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New data for total *He(y, p)D and *He(y, pp)n cross sections compared to current theory
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A simultaneous measurement of the cross sections of the *He(y, p)D and 3He(y, pp)n reactions has been
performed for the first time using monoenergetic pulsed y -rays at (E, ) = 10.2 and 16.0 MeV. Charged fragments
from the reactions were detected with an efficiency of 100% using a 47 time projection chamber containing *He
gas as an active target. The incident y-ray flux was measured by a y-ray detector. Both the track and energy

loss signals of charged fragments were obtained in an off-line analysis and used to clearly identify the reaction
channel. Thus, the (y, p) and (y, pp) cross sections have been determined with small uncertainty. A comparison
of the new data to current theory based on the AV18+4Urbana IX nuclear forces including 7- and p-like
meson exchange currents shows a severe discrepancy at 10.2 MeV, while at 16.0 MeV data and theory agree
within about 12%. Three-nucleon force effects are small, but in general shift the theory in the correct direction.
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I. INTRODUCTION

Recent progress in the theoretical analysis of elastic
scattering and breakup processes in a three-nucleon system
and improving quality of nuclear potentials have provided a
promising basis for the studies of the nucleon-nucleon (NN)
potential and the role of three-nucleon (3N) forces in nuclear
reactions [ 1-3]. Exact theoretical predictions on the three-body
reaction processes have been compared to high-precision
experimental results to obtain information on the NN and 3N
forces [4]. Among various reaction studies in the three-nucleon
system, an investigation of photodisintegration could play a
crucial role because the ground state of the three-nucleon
system is well known, the electromagnetic interaction is
relatively well known and weak to allow perturbation theory,
and photodisintegration in the energy region E, < 40 MeV
proceeds mainly via an electric dipole (E1) transition [5].
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Actually, according to recent rigorous theoretical calculations
on the photodisintegration cross sections of the three-body
system, these cross sections have been predicted to be
sensitive to the NN and 3N forces. Two different approaches,
the Faddeev method [6] and the hyperspherical harmonic
expansion combined with the Lorentz integral transform
(LIT) method [7], were employed. The cross sections for the
two-body *He(y, p)D and three-body *He(y, pp)n reactions
obtained using the Faddeev method [6] are quite sensitive
to the 3N forces, especially at energies concentrated around
~10 and ~16 MeV. The total cross section obtained using
the LIT method [7] also has a similar sensitivity to the NN
and 3N forces at its peak energy. Note that according to
a benchmark calculation of the total *H photodisintegration
cross section performed with these two different approaches
using the same NN and 3N forces, the calculated cross
sections agree quite well with each other [8]. Thus, having
the technical performance under control, one is prepared to
test the dynamical input, i.e., forces and currents, against data.

Contrary to the significant progress achieved in theoretical
calculations, experimental data of the (y, p) and (y, pp)
cross sections of *He, which were measured separately using
real photons, virtual photons, and/or electrons [9-19], are
controversial, as described below.

The (y, p) cross section was measured by detecting a proton
and D with a cloud chamber [9] or with Si detectors [12—15].
The inverse p(D, y)’He reaction and/or the D(p,y)’He
reaction was also used to obtain the (y, p) cross section,
in which either *He or a y-ray was detected by a counter
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telescope [16] or a Nal(T1) detector [11,18]. These measured
cross sections agree with each other in the energy region E,, >
25 MeV within an experimental uncertainty [13,15]. In the
region E, < 20 MeV, however, previous data show a large
discrepancy between different data sets, and in the vicinity
of the (y, p) cross section peak they are divided into two
discrete groups with a cross section of 0.75mb [11,15] and of
about 1.0 mb [9,12,13]. Note that the latest (y, p) cross section
derived by the (p, y) reaction is as large as 1.1 mb at E, =
10.4 MeV [18].

The (y, pp) cross sections were measured mostly by
detecting neutrons with BF3 counters [10,17,19]. The results
from different groups show similar excitation functions in the
region E, < 15 MeV (except one [10]), but show different
structures in the peak region 15 < E,, <25MeV [9,10,17,19].
Note that the data obtained by using the same experimental
devices differ from each other, and the origin of the discrepancy
was attributed to an incorrect extrapolation of the neutron
detector efficiency [19].

