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Photodisintegration of deuterium and big bang nucleosynthesis
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Photodisintegration cross sections were measured for deuterium with Laser-Compton scatheramgs at
seven energies near threshold. Combined with the precedingRi&a=N,ov for the p(n,vy)D reaction is
for the first time evaluated based on experimental data with 6% uncertainty in the energy region relevant to the
big bang nucleosynthesi®BN). The result confirms the theoretical evaluation on which the BBN in the
precision era relies.
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[. INTRODUCTION Recently, a Monte Carlo method of directly incorporating
nuclear inputs in the standard BBN calculations dramatically
Deuterium is one of four element®, 3He, *He, ’Li) reduced the uncertainties in the calculated abundances by as
whose primeval abundances lend firm support to big bandarge a factor as threed5,31. Among nuclear inputs for 12
cosmology. From the dawii—4] before the discovery of the key reactions in the standard BBN, only the onegén, y) D
cosmic microwave backgroun@€MB) in 1965[5], through is very scarce. Capture data for D are available only at four
the development era for the subsequent three decadesergies relevant to the BBN82,33 though a large collec-
[6—13], one might be witnessing therecision eraof stan-  tion of photodisintegration data is available above 5 MeV
dard big bang nucleosynthesBBN) [14-1§. [34-4Q. In the energy region of the BBN, the cross section
The recent observations of a primeval deuterium abunstarts deviating from the d/law for the M1 capture due to
dance[17-20 in metal-poor hydrogen clouds at high red- the contribution of the E1 capture. The scarcity of data in this
shifts toward quasers alone might constrain the baryon denransitional energy region forces a theoretical evaluation of
sity, for instance, providing a best value 6f, h?=0.020  the cross section. Although the theoretical cross section is
+0.002[21]. This value is the highest possible value that isayailable in the ENDF-B/VI data librarf41], it is said that
concordant with the primordial abundances“tfe and’Li  getails of the theoretical evaluation are not possible to trace;
v_v|th|n statistical plus s_ys_tematlc uncertainties in Ob?;e_rva'consequently, an arbitrary 5% uncertainty of the cross sec-
tions. H_ovyever, when limited only to the quot_ed stat|st|caltiOn was employed in the Monte Carlo BBN coft5].
uncertainties, the ovgrall concordance is lost in such a way Experimental cross sections for deuterium with sufficient
that 7th_e_ baryon density allowed by the abundancestés accuracy are desired because of the role of the primeval deu-
and ‘Li is separated by-2c from that by the D abundance terium as a precisiortosmic barometethat may help to

[22]. . i : X o
- . clarify Galactic and stellar chemical evolutiofHe, ‘Li)
Th ryon density is one of mological param . - N .
e baryon density is one of cosmological paramegers nd the cosmological limit to the number of light neutrino

beddedin temperature anisotropies of the CMB detected b . . ;
Boomerang[zg], Maxima-i[24], Fz)ind Dasi25]. In the adia- yzpemes {He) [14]. In addition to the BBN, the importance
batic inflationary model with the priors adopted for Hubble of the cross section al_so lies in the solar nel_Jtrlno observation
parameter and reionization optical depth, the baryon densit§t the Sudbury Neutrino Observato$NO) via the neutral
inferred from the CMB may well agree with that derived Current reaction. The neutral currefNC) reaction, v, +D
from the primeva' deuterium abundan{:@s]_ It is to be —>Vx+ p+ n, will determine the total neutrino flux because
noted, however, that the CMB result is sensitive to priorsthe reaction is equally sensitive to active neutrinos of all
assumed for degenerated cosmological paramg2érs2g,  three flavorg42,43. Neutrons, which are the signal of the
in particular, to primordial density fluctuations with broken NC interaction, are to be captured by the chlorine nuclei in
scale invarianc¢29]. highly purified NaCl added to the heavy water, liberating 8.6
The precision eraenvisages reduction of the systematic MeV vy rays. However, neutrons are also produced in photo-
errors by increasing samples of high-redshifts absorptiomlisintegration of D byy rays above 2.2 MeV from the decay
systems and resolution of the degeneracies by missions chain of U and Th in the detector components. Since the
the Wilkinson Microwave Anisotropy Probe satellif80] SNO is much more sensitive to radioactive backgrounds than
and Planck Surveyor. Super Kamiokande[44], photodisintegration data near
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FIG. 2. Neutron detection efficiencies for the inner and outer

