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Measurement of 1H„n,g…

2H reaction cross section at a comparableM1/E1 strength
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The cross section of thep(n,g)d reaction was directly measured for the first time atEn5550 keV, where the
theoreticalE1 transition strength is comparable to theM1 strength. It was determined accurately to be 35.2
~24! mb, and it agrees with the theoretical one which includes the meson-exchange currents. In this work, a
prompt discreteg-ray detection method combined with a pulsed neutron beam and a newly developed Monte
Carlo code was essential to obtain an accurate cross section.@S0556-2813~97!00612-2#

PACS number~s!: 25.40.Lw, 25.10.1s, 29.30.Kv
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I. INTRODUCTION

The low-energy neutron-capture reaction by a proton
one of the important reactions in both nuclear physics@1#
and nuclear astrophysics@2#. In nuclear physics, then-p
two-body system is the conceptually simple and solva
one, and therefore, the reaction has been expected to pro
valuable information about the nucleon-nucleon interacti
the wave function of the deuteron, and the electromagn
properties of nucleons. Actually, the critical role of meso
exchange currents~MEC’s! @3# was revealed for the firs
time in the measuredp(n,g)d reaction cross section for the
mal neutrons@4#. Here the thermal neutron-capture reacti
proceeds via thes-wave capture with theM1 transition
mostly between an1S0 T51 scattering state and the de
teron ground state with3S1and 3D1 components ofT50,
and thus, a sizable effect of isovector MEC’s was obser
@3#. Since the measurement of the thermal neutron capt
the experimental studies of thep(n,g)d $d(g,p)n% reaction
were performed mostly at a higher neutron$g-ray% energy@5#
to investigate various effects, such asr andv exchanges and
relativistic corrections to the impulse approximation~IA ! @6#,
while the theoretical calculations were carried out on
total, differential cross section and the polarization of t
emitted nucleon in thed(g,p)n reaction from low energy up
to more than 100 MeV@7#. In the low-energy regionEg
,20 MeV, it has been suggested that there are discrepan
between theory and experiment as discussed below. Nam
the polarizationP(n) and angular distribution ofP(n) of the
neutron from thed(g,p)n reaction were measured in th
g-ray energy region 6,Eg,13 MeV @8# and atEg52.75
MeV @9#, respectively, and they differ from the theoretic
values which include the contribution of MEC’s. The analy
ing power was also measured for thep(n,g)d reaction using
polarized neutrons of 6 and 13.4 MeV, and the results di
from the theory@10#, while the measured angular distributio
of the neutron atEg52.75 MeV is in good agreement wit
the theory@11#. In these situations of experiment and theo
and in view of the importance of the reaction, it would
worthwhile to carry out a new experiment on the proble
560556-2813/97/56~6!/3173~7!/$10.00
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Here it should be mentioned that the measurement of
cross sections(n,g) of thep(n,g)d $d(g,p)n% reaction has
not been well studied in the low-energy region, mostly due
the experimental difficulty as discussed later. Hence it wo
be interesting if one could measure thes(n,g) at low energy
and shed light on the problem. In nuclear astrophysics,
p(n,g)d reaction is known to create all deuterium in th
early universe. The cross sections(n,g), therefore, is nec-
essary to estimate the production yields of primordial lig
elements@2#. Since it was not measured at the astrophy
cally relevant energy of between 10 and 600 keV, it w
derived from the cross sections(g,p) of the d(g,p)n reac-
tion, which was estimated by the effective range theory@12#.
Recently new calculations ofs(n,g) were made by Hale
et al. @13#, Smithet al. @14#, and Satoet al. @15#; their values
agree with each other within 5% deviation, although th
differ from the old one@12# as noted in Refs.@14# and@15#.
Here it should be mentioned that although theoretical w
of s(g,p) was made in the threshold region of the deuter
photodisintegration@7#, the experimental value was no
available for a long time, and thus in order to estimate
production yield of the primordial light elements the o
value @12# was used until quite recently@14#. The authors
@13,14# obtained the cross section by fitting the existing d
with a polynomial expansion, while Satoet al. performed a
theoretical calculation by including the MEC’s, isobar cu
rents, and pair currents: The result is shown in Fig. 1 a
function of the neutron energy, whereM1(IA) is the M1
strength calculated without the MEC’s effects. It is intere
ing to note that the MEC’s enhance theM1 strength by
about 10% in the;keV neutron region. According to the
theory, theM1 strength decreases in proportion to (En)21/2