In summary, previous (y, p) and (y, pp) data are contro-
versial in the region of y-ray energy £, <20 MeV and hardly
compared to recent theoretical calculations, which show high
sensitivity to the NN and 3N forces, as described above. The
discussion on the (y, p) data mentioned above, especially the
data in the vicinity of the cross-section peak, would suggest
that an uncertainty seems to remain in the normalization of
these cross sections. Note that previous measurements were
made by detecting reaction products at a particular angle with
respect to the direction of the incident beams (except one [9])
using different kinds of detectors. Hence, it would be quite
difficult to obtain the photodisintegration cross sections of
*He free from systematic uncertainties. Thus, it was necessary
to remeasure the cross sections at least at one or two y-ray
energies with the use of a new method to accurately determine
the normalization.

Hence, we have performed a new experiment aiming at
measuring the (y, p) and (y, pp) cross sections simulta-
neously at the mean reaction energies of (E,)=10.2 and
16.0 MeV with the use of a novel technique combining a
pulsed-laser Compton backscattering (LCS) photon beam and
a time projection chamber (TPC) [20]. Note that the calculated
cross section reaches the peak value, which is sensitive to the
3N forces in the vicinity of 10.2 and 16.0 MeV for the (y, p)
and (y, pp)n reactions, respectively.

The characteristic points of the present experimental
method are summarized as follows. First, we used the TPC
containing an active *He gas target, which allowed us to detect
all charged low-energy reaction products (fragments) with an
efficiency of 100% with a large solid angle of 47r. Note that the
kinetic energy of the fragment is quite low from 1 to 7 MeV
in the present y -ray energy region. Second, we could identify
the *He photodisintegration events with a large signal-to-noise
ratio, since we obtained the track of a charged fragment from
the photodisintegration of 3He in the off-line analysis. Note
that the photodisintegration events were produced only during
a laser pulse width of 150 ns, and the track of the events should
cross the LCS y-ray beam axis with a small diameter of 2 mm,
as described later. Third, we could unambiguously identify an
individual photodisintegration reaction channel using the track
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FIG. 1. Schematic view of an experimental setup.

of a charged fragment. Fourth, we could precisely measure the
absolute LCS y-ray flux using a y-ray detector and determine
the 3He-target thickness by measuring the *He gas pressure
and temperature in the TPC. These features could meet
the requirements necessary to accurately determine both the
3He(y, p)D and the 3He(y, pp)n cross sections with a small
systematic uncertainty caused by background, the detection
efficiency of the TPC for a charged fragment and an angular
distribution effect of charged fragments and so on.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out at the National Institute of
Advanced Industrial Science and Technology (AIST) using
a pulsed laser-Compton backscattered (LCS) y-ray beam
and a time projection chamber. Beams of LCS y-rays with
maximum energies of EI** = 10.5 and 16.5 MeV were,
respectively, obtained by Compton backscattering of pulsed
527 nm Nd-YLF laser lights from 545 and 685 MeV electrons
circulating in the electron storage ring TERAS [21]. The pulse
width and the repetition rate of the laser light were 150 ns
and 2.5 kHz, respectively. A lead collimator was used to
obtain monoenergetic LCS y-rays, and it had a hole with
a diameter of 2 mm and a length of 300 mm. The energy
spread of the LCS y-rays was about 4% and its intensity was
10* photons/s. The TPC was placed 3 m downstream of the col-
limator. A schematic view of an experimental setup is shown
in Fig. 1.

A. Time projection chamber (TPC)

A detailed description of the TPC is published elsewhere
[20]. Hence, we briefly describe the TPC as follows. The TPC
was placed inside a 244 mm ¢ x 400 mm vessel, which was
filled with a mixed gas of 80% enriched *He (99.7% enriched
in >He) as a target for the photodisintegration reactions and
20% CHy as an operational gas of the TPC. The total pressure
was determined to be 1.066 bar at 22.3°C so as to obtain a
large pulse height of a charged fragment, which was necessary
to easily discriminate a true event from background.

A schematic view of the TPC is shown in Fig. 2. The TPC
consists of a drift region with a uniform electric field with an
active area of 60 x 60 mm? and a length of 250 mm, and a mul-
tiwire proportional counter (MWPC) region with one anode
and two cathode planes. The anode plane was sandwiched by
the cathode planes with a spacing of 2 mm. The cathode wires
in front of and behind the anode plane were stretched along the
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FIG. 2. Schematic view of a time projection chamber (TPC).

x and y axes to obtain two-dimensional track information of a
charged fragment, respectively. The x- and y-directions were
defined to be parallel to and perpendicular to the anode wires,
respectively. The z-axis was parallel to the LCS y-ray beam
direction.

