t) =1 e
3() Q{A3(-r|rr) /]3RT /13_/12 /]ZRT /]SRT

wherel ,andl, are the absolute emission probabilities.
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Fig. 4: Ratio of the measuréd™Np over?*u activities for the three maiprays of ®p. Lines are the fit
results with Eq. (6), Eq. (7) and Eg. (5). The dtapthe later point is due to a shorter time measient.

We used the ratio of the measuredctivities of***Np over thea activity of 2*%u (Y,/Ys) to deduce thg-ray
intensitiesl, (Fig. 4). Data were fitted using Eq. (6), Eq. érd Eq. (5). The errors on the decay ratescand
intensities (Table 2) were propagated by iterathmg fit procedure over 5000 iterations. For eaehation the
decay rates and intensities were randomly genenattdn their Gaussian error. The error summary ban
written as follow:

(i) The error on the decay rates 1%
(ii) The error on thex-ray efficiency and modeling of theepeak 1%
(iii) The statistical error on the-ray measurement ¥%Pu <1%
(iv) The error on the emission probabilitymfays from™*Pu <0.3%
(v) The error on thg-ray photopeak efficiency 2%
(vi) The error on thg-ray measurement &t*Np (including the statistical errors) 1-3%
(vii) The error on the combustion cross sectiof*™p (negligible in our case) 6%

Results of the fits are given in Table 4. The algdivalues are in good agreement with the receatation of
Chukreev et al. (2002) and with previous measurésndrhis good agreement with the results of expenis
that used different techniques provides a goodiden€e in our measurement. It should be noted ttet
absolute value from Lederer (1981) was deduced &nrimtensity balance of the ground stat&®®tu.

Table 4: Resulting-ray intensities, per 100 decays, measured iretiperiment and compared with earlier
results, in addition to the recommended valueshafi@eev et al. (2002). The Winter's values weremalized
to our 984.45 keV intensity.

Authors (year) 984.45 keV 1025.87 keV 1028.54 keV ethdds
Present work 25.6+0.4 8.9+0.2 18.8+0.3 ay
Chukreev et al. (2002) 25.19+0.21 8.72x0.15 18.2230 Eval
Harada et al. (2006) 25.2+0.5 ay
Rengan et a(2006) 25.17+0.13 8.766+0.45 18.23+0.93 By
Chang et al(1990) 25.19+0.21 8.71+0.15 18.29+0.23 41y
Lederer (1981) 27.8 9.7+0.6 20.3+0.8 y
Winter et al. (1972) 25.4 8.76+0.43 18.4+0.9 y




4. Capture cross section of 2'Np

The obtained, values (Table 4) were used to deduce the effetliidp capture cross section from the fit of the
y anda activities using Eq. (6) and (7) and Eq. (3) aadtherein (see Fig. 5). Over 5000 fit iterationerev
performed to propagate properly the errors asstiatith the fixed parameters, their value beingdoamly
generated within their Gaussian error for eaclaiten. The neutron flux was measured by meanseo$tandard
*Co(ny)®Co reaction. They activities at energies of 1173.2 keV and 1332.¥ keere measured after
irradiation giving an activity of (6.00+0.06)1®q for ®°Co. The effective capture cross sectior’@o was
evaluated by means of a precise simulation of tfé&R Heactor with the MCNP code (Marie et al., 2006).
Considering a value of (37.18+0.06) b (Mughabgi2€if)6) for the 0.0253 eV capture cross sectiorr©®b, we
obtained an effective cross section of (31.1+0.9le deduced neutron flux was (6.57+0.1%§x0cnf/s. The
main uncertainty is attributed to the uncertairftyhe initial quantity of°Co, which is known within an error of
2%.

The effectiveé”’Np capture cross sections deduced fron?ifdp activity measurement amounts to (149.9+3.7)
b and from the®®*®u activity measurement to (150.3+3.7)b, resulimgan effective cross section af=
(150.1£3.7) b. The final error includes the prewgidisted errors added to the following ones:

(i) the error on the neutron flux A2

(ii) the error on the initial quantity 6f’Np atoms 1.1%

x10°

~1300

o

@ 1200

>

£ 1100

3 1000

<
900
800
700
600
500
400

ty (Ba)

5000

ct
S
S
S

O T e e

Activi

3000

2000

1000

05 1 15 2 25 3
Time (days)

o

Fig. 5: Measure@Np and®®%u activities (symbols) fitted with the Batemanusioins (Eq 6 and 7).

The present value was compared to the effectivescsection calculated from the three most usedceaudata
libraries by the MCNP simulation of the reactoreg(§@ble 5). While the JEFF 3.1 and ENDF-BVI valaesin

a good agreement with our value, the latest rel@eddeNDF and JENDL values are lower by about 11 %.
Nevertheless, we see that the ratio between tleetafé cross section and the 0.0253 eV value doevary
significantly. So that we used a mean ratio valuie=6.824+0.003 to convert the effective crossisecinto the
Ex=0.0253 eV value. We founa=(182.2+4.5) b that confirm the value of Weston dindld (1981) and JEFF
3.1/ENDF-BVI. Our value was also confirm by theartintegral experiment OSMOSE (Noguere et al.,7200
at the Minerve reactor (CEA-Cadarache - France}his experiment, they showed that &tiNp cross section
value drives the best agreement between the ctddutend the measured reactivity.