up to a few keV and decreases significantly for neutro
En.100 keV; it is about 94% and 59% atEn510 and 100
keV, respectively, of the extrapolated value of the measu
thermal capture cross section assuming a 1/v law, while the
E1 transition strength, connecting between a3P1 T51 scat-
tering state populated by ap-wave neutron capture and th
deuteron ground state, increases roughly in proportion
(En)1/2, and, thus, it becomes comparable to theM1 strength
3173 © 1997 The American Physical Society
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3174 56Y. NAGAI et al.
at En;500 keV, and is then dominant atEn>2 MeV. Be-
cause of these features of theM1 andE1 strength, the tota
capture cross section is predicted to have the minimum v
at En;1 MeV. The theory is in good agreement with th
cross section measured for neutrons above 14 MeV, b
deviates by about 15% from the measured cross sectio
the d(g,p)n reaction by using theg ray of between 2.5 and
2.75 MeV @16#, corresponding to neutron energies of 5
and 1080 keV, as shown in Fig. 1. Since that time, the cr
section has not been measured in the above neutron~g-ray!
energy region.

In view of these circumstances of both nuclear phys
and nuclear astrophysics, it would be quite important to m
sure directly the cross sections(n,g) at low energy, and
therefore, in this study we aimed at measuring it atEn
5550 keV precisely. Here it should be mentioned that qu
recently the cross section was measured in the neutron
ergy region between 10 and 80 keV@17# and it agrees well
with the theory.

II. EXPERIMENTAL PROCEDURE

The neutron-capture cross section by a light nucleu
very difficult to accurately measure at lowEn of ;keV, be-
cause of the low incident neutron intensity~;5
3103/cm2/s/keV!, the small cross section~ ;102 mb!, and a
lot of thermal neutrons having;103 times larger capture
cross section than keV neutrons. Therefore, in order to ob
a sufficientg-ray yield with a good signal-to-noise ratio, on
has to use a large amount of a~solid! sample and develop th
measuring system, which can discriminate a weak true sig
from huge background. In the case of a solid hydrogen~H!
sample, the measurement becomes especially difficult du
the following two reasons. First, there are many mater
containing H atoms around ag-ray detector and they produc
an intense 2.22-MeVg-ray background signal after capturin

FIG. 1. The dependence of the calculatedp(n,g)d reaction
cross sections times the neutron velocityv on the neutron kinetic
energy~laboratory!. The solid line represents the total cross secti
the dotted line~short! shows theM1 strength by taking into accoun
the meson-exchange currents, and the dashed line is theM1
strength by the impulse approximation~IA !. The dotted line~long!
is theE1 strength. The solid and open circles are the measured
in the present and previous experiments. The solid triangle is
measured one@16#.
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scattered and/or thermalized neutrons. Second, there ar
multiple-scattering effects of incident neutrons in the solid H
sample, which cause uncertainties in determining the cross
section, if the corrections of the scattering were not properly
made. Here the fact that the masses of the neutron and proto
are same is critical~discussed later!. In order to overcome
these problems, we used the prompt discreteg-ray detection
method combined with pulsed neutrons and a newly devel-
oped Monte Carlo codeTIME-MULTI @18#. They were shown
to be powerful for measuring the cross sections of an order
of 200 mb at low En @17#. In this experiment, we improved
the sensitivity of the measuring system further, since the
cross section predicted is as small as about 40mb @15#, and
also the neutrons emitted~scattered! from the Li target~the
sample! produced much background, making the signal-to-
noise ratio worse as discussed later.