FIG. 1. Response of a 120% Ge detector to the LOBys(A) rings of eight®He counters embedded in the polyethylene modera-

and ar; e'nergy distribution of the LC$ beam determined by a tor, respectively. The solid circles are results measured for a cali-
Monte Carlo analysis of the Ge response with the aas:(B). An brated 252Cf source, while the open circles are results of P

. . 25 S NS i
energy distribution weighted with the best-fit cross sections is als,(§'mU|at',OnS for?*Cf. The.sohd I|nfss stanq for efficiencies for neu
shown(C). See text for details. trons with monochromatic energies obtained by fttwar calcula-

tions.

threshold are useful to estimate the background contribution

[45]. tend to be small as the peak energy of the beam approaches
In this paper, we provide photodisintegration cross secthe neutron threshold, constituting major sources of statisti-

tions for deuterium at seven energies near threshold. Theal uncertainty.

present data can readily be incorporated in the Monte Carlo The total number ofy rays was determined from re-

BBN code of Nollett and Burlegl5]. We discuss the depen- sponses of a large volun@ in. in diameter and 12 in. in

dence of thep(n, y)D reaction cross section on the energy thicknes$ Nal(Tl) detector to multiphotons per pulse of the

relevant to the BBN in comparison with theoretical evalua-1-kHz LCS beam and to single photons of the dc beam. The

tions. uncertainty in the total flux arose from nonlinearity in the
response of our beam monitoring system to the pulsed mul-
Il EXPERIMENTAL METHOD tiphotons. In_wew of the staystlcal analysis of pileup spectra
[51], we assign 3% uncertainty to theflux.
Before emergence of Laser-Compton scattefingS) y The neutron detector consists of e proportional

rays at synchrotron radiation facilities, the best photoncounters(EURISYS MESURES 96NH45embedded in a
source used in nuclear physics experiments was the positrgolyethylene moderator; two sets of eight counters are
annihilation in flight[46,47. This source is characterized by mounted in double concentric rings at 7 cm and 10 cm, re-
a quasimonochromatic annihilation component accompaniespectively, from the beam axis. The neutron detection effi-
by positron bremsstrahlung. In contrast, the LCS photorciency was measured with a neutron source’SCf. The
source based on nearly head-on collisions of laser photons absolute neutron emission rate of thA&Cf source was de-
relativistic electrons is purely quasimonochromatic, beingtermined with 5% uncertainty relative to a calibrated source
free from bremsstrahlung. of 4 Ci Am/Be with a standard graphite pile. The detection
The experimental procedure is similar to that found inefficiency is shown in Fig. 2. The results for tR&Cf source
Ref.[48]. LCS y beams developed at the National Institute (solid circles were well reproduced by Monte Carlo simula-
of Advanced Industrial Science and TechnoldgyST) [49] tions with themcNpP code[52] (open circles The efficiencies
were used to irradiate heavy water. A Nd:YIFswitch laser ~ for monoenergetic neutrons were calculated with the same
with A=1053 nm was used. The LC% beam, which was code(solid lineg. These were used in the data analySsc.
collimated into 2 mm in diameter with a 20-cm Pb block, Ill.) Average neutron energies were kinematically calculated
keeps 100% linear polarization of the laser photons unless for the photodisintegration of deuterium with the LGS
is depolarized by an optical element called depolarizerbeam. The calculated energies were consistent with those
Heavy water filled a 4.0 cm long cylindrical container madederived from the so-called ring ratio of the detector.
of aluminum with 50xm Mylar foils being entrance and exit Figure 3 shows time-to-amplituddAC) spectra for de-
windows. The purity of the heavy water was determined tatecting neutrons with the inner and outer rings of eigHe
be 97+ <1% with a NMR spectrometer. counters embedded in the polyethylene moderator, respec-
Energy spectra of the LC$ rays were measured with a tively. The spectra were taken with signals from thide
120% Ge detector and analyzed with a Monte Carlo codeounters as a start and the 1-kHz laser signals as a stop to an
EGS4[50] to determine the tail profile of the LCS beam. An ORTEC-566 TAC module. The high-efficiency detector al-
energy spectrum of the LC$ rays that best reproduced the lowed us to separate reaction neutrons from background neu-
Ge responséA) is shown(B) in Fig. 1. The fraction of LCS trons that time independently arrived at tAele counters
v rays above 2.22 MeV was responsible for photodisintegrawith excellent single-to-noise ratios except near the neutron
tion. Both thewy fraction and the neutron counting statistics threshold.
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the inner and outer rings dHe counters embedded in the polyeth- . 4 Bishop[54
ylene moderator, respectively. The TAC mod(@RTEC 566 was I /\
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lll. DATA ANALYSIS FIG. 4. Photodisintegration cross sections for deuterium. The