Two signals of the energy loss and the track of a charged
fragment were used to clearly identify the reaction channel.
The energy loss rate and path length of a charged fragment
from the photodisintegration of *He and '>C in the TPC were
calculated, as listed in Table I. Note that a light fragment,
such as a proton or a deuteron, does not stop in the drift
region. Anode and cathode signals were produced as follows.
First, secondary electrons were produced along the path
of a charged fragment. The electrons were drifted along a
uniform electric field to the MWPC region and multiplied
via an avalanche process. The avalanche signals were picked
up by the anode and cathode wires, respectively. Using the
signals from the cathode wire we constructed the trajectory
of a charged fragment on the x-y plane. We determined the
z-position of a charged fragment by measuring the drift time,
Tp, of electrons, which was given as Tp = T} — Ty. Here,
electrons were produced at a time 7j, and the avalanche
process occurred at a time 7. The anode signal was used
to obtain the energy loss rate of a charged fragment in the
drift region.

Here, it should be mentioned about a decrease in an anode
pulse height arising from electronegative pollutants such as
oxygen, which could be contained in the TPC gas [22]. We
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purified the mixed gas using a high purity filter to operate the
TPC with little problem. The performance of the TPC was
studied using the a-ray source of **'Am and a Si detector.
The energy resolution of the TPC and the drift velocity of
ionized electrons were measured as being 7.5% at FWHM
per unit anode wire and 10.2 £ 0.2 mm/us, respectively.
The position resolution along the z-direction was obtained as
being 0.33 mm. The spatial resolution was 2 mm for both the
x-coordinate and the y-coordinate, respectively, since each
wire on the anode and cathode planes was stretched with a
spacing of 2 mm.

B. Data acquisition system

The data acquisition system is described below. Signals
from cathode wires were used to obtain stop signals for a
time-to-digital converter (TDC). A common start signal for
the TDC was obtained from the output of a pulsed laser
clock. The TDC was used to record both the times of the
leading edge and the trailing edge for one anode signal. The
time difference between these two edges provided information
about the amount of energy loss of a charged fragment
in the drift region, as described later. In order to measure
the amount of energy loss by integrating the current of an
anode signal, we recorded the anode signal shape using a
flash analog-to-digital converter (FADC) and constructed a
charge-integrated spectrum of a charged fragment in an off-line
analysis. Note that the anode signal was obtained by summing
signals from several anode wires on either the right-hand side
or the left-hand side with respect to the z-axis. Data from
CAMAC modules were acquired by a personal computer and
recorded on a hard disk drive in a list mode. The count rate
of the TPC was quite low, ~1 cps at EJ** = 10.5 MeV and
~0.5 cps at 16.5 MeV, respectively. Hence, the dead time of
the system was less than a few % during experimental runs and
the photodisintegration cross sections of *He were obtained by
correcting for the dead time.

III. DATA ANALYSIS AND RESULTS

A. Event identification

We observed photodisintegration events of *He and '>C
from CHy gas, and electron background and natural back-
ground. Note that the total event rate was a few counts per

TABLE I. Energy loss rate AE (in units of keV/30 mm) and path length [, (in units
of mm) of a fragment from the photodisintegrations of *He and '2C in the TPC.

Reaction 0 Fragment EJ™
MeV) 10.5 MeV 16.5 MeV
AE Iy AE Iy
SHe(y, p)D —5.493 p 105 545 55 2245
d 321 103 169 386
*He(y, pp)n —7.718 p 0~594 0~198 0~591 0~149%4
2C(y, p)''B  —15.957 p 498 23
1B 45 1
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FIG. 3. Typical track of electron background.

second, and the photodisintegration event rate was about 0.5%
of the background. In order to pick-up the photodisintegration
events, we first identified background events, as described
below.

1. Background events

There were electron background and natural background,
as described below.