The experiment was carried out using 550-keV pulsed
neutrons produced by the7Li( p,n)7Be reaction. The 2.3-
MeV pulsed protons of 1.5 ns width, provided by the
3.2-MV Pelletron Accelerator of the Research Laboratory for
Nuclear Reactors at the Tokyo Institute of Technology, were
bombarded on a thin layer of metallic Li; an average beam
current of 13mA was obtained at a repetition rate of 4 MHz.
Lithium was evaporated onto a copper disk, which was
cooled by a kind of atomizer to prevent Li from evaporating.
A schematic view of the experimental setup is shown in Fig.
2. The incident neutron energy spectrum was measured by a
time-of-flight ~TOF! method with an efficiency calibrated
6Li-glass scintillation counter~without a captured sample!
@19#. It was set at 4.5 m away from the Li target at an angle
of 9.6° with respect to the proton beam direction~hereafter,
any angle is defined in the same way!. Thus the averaged
energy spectrum could be obtained on a capture sample be
cause of the reaction kinematics, and it is shown in Fig. 3.
Promptg rays from a capturing sample were detected by an

,

es
e

FIG. 2. Schematic view of the experimental setup. In order to
attenuate the intense high-energyg ray and neutron from both the
7Li( p,g)8Be and 7Li( p,n)7Be reactions, we tried to use many
shadow bars with various shapes and combinations of Pb and bo
rated paraffin.
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56 3175MEASUREMENT OF THE1H(n,g)2H REACTION CROSS . . .
anti-Compton NaI~Tl! spectrometer@20#, which comprised a
central NaI~TI! detector with a diameter of 15.2 cm and
length of 20.3 cm, as well as an annular one with a thickn
of 6.4 cm and a length of 35.6 cm. The captured eve
detected by the central NaI~Tl! detector were stored on
hard disk by a list model~TOF vs pulse height! @21#. The
neutron energy captured by a sample was determined by
ing the TOF method, where both theg-ray signal detected by
the central NaI~Tl! detector and time-pick off signal from th
pulsed proton beam were used as start and stop signals
spectively. Two polyethylene samples with thicknesses
6.3 and 10.5 mm, and gold~Au! with thickness of 1 mm
were used, respectively. The neutron transmissions of th
polyethylene samples were 66% and 51%, respectively.
gold was used for normalizing theg-ray yields of the hydro-
gen sample with those of Au, since the absolute capture c
section has been known accurately within an uncertainty
3% @22#. These samples were placed at 19.8 cm away fr
the Li target at an angle of 0°. This distance was necessa
separate the reactiong-ray event due to the sample from th
of the 7Li( p,g)8Be reaction at the neutron target by the TO
method with the central NaI~Tl! detector. Here the high
energyg rays up to 17 MeV from the7Li( p,g)8Be reaction
entered the detector through the thick Pb covering
NaI~Tl! spectrometer. The measurements were carried
cyclically on polyethylene, Au, and blank samples, and th
different runs were connected according to the neut
counts of the6Li-glass counter. Therefore, any possible sy
tematic changes in experimental conditions could be c
rected for. Here a blank run was made in order to determ
the background~discussed later! and also to monitor any
changes in the incident neutron energy and the thicknes
the 7Li neutron production target.

The spectrometer was shielded with various materi
6LiH and borated paraffin played a major role to attenu
the intensity of the neutrons scattered by the sample~and
various materials in the experimental room!, thus preventing
the neutrons from entering the NaI~Tl! spectrometer. A poor
neutron shield would produce a largeg-ray andb-ray back-
ground from both the127I(n,g)128I reaction and the pro-
duced activity of 128I, respectively, and thus would mak
hard to extract a small true signal from these backgrou
Here it should be noted that the (n,g) cross section increase
generally with decreasing the neutron energy, and theref
the scattered neutrons were likely to be captured by the v
ous elements near to the NaI~Tl! spectrometer, producing th

FIG. 3. Neutron energy spectrum measured by a TOF met
with a 6Li-glass scintillation counter.
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background. In order to attenuate the~external! background,
including the g rays from natural radioactivities of40K,
208Tl, etc., Pb was used.