The number of neutrons emitted in the 9f)p reaction JENDL evaluations are shown by the dashed line for the M1 cross
is expressed by section, by the dot-dahsed line for the E1 cross section and by the
solid line for the sum.

1-e M E
. ’ ’ ’ A Nn En
Nn_nT< ut )f lo(E;)o(E,)dE,, @ o(E))= 1(—(3)‘“t ®
nTNV(—,ut

whereny is the number of target nuclei per ému is the
absorption coefficient fory rays in the target material Since the weighted energies of rays and neutrons

(D,0), tis the target thickness$y(E,) is the energy distri- (E 2E,= E —S,) remain unknown untilr(E,) is deter-

bution of LCSy rays, ando(E,) is the photodisintegration
cross section for deuterium. Note that the term (1 mined, we replace(E with the average energ., of the

—e~#Y/(ut) is characteristic of a thick-target measurement duasimonochromatiey rays. Nn(Ey) was determined from
where the conditionut<1 is not necessarily met. The en- € number of neutrons detected by thide counters with
ergy dependence gf can be ignored due to the small energy the efficiencye(E,,). Uncertainties in they energy were
spread of the LCS beam. Equatiéh can be approximated e€stimated in the following iteration procedure. First, a best fit

for the quasimonochromatig-ray beam by to the datase(E , O'(E.y)) a”‘(Ey) was obtained. Then, a
t weighted-average enerdjsf” is calculated foil o(E,) with a
N 1—-e # ~ fit
Nn(En):nTNy( t o(E,), ) weighto'"(E,). Itis most plausible Elr:at the true vaIueE-)J;
K lies in the interval ofE TAE (= E E,. In Fig. 1, a

weighted energy distribu'uon of LC$ rays(C) is shown in
whereN,, is the number of LCSy rays above the neutron comparison with the original distributiofB). The resultant
separation energg, , uncertainty AE,) is of the order of 20 keV near the neutron
threshold and several tens of keV at higher LCS beam ener-
, , gies.AE,, at higher energies are determined by uncertainties
N,= L lo(E;)dE,, 3 of the low-energy tail of the distributiohy(E,) rather than
" by the weighto""(E,).

and a(Ey) is weighted-average cross section with a weight IV. RESULTS AND DISCUSSION
lo(E,). By definition, ) o . )
Figure 4 shows photodisintegration cross sections for deu-
terium as a function of the averageray energy. Numerical

f lo(E})o(E})dE, values are given in Table I. All the photonuclear data com-
o(E.)= ) (4)  piled in the IAEA documenf53] are also shown in Fig.(d).
7 N, In Fig. 4(b), the data of Bishoget al. [54], though not in-

cluded in the IAEA compilation, are shown. The datum of
The weighted-average cross section is experimentally deMoreh et al. [40] is consistent with our data, whereas the
termined from Eq(2), data of Bishopet al. [54] are not. The solid line is the
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TABLE |. Photodisintegration cross sections for deuterium de-
termined in the present measurement. The cross section is given as
o+ Ao (stat) = Ao (syst) in units of millibarn, whereA o (stat)

— present

10

FCzI [68]
and Ao (syst) give the statistical and systematic uncertainties, re- [ Hale [41]
spectively.E, andAE, are, respectively, the average energy of the L - JENDL [5§]

LCS y beam and associated uncertainty.