(1) Electron background. Electron background was pro-
duced by the interaction of the LCS y-rays with atomic
electrons of *He and CHy,. Since the electron energy was in the
range from a few mega electron volts to tens of mega electron
volts, the electron energy loss rate in the TPC was quite small,
on the order of 0.1 keV/mm. Hence, most of the electron
background could be discriminated by the discriminator for
the cathode wire. Only some electrons, which could exceed
the discriminator, were observed, as shown in Fig. 3. Here, we
could easily identify electron background events by their small
pulse height and also by the facts that electron background
produced neither secondary electron clouds nor crossed the
LCS photon beam axis, as clearly shown in Fig. 3.

(2) Natural background. A natural background event was
easily identified, since it was not correlated with the pulsed
LCS y-rays beam and its track did not cross the beam axis,
as shown in Fig. 4. Hence, we could clearly discriminate the
background from the photodisintegration events of 3He and
12C. This natural background might be because of an a-particle
from natural radioactivity, such as radon contained in the TPC
chamber or in the mixed gas of enriched 3He and CHy, since the
pulse height of the natural background was much higher than
that of electrons. Other background, such as cosmic muons,
and B- and y -rays from the decay of natural radioactivity (*°K
and/or 2%T1), was not the main background, since most of
them could be discriminated by the discriminator because of
their little energy deposit in the TPC.

2. Photodisintegration events of *He and >C

Since both electron and natural background events were
identified as described above, background-free (BF) events

250 200 150 100 50 0
z [mm]

FIG. 4. Typical track of natural background.
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could be picked up from all events recorded on the FADC. The
BF events contained the photodisintegration events of *He and
12C. At this point, it should be mentioned about the two- and
three-body photodisintegrations of '>C. Since the Q-values
for the 2C(y,n)''C and '2C(y, p)''B reactions are —18.72
and —15.96 MeV, respectively, and that for the '2C(y, aa)*He
reaction is —7.37 MeV, the latter reaction events could be
observed at EJ*** = 10.5 and 16.5 MeV and the 2C(y, p)'B
ones could be observed only at 16.5 MeV.

We assigned areaction channel of the BF events by referring
to the path length, the pulse height and the track width as well
as the reaction kinematics of each BF event. Since the path
length of a charged fragment from the He photodisintegration
significantly differs from that of '2C, as listed in Table I, we
used it to unambiguously assign the reaction channel of a
charged fragment together with the pulse height spectrum and
the track width. The measured pulse height spectrum of a
charged fragment was compared to the calculated one by a
Monte Carlo method, as described later. The track width was
obtained by converting both the times of the leading edge and
the trailing edge of a cathode signal into the z-coordinate of
the fragment track. The track width could provide information
about the energy loss of a charged fragment, since the time
difference between these two edges is larger with increasing
pulse height of a cathode signal, and thus its track width
becomes wider. Hence, the track width of a charged fragment
was useful to assign the reaction channel of the fragment.

(1) Two-body channels of He and '>C photodisintegra-
tions. Two fragments of a proton and a deuteron (or a proton
and '' B) from the two-body channel of *He (or '?C) are emitted
in opposite directions with respect to the LCS y-ray beam
direction with equal momentum in the center-of-mass system.

@) 3He(y, p)D channel

A typical track of two fragments of a proton and a deuteron
obtained at EJ™* = 16.5 MeV is shown in Fig. 5. Since
both path lengths of two fragments are longer than ~1 mm,
the observed event can be assigned as being the *He(y, p)D
reaction event, but not the '2C(y, p)''B reaction one.

Based on the argument described above, we assigned a
deuteron for an event wider in the track width. The sum
spectrum of the measured pulse height of a proton and a
deuteron agrees nicely with the calculated one, as shown in
Fig. 6(a), within the statistical uncertainty. The calculation
was made while assuming that the fragments were from the
3He(y, p)D reaction channel. Similarly to the case mentioned
above, a typical sum spectrum of the measured pulse height

B
£ 30 D
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© TR
v-beam ‘!;L‘D
_30 L L Pl
250 200 150 100 50 0

FIG. 5. Example of the tracks of the charged fragments from
SHe(y, p)D reaction (side view). The dots indicate the envelopes of
the electron clouds produced by the fragments.
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FIG. 6. Total pulse height spectrum from the *He(y, p)D reaction
at )™ = 16.5 MeV (a) and 10.5 MeV (b), respectively. The solid
curves are the spectra calculated by a Monte Carlo method.

of a proton and a deuteron taken at E}'** = 10.5 MeV agrees
with the calculated one, as shown in Fig. 6(b).