The spectrometer was already known to have high se
tivity to the promptg-ray detection from the neutron-captu
reaction at lowEn<80 keV @18#, but it has not been wel
studied at highEn . Here the low-energy neutrons were em
ted from the Li target within a narrow cone with respect
the proton beam direction; therefore, they did not hit t
spectrometer directly and thus the above-mentioned sh
was good enough to attenuate the events due to the scat
neutrons. However, when the neutron energy becomes h
;500 keV, the neutrons are emitted to all directions, a
thus, the neutrons can collide directly with the hydrogen
the shield materials of the borated paraffin and/or6LiH in
the spectrometer, thus producing backgroundg rays due to
the H(n,g)d reaction. If such an event occurs, it becom
difficult to discriminate the true event due to the polyeth
ene sample from the background by the TOF method, si
the distance between the Li target and the borated para
and/or 6LiH is almost same as that between the Li target a
the sample. Actually, we observed such ag-ray event from
the p(n,g)d reaction without the polyethylene sample in th
same experimental setup as the low-En one; we thus made
efforts to reduce the background by using various shad
bars and shield materials~Pb and borated paraffin! surround-
ing 6LiH with different shapes and compositions. Th
shadow bar was used mainly to attenuate the intense h
energyg rays from the7Li( p,g)8Be reaction. After exten-
sive studies, we could reduce not only the background,
also the scattered neutrons from the sample with the exp
mental setup as shown in Fig. 2. One of the essential po
was that the thickness of Pb surrounding6LiH must be thin;
otherwise, the scattered neutrons from the sample co
stream into the NaI~Tl! detector through Pb, producing th
g-ray background up to 6.8 MeV from the128I(n,g)128I re-
action in the detector@23#.

The spectrometer was set at 125.3°, where the sec
Legendre polynomial is zero and therefore, theg-ray inten-
sity measured at this angle gives an angle-integratedg-ray
intensity for the dipole transition.

III. RESULTS AND DISCUSSION

The TOF spectra measured for Au and polyethylene
the central NaI~Tl! detector are shown in Fig. 4, where th
peaks at about 440 and 390 channels for Au were due to
g rays from the7Li( p,g)8Be and197Au(n,g)198Au reactions
by the 550-keV neutrons, respectively. Although these pe
were well separated from each other, the tail of the form
reaction contributed to the latter peak, and therefore cau
the continuous g-ray background in the background
subtracted spectrum~discussed below!. The foreground~FG!
and background~BG! g-ray spectra obtained by putting th
gates on theF andB regions in the above TOF spectrum a
shown for the 6.3-mm-thick sample in Fig. 5 as thick a
thin lines, respectively. The background-subtracted~BS! g-
ray spectrum is shown in Fig. 6 as a solid point, where
still see continuous background, which was mostly due to
g ray from the 7Li( p,g)8Be reaction at the Li target. In
order to subtract the background, we measured theg-ray

d
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3176 56Y. NAGAI et al.
spectrum without the sample, which is shown in Fig. 6 as
open point. The net spectrum, obtained by subtracting
continuous spectrum from the BS spectrum, is shown in F
7. Theg-ray energy was calibrated by using theg-ray stan-
dard sources, the backgroundg-ray peaks of 1.461 MeV
(40K! and 2.615 MeV ~ 208Tl! and the g rays from the
56Fe(n,g)57Fe reaction, respectively. Iron was used to co
the spectrometer.

In Fig. 7 two broad peaks of 2.50 and 2.22 MeV are d
to the p(n,g)d reactions induced by the 550-keV incide
neutrons and the neutrons decelerated by multiple scatte
by hydrogen and/or carbon atoms in the polyethyle
sample, respectively. Here something should be mentio
about the shape and peak energy of the 2.22-MeVg ray.
Since theg-ray energy from a thermal neutron capture by
proton is 2.225 MeV, one may wonder that the above 2.
MeV g ray could be due to the neutrons thermalized by
multiple scattering of the incident neutrons by various ma
rials in the experimental room. The events due to these n
trons, could be discriminated by the TOF and therefore t
should not appear in the background-subtracted~net! spec-
trum; actually, theg rays from the56Fe(n,g)57Fe reaction
caused by the thermalized neutrons are not observed in
spectrum, while the events due to the decelerated neutro
the polyethylene sample could not be discriminated with
TOF method, since the deceleration of the incident neutr

FIG. 4. TOF spectra measured by a central NaI~Tl! detector
using gold~dotted line! and polyethylene~solid line! samples, re-
spectively. Here foreground~including background! and back-
ground spectra can be obtained by setting the gates on theF andB
regions in the spectrum, respectively.