Table 5: Effective § ) and 0.0253 eV @, ) neutron capture cross sectionsGip.



g, (b) g (b) r=0lo,

Present work 182.2+4.5 150.1+3.7
JEFF 3.1/ ENDF-BVI 181 149 0.827
ENDF-BVII / JENDL 3.3 162 133 0.821

5. Discussion

In Table 6, the existing®*Np(ny)**Np cross section values from the literature are pamed with the value
obtained in the present work. We see the good ageewitha-activation based measurements and with the
transmission measurement of Smith et al. (195&gitonsider the large uncertainty of this measuréme

Table 6: Present and existififNp capture cross section values.

Authors (year) Methods a, (b) a,? (b) a,” (b)
Present work y-a activation ~ 182.2+4.5b
Brown and Hall (1956) o activation 17247 b
Smith et al. (1957) Transmission 170+22 b
Tattersall et al. (1960) Pile oscillator 169+3 b
Schuman and Berreth (1969) o activation 185+12 b
Eberle et al.(1971) o activation 18446 b
Weston and Todd (1981) Time of flight 181+6 b
Jurova et al. (1984) y activation 158+4 b 172+4 b 17445
Kobayashi et al. (1994) y activation 158+3 b 19644 b 181+4
Katoh et al. (2003) y activation 141.7454 b 16816 b 15616
Harada et al. (2004) y —a activation 16946 b 157+7

3 Corrected values from Harada et al. (2006).

b’ Corrected values when using the recommended valué38.5+0.4)% (Singh and Tuli, 2005) for
the 312-keW-ray and (25.19+0.21)% for the 984-kg\fay (Chukreev et al., 2002).

However, there is discrepancy between our value tmode obtained using-activation technique. This
discrepancy can be reduced for some of them bygubim recent evaluatggray emission probabilities. Indeed,
Kobayashi et al. used the 312-kg¥ay emitted fronf>¥Pa to determine the amounts?dNp in the sample with
an intensity value of 37.0 %. Katoh et al. did #@ame but with a value of (38.6+0.4)% that is clase¢he
recommended value of (38.5£0.4) % proposed by SamghTuli (2005). Jurova et al. did not used thiay but
the 86 keV one. Harada et al. (2006) have usedue v (41.6+0.9) % to determine the amount@p. This
value, which is much higher than the recent measorees, was determined is that experiment and tesed
correct the three othgrmeasurements (see Table 6). Here is a brief suynofathe existing values of the
emission probability of the 312-keyray. In the framework of the EUROMET project (NH.6) this emission
probability was recently measured. Three independesults were reported: (38.7£0.4) % by Woodslet a
(2000), (38.51£0.4) % by Schotzig et al. (2000), &3i6.8+0.6) % by Luca et al. (2000). More recei@hchukin
et al. (2004) have reported a value of (37.5:t0%4)and older measurements give values of (38.61%.5pr
Gehrke et al. (1979) and (38+4) % for Berdikov kt(2964). All these values are in agreement wit& dne
used in the Katoh’s experiment and we believettiat/alue obtained by Harada et al. is overestithate

If we correct the cross sections obtained in yativation experiences, as Harada et al. did, fipmguthe
recommended values of (38.5+0.4) % from Singh anlil (RO05) for the 312-keW-ray and (25.19+0.21) %
from Chukreev et al. (2002) for the 984-kgday, we found the values indicated in Table 6. é&ywgood
agreement is observed between our value and theyashi’'s one and a compatibility with the Jurovarse
whereas the discrepancy with Katoh and Haradaesiigit. We do not have any interpretation at timeetfor this
discrepancy but it probably shows the importanceake care of the first resonance when extractirggcross
section.

6. Conclusion

We used a combination of andy- spectroscopic techniques to analyze an irradi&fagh sample in a quasi-
pure Maxwellian neutron flux. From this measuremeeatdeduce the absolute emission probabilitieb@three

most intensey-rays from#*Np. The obtained intensities agree within 1% whk existing data and with the
recommended values of Chukreev et al. (2002). Mernused these new intensities, to determine theuap
cross section of th&'Np, one of the main contributors to the long-teaiotoxicity of nuclear waste. We found
a value which is in good agreement with previoussoeements based onspectroscopy technique and with



some of the recentspectroscopy techniques after correction ofytiletensities fron>*Pa and®*Np with the
recommended values. There is still a discrepandl thie two most recent measurements done in theéoKyo
University Reactor by using the pneumatic tubelifgciFinally, our value is in agreement with JEFF&nd
about 11% higher than the value present in thetiagdeases of ENDF and JENDL nuclear data libsasénce
these two libraries seem to have adopted the saateation, a new evaluation should be envisaged.
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