(i) C(y, p)"'B channel

An event of this channel can be clearly separated from that
of the 3He(y, p)D reaction channel, since the path length of
a proton and !'B is much shorter than that of a proton and
a deuteron from the latter channel. We did not observe any
candidate event of this channel in the present experimental
statistics.

(1) Three-body channels of *He and '>C photodisinte-
grations. Fragments tracks from the three-body channels of
SHe and '’C are randomly oriented with respect to one
another and with respect to the LCS y-ray beam axis in the
center-of-mass system. This feature is quite different from that
of the two-body channel. Events from the *He(y, pp)nreaction
can be unambiguously discriminated from the >C(y, aa)*He
reaction, since the former reaction provides two tracks and the
latter gives three tracks.

(i) *He(y, pp)n channel

In Fig. 7 we show the tracks of charged fragments from
this channel obtained at EJ** = 16.5 MeV. The tracks of two
protons cross the LCS y-ray beam axis and are randomly
oriented with respect to each other and with respect to the
LCS y-ray beam direction.

The sum spectrum of the observed pulse height of these
charged fragments is in good agreement with the calculated
one, as shown in Fig. 8(a). The calculation was made
while assuming that the charged fragments were from the
3He(y, pp)n reaction. Here, the second peak reflected to the
energy spectrum of the proton used in the calculation [23].
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FIG. 7. Example of the tracks of the charged fragments from
SHe(y, pp)n reaction (side view).

Similarly to the case mentioned above, a typical sum spectrum
obtained at ET'™ = 10.5 MeV agrees with the calculated one,
as shown in Fig. 8(b). Here it should be mentioned about
the track of a charged fragment from the three-body channel,
which could resemble a charged fragment from the two-body
channel in the track. Namely, two protons from the two-body
channel could be emitted in the opposite direction and/or in
the same direction with respect to each other and with respect
to the LCS y-ray beam direction. In the former case, the
neutron is emitted in the same direction as one of the two
protons, and in the latter case the neutron is emitted in the
opposite direction with respect to the two protons direction.
We observed two events corresponding to the former case, and
did not observe any candidate event corresponding to the latter
case. We assigned these two events to the three-body channel
based on their same narrow track width compared to that of a
deuteron.

(ii) ">C(y, aer)*He channel

Three tracks of particles, which are randomly oriented with
respect to one another and with respect to the LCS y-ray
beam direction in the center-of-mass system, were observed,

T T T T T T T
30 (@ -
] i i
c |
] i
- 20 1 T
@) i |
8 i
5 10F 7
o) 1
o ! |
; | 1 | 1 |
0 100 200 300 400
Peak pulse height (Channel)
. T T T T T T E
5 15F! b
c [}
c ! b
o i
S 10 -
2 : ]
S i
@) 5 I~ : -
(&) i _
: | | 1
0 200 400 600 800

Peak pulse height (Channel)

FIG. 8. Total pulse height spectrum from the *He(y, pp)n reac-
tion at EP™ = 16.5 MeV (a) and 10.5 MeV (b), respectively. The
solid curves are the spectra calculated by a Monte Carlo method.
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FIG. 9. Typical track of the '>C(y, aa)a event.

as shown in Fig. 9. All of the track width is similarly wide.
Hence, we could clearly assign this event as the '2C(y, aa)*He
channel.

B. Cross sections of the photodisintegration of *He

A partial cross section o;(Ey) corresponding to the two-
body and/or the three-body photodisintegration of *He at the
y-ray energy E, is given by taking into account both the finite
energy spread of the incident LCS y-rays and the y -ray energy
dependence of the TPC efficiency, as follows [24]:

fOE;m &(Ey) - 0i(Ey) - ¢(E,)dE, .
foEy ¢(E,)dE,

Here, Y;, N;, L and ® stand for the yield of a reaction channel,
the number density of the target nuclei, the effective length of
the TPC, and the incident LCS y-ray flux, respectively. The
parameter ¢(E,) denotes the incident LCS y-ray intensity
at the energy E,. EJ™ denotes the maximum energy of the
LCS y-ray. The parameter ¢;(E,) is the energy dependent
detection efficiency of the TPC for a charged fragment. The
average cross section, (o;), and the weighted-mean reaction
energy, (E, ), are, respectively, defined as follows:

Yi=N;,-L-®x

max

17 (B, - 0i(E,) - §(E,)dE,

(0i) = T
Jo" &i(Ey) - $(Ey)dE,
Y;
= T , )
N,-L- fo v 8[(Ey) . ¢(Ey)dEy
<Ey>i — fOEy EV 'Si(Ey)‘Ui(Ey)'QS(Ey)dEy. 3)

W 6, - 0i(E,) - §(E)dE,

The parameters ¢;, N;, L, ® and ¢ were determined as
described in the next subsections.