FIG. 5. ~a! Foreground~thick! and ~b! background~thin! g-ray
spectra for a polyethylene sample obtained by setting the gate
the FandB regions in Fig. 4, respectively.
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would proceed within a few nsec because of the thin po
ethylene sample. The following two factors might be t
reason why one sees the 2.22-MeVg-ray peak. First, the
neutron has the same mass as the proton, and second
neutron-capture cross section increases with decreasing
neutron energy. Namely, when the neutron collides with
proton~H! in the sample, it loses half of the incident energ
after several collisions, the neutron energy becomes so s
that the neutron is likely to be captured by the proton.
discussed later, the 2.22-MeV peak was fitted quite well
the calculation based on the scattering process, and t
hereafter, we assume the decelerated neutron to be the
mal one for simplicity.

The 3.09-MeV peak is theg ray decaying from the first-
excited ~3.09-MeV! state of 13C, populated by the
12C(n,g)13C reaction in the sample, to the ground state@24#
~see the partial level scheme of13C in Fig. 8!. Therefore one
should see theg ray decaying from the capture state to t
3.09-MeV state, whose energy is 2.37 MeV for the 550-k
neutrons, just between the 2.22- and 2.50-MeV peaks.~The
g-ray energy is 1.86 MeV for thermal neutrons@24#.! There-
fore, in order to determine thep(n,g)d cross section by
analyzing the 2.50-MeV peak intensity it is better to kno
the 2.37-MeV g-ray intensity, which is discussed below
Here, if the 3.09-MeVg ray would be only due to the 550
keV neutrons, the 2.37-MeV intensity would be equal to t
3.09-MeV one within an uncertainty of 4%, which was o

on

FIG. 6. Background-subtracted~BS! spectra obtained by sub
tracting the background spectrum from the foreground one m
sured with a polyethylene sample~solid circle! and without the
sample~open circle!, respectively. The continuous spectrum show
by the open circle was due to the7Li( p,g)8Be reaction at the
neutron production target.

FIG. 7. Net spectrum obtained by subtracting the continu
spectrum from the BS one.
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tained by the recent measurements of the12C(n,g)13C reac-
tion cross section atEn5550 keV@25#. In the present experi
ment the above peaks of 2.22 and 2.50 MeV were due to
p(n,g)d reaction in the polyethylene sample; therefore, o
might think that both the decelerated and 550-keV neutr
would be captured by12C, and thus, they contributed t
populate the 3.09-MeV state in13C. If so, one has to know
the 3.09-MeVg-ray intensity due to the 550-keV neutrons
derive the 2.37-MeV one. The decelerated neutrons, h
ever, did not contribute to populate the 3.09-MeV state. T
is because the partial capture cross section populating
state is small for thermal neutrons, 14.1mb @24#, and is al-
most the same for the 550-keV neutrons, 24.1mb @25#, while
the p(n,g)d reaction cross section is;104 times larger for
thermal neutrons, 334.2 mb@4#, than that for the 550-keV
neutrons, 35.2mb ~discussed later!. Therefore, the deceler
ated neutrons played a minor role to populate the cap
state in the12C(n,g)13C reaction, although they played th
important role in thep(n,g)d reaction. The interpretation i
consistent with the nonobservation of the 4.95-MeVg ray,
decaying from the capture state of13C to the ground state
~Fig. 7!. Namely, the partial capture cross section for theg
ray is 2.3 mb for thermal neutrons@24# and it is about 160
times larger than that for the 1.86-MeVg ray @24#. There-
fore, if the decelerated neutrons could play important role
the 12C(n,g)13C reaction, we should observe the 4.95-Me
g ray. Consequently, the 2.37-MeVg-ray intensity, being
equal to the 3.09-MeV one, was obtained reliably using
measured 3.09-MeVg-ray one. Gamma-ray intensities co
necting between discrete levels, and between a capture
and a low-lying discrete level, were analyzed, respective
as follows. Namely, in the former case, theg-ray intensity
was obtained by a stripping method, using the response f
tion of the NaI~TI! detector, which was obtained experime
tally as shown in Fig. 9@20#, while in the latter case, the
shape of theg-ray spectrum was different from that of th
former one due to energy spread of the incident neutr
produced by the7Li( p,n)7Be reaction and of the multiple
scattering events of the neutrons in the sample, respectiv
The two peaks of 2.22 and 2.50 MeV in Fig. 7 are due
these effects as discussed above. Here the spread of th
cident neutrons was mostly due to the straggling of the p
ton beam in the Li target, while the spread due to
multiple-scattering events is quite important in the pres
polyethylene sample. Here it should be added that the i
dent neutron decreases the energy also by colliding with