S

N,ov (x10* cm¥mole/s)
(6]

E, AE, o Ao (stat) Ao (syst) |

(MeV) (keV)  (mb) (mb) (mb) 3

2.33 18 0.683 0.053 0.042 27

2.52 18 0.983 0.039 0.061 T A I R R

2.79 22 1.47 0.03 0.09 10* 10? 1¢° 10°

3.23 50 2.04 0.04 0.13 E (MeV)

3.69 42 2.29 0.04 0.14 FIG. 5. R(E)=N,ov for the p(n, y)D reaction as a function of
4.53 88 2.48 0.04 0.15 the c.m. energy. Keys for the data are solid cirdleeseny, open
4.58 60 241 0.02 0.15

circles[32]; open squar¢33]; and open triangl¢40]. Only statis-
tical uncertainties are shown for the present data. The high-energy

) o data are from Refd.61-66. The dotted line, the dashed line, and
JENDL evaluation[55,56 which is the sum of the Elthe  {he dot-dashed line stand for the theoretical evaluations of FCZI

dot-dashed lineand the Mi(the dashed linecross sections. [gg] Haleet al.[41], and the JENDL55], respectively. The solid
The JENDL evaluation is based on the M1 cross section 0gine shows the best fit to the data connected to the JENDL evalua-
Segre [57] and the E1 cross section of the simplified tion at 1 MeV.
Marshall-Guth mod€]58] below 10 MeV and that of Partovi
above 10 MeV[59]. . .

The systematic uncertainty of the cross section has three 719Ur€ 5 ShowR(E) =Npov as a functlo,n of the center
sources: the neutron emission rate of #3éCf source(5%), ~ Of mass energy, whereN, is the Avogadro’s numberr is
the total flux of the LCSy rays (3%), and the angular dis- the capture cross section, andis the c.m. veIocny.lThe .
tribution of neutrons. The effect of the neutron angular dis-Present data were converted to capture cross sections with
tribution, do/dQ), on the neutron detection efficiency was the detailed balance theorem. High-energy capture|@dta
investigated with theicNP code, where angular distributions 66] are also shown in the figure. A least squares fit to all
were calculated with the formula of Reffi58] for the E1  available data including the latest thermal neutron capture
process and an isotropic angular distribution for the M1 pro-datum[67], the capture datf32,33, and the photodisinte-
cesg57] was added. The resultant uncertainty was 2% in thegration datun{40] was performed in the energy region up to
present 4r-type measurement. The overall systematic uncer2 MeV. The data of Ref[54] were not included in the fit.
tainty is 6.2% after adding three sources in quadrature. ~ The same polynomial expansion formula as td. (19),

All the data except for the datum at 4.58 MeV were takenm=5] in Ref. [12] was used. The solid line shows the best
with 100% linearly polarized LCS beams. The center-of- fit to the data which is connected to the JENDL evaluation at

- 2 ; i
mass differential cross section for the 26)p reaction can 1MeV. They~ value of the best fit was 0.61. For comparison,

be written ag59,60] the theoretical evaluations of Fowler, Caughlan, and Zim-
q ’ merman(FCZI) [68], Hale et al. [41], and the JENDL are
g_ shown by the dotted line, the dashed line, and the dot-dashed
ga ~ So(O)[1+X(6)cos 2], (6)

line, respectively.

) . ) The error involved in the experimental evaluation of
whereSy(6) is the cross section for a nonpolarizetbeam,  R(E) was estimated as follows. A normalization factowas

0 is the angle between the neutron and photon momentgntroduced to the best-fit curve and té was calculated as
2(6) is the asymmetry of the differential cross section, and; function ofa with the 12 data points in the energy region of
¢ is the angle between the polarization and reaction plane$ 01-2.4 MeV. The error for the normalization factor was
The difference between the c.m. and laboratory systems caibquced from the condition that thé value per degree of
be ignored in the present low-energy measurement becaug@edom changes by unity. The resultant error was 6%, which

2 . . . .
ho (the y energy < Mqc” (the rest mass energy of deute- js dominated by the systematic uncertainty of the present
rium). Summing neutron events over the 3de counters in measurement.

the concentric-ring configuration makes thedependent
term in Eq.(6) vanish. Thus, the present measurement with a
polarized beam is in principle equivalent to that with a non-
polarized beam. Note, of course, that the polyethylene mod-
erator smeared out the dependence of the neutron emission  Photodisintegration cross sections for deuterium were
to large extent before the summing. As seen in Table |, theneasured at seven energies near threshold with the 1.CS
data taken with the 4.53-MeV-polarized beam and the 4.58beams at AIST. These cross sections resolve the scarcity of
MeV-depolarized beam well agree with each other within thedata relevant to big bang nucleosynthesis and help to esti-
experimental uncertainties. mate the major background in the neutral current observation

V. CONCLUSIONS
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