FIG. 8. Partial level scheme of13C.
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carbon in the sample. In this case the energy loss is sm
and therefore the scattering causes small energy chang
the neutron. In order to analyze the aboveg-ray spectra we
made the Monte Carlo calculation by using a newly dev
oped code TIME-MULTI @18#, together with the above
mentioned stripping method. The measured incident neu
spectrum in Fig. 3 was convoluted to the response funct
The spectrum thus fitted is shown in Fig. 7 as a solid li
where the above estimated intensity of the 2.37-MeVg ray
was used.~Theg-ray intensities of 2.50, 2.37, and 2.22 Me
were obtained also by fitting the measured spectrum us
the TIME-MULTI . The 2.37-MeV intensity thus obtained is i
good agreement with the estimated one!. In a similar way,
the g-ray intensities for a 10.5-mm-thick sample were an
lyzed.

The absolute cross section$sg(n,g)% of the p(n,g)d re-
action was obtained by using theg-ray intensityYg(p) as

s~n,g!5C
~r 2n!Au

~r 2n!p

w~Au!

w~p!

Yg~p!

Yg~Au!
sg~Au!, ~1!

C5
~CnmCnsCgaCgg!Au

~CnmCnsCgaCgg!p
. ~2!

Herew andsg(Au) are the relative neutron fluence and t
absolute capture cross section of Au, respectively;r and n
are the radius and thickness~atoms/b! of the sample, respec
tively. Yg(Au) is the total capture yield obtained from th
captureg-ray spectrum of Au by using a pulse-height weig
ing technique@26#. C is a correction factor comprising fou
factors ~Cnm , Cns, Cga , and Cgg!, as defined in Eq.~2!.
HereCnm is introduced to correct for the multiple-scatterin
effect of the incident neutron in the sample. Namely, it c
rects for overestimation of theg-ray yield due to the neu-
trons scattered in the sample, and thus it is defined as

Cnm

5
total number of captured events

number of captured events by the primary neutron
.

~3!

Cns is introduced to correct for the shielding of the incide
neutrons in the sample, since the flux of the incident neut

FIG. 9. Gamma-ray response function of the NaI~Tl! detector.
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3178 56Y. NAGAI et al.
is attenuated due to scattering and/or absorption in
sample. In order to calculateCns , an averaged neutron flu
in the sample,f, is used, and it is defined as

f̄5E
0

d

$f exp~2rs totx!dx%YE
0

d

dx

5$12exp~2rs totd!%f/~rs totd!. ~4!

Heref, d, r, s tot are the flux of the incident neutron, thick
ness~cm! and density~atoms/b/cm! of the sample, and the
total cross section, respectively. Sincen is equal tord, f is
given as follows:

f̄5$12exp~2ns tot!%f/~ns tot!. ~5!

Thus the number of the capture neutron events,Y, in the
energy region betweenE andE1dE is given as

Y~E!dE5nscf̄dE, ~6!

wheresc is the neutron-capture cross section at the neu
energy ofE. The number of the captured neutron even
therefore, is obtained as

Y5E nscf̄ dE. ~7!

HereCns is introduced as follows:

Y5CnsE nscfdE. ~8!

It can be calculated as

Cns5E scf̄dEYE scfdE

5E @sc$12exp~2ns tot!%/~ns tot!fdE#YE scfdE.

~9!

Cnm andCns were calculated usingTIME-MULTI @18#. A de-
tailed description of the code is found in Ref.@18#. Cga and
Cgg factors are for theg-ray absorption by the sample an
the finite size of the sample, respectively, and they w
calculated by a Monte Carlo method. The correction fact
thus calculated are shown in Table I. Finally, the cross s

TABLE I. Correction factors used in the data analysis. The c
rection factors ofCga and Cgg for a polyethylene sample wer
included in the response function of the NaI~Tl! detector, and there
fore they are not shown here.

Sample Thickness
~mm!

Cnm Cns Cga Cgg

Polyethylene 6.3 1.15 0.83
Polyethylene 10.5 1.14 0.73
Au 1.0 1.08 0.98 0.92 1.00
e

n
,

e
s
c-

tions were obtained as 35.9~35! and 34.5 ~32! mb for
samples of 6.3 and 10.5 mm thickness, respectively,
shown in Table II. The quoted error consists of the statis
of the g-ray yield, the response function, the absolute cr
section of Au, and the extrapolation of theg-ray yields of Au
to the low-energy side. By averaging these values, we
tained a cross section of 35.2~24! mb at 550 keV, which
agrees well with the theoretical value of 36mb by Satoet al.
and differs by about 15% from the value derived from t
inverse reaction at the corresponding neuron energy of
keV.

Here one may wonder about the interference of theM1
andE1 transitions of the 2.5-MeVg ray from thep(n,g)d
reaction. The interference, however, would not occur at
presentg-ray energy, where one can rely on the long-wa
approximation. According to the approximation, the intrins
spin of the scattering state of the neutron and proton
coupled into triplet and singlet states for theE1 and M1
g-ray transitions, respectively. Here, although theM1 tran-
sition operator contains the spin operator, theE1 operator
does not contain it. Therefore, the interference term beco
zero after summing over all possible spin states of the n
tron. ~Note that neutrons were unpolarized.! Thus the presen
cross section obtained by using theg-ray intensity measured
at 125.3° is the total one. Higher multipoles thanE2 andM2
were calculated to be negligibly small@15#.

Here it would be nice if we could find any possible reas
in the discrepancy between the previous measurement o
d(g,p)n cross section and the present result. One poss
reason might be due to a theoretical uncertainty of the p
toelectric cross section~hereaftersph) for the K shell in Pb.
The cross section of thed(g,p)n reaction was measured b
using the 2.51-, 2.62-, and 2.75-MeVg rays from the decays
of 24Na, 208Tl, and 72Ga, respectively@16#. In the measure-
ment, the absolute intensities of theseg rays were calibrated
by measuring the photoelectron intensities from theKshell
emitted from a thin Pb foil, and therefore it was necessary
know sph. However, since the experimental value ofsph
was not known at that time, the theoretical values of 1.2
1.184, and 1.113 b were used for the 2.51-, 2.62-, and 2
MeV g rays, respectively@16#. After this experimentsph for
the K shell in Pb was measured to be 0.93~3! b for the
2.75-MeVg ray @27#, about 15% smaller than the theoretic
value. If we reduce the theoretical values by 15%, the cr
sections thus renormalized agree quite well with the theo
ical ones by Satoet al. Thus the theoretical uncertainty o
sph for theK shell in Pb may be one of the major reasons
the discrepancy.

The discrepancy between experiment and theory still
mains for the polarizationP(n) and angular distribution of

- TABLE II. Cross sections of thep(n,g)d reaction measured a
the averaged neutron energy ofEn5550 keV ~laboratory!. DE is
the neutron energy width.

Sample thickness~mm! En ~DE) ~keV! s ~mb!

6.3 550~33! 35.963.5
10.5 550~33! 34.563.2

Average535.262.4
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P(n) of the neutron from the deuteron photodisintegratio
In order to resolve the problem we are preparing anot
experiment@28#.

Here it should be stressed that the neutron cross sec
by a proton at 550 keV is very sensitive to theM1 andE1
matrix elements, and also to the meson-exchange curr
The present study, therefore, demonstrates that the
energy neutron-capture reaction by a proton is a uni
probe for investigating the above effects. The experime
J.
v.

s.

e

u.

n,

J.
.
er

on

ts.
w-
e

al

study of thed(g,p)n reaction near the threshold energy m
not be feasible because of the detection difficulty of the em
ted proton~neutron!.
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