1. Detection efficiency, €;(E,), and effective length, L

The signal of secondary electrons was picked up by both
the anode and the cathode wires. Hence, the TPC efficiency,
&i(E,), is expected to be 100% along the whole drift length
of 250 mm. Although the efficiency was not constant in the
whole drift length of 250 mm because of the distortion of the
electric field strength at both the edges of z = 0 and 250 mm, it
was found to be more than 99.5% in the region of between z =
12.5 and 237.5 mm by measuring the pulse height spectrum
of an a-particle from the decay of >*! Am along the z-direction
in the drift space [20].

In the present study an effective length L was defined as
180 mm in the region between z = 25 and 205 mm so that
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a charged fragment track could be clearly observed by taking
into account of the z-position resolution of 2 mm. Note that
the path length of a proton and a deuteron from the two- and
three-body decays of *He is longer than that of the -ray.

It should be mentioned that the levels of discriminators
used to reject the electric noise of both the anode and the
cathode signals and the electron background were set as low
as possible. In order to further reduce the events due to
electron background, we set the software threshold level higher
than those of the discriminators. Hence, it is necessary to
quantitatively determine the TPC efficiency by investigating a
possible change of the efficiency because of the threshold level.
An investigation was carried out by comparing the measured
pulse peak spectrum of a charged fragment to the calculated
one, as described below. A pulse peak height was obtained
as the maximum peak height of an instantaneous waveform
of an anode pulse recorded by FADC. A calculated spectrum
was obtained using a Monte Carlo code, which simulated the
kinematics of the photodisintegration events, the migration of
drift electrons, and the pulse shapes of the signals from the
anode and cathode wires [24].

We made the Monte Carlo code as follows. First, a
photodisintegration reaction point induced by LCS y-rays of
given energy was chosen at random on the y -rays beam z-axis.
Here, the LCS y-ray energy spectrum was measured with an
Nal(TI) detector, as described later. Second, a fragment track
from a photodisintegration reaction of 3He was calculated
by considering the LCS y-ray energy and a Q-value of a
photodisintegration reaction. In order to calculate the emission
angle of a charged fragment, we used experimental results,
which were the E'1 distribution for the two-body channel [25]
and an isotropic one for the three-body channel, respectively.
We used a theoretical value for the energy distribution of a
proton or a neutron from the three-body channel [23], since
the value agrees with a measured one [9]. Third, the energy
deposited by a charged fragment was calculated as a function
of the distance from a reaction point to a certain point in
the TPC drift region using the energy loss formula given by
Ziegler [26]. The thus-obtained energy was converted to the
number of ionized electrons using the ionization energy of
electrons in the TPC gas. Fourth, the drift time of ionized
electrons was calculated using the measured drift velocity [20].
Consequently, calculated event data of FADC and TDC were
obtained for each wire using the drift time, the shaping time
of an amplifier and the threshold level of a discriminator.
The event data were recorded and analyzed with the same
procedure as for the data of the real measurements to determine
the TPC efficiency.

The efficiencies ¢(y, p) and ¢(y, pp) for the two-body and
three-body channels were respectively obtained by taking the
ratio of number of events above a discrimination level for
anode signals to all events above a zero level for each channel,
as given below:

Yi(% p)discri.:A
ey, p)=—————

= , 4)
Yi()’, p)discri.zo
Yi(¥, pP)discri=

ey, pp) = =R o)

Yi()/, pp)discri.:()
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Here, Yi(y, Pdiscri=a and  Yi(¥, Pldiscri=o, and Y;
(v, pP)discii=a and  Yi(y, ppldiscri—o are the yield for
the two-body and three-body channels taken by FADC
with the discrimination level, A, and that with the level
A = 0, respectively. They were obtained by integrating a
calculated pulse height spectrum {PH},. in the region above
{PH(y, p)}ca. > A, and {PH(y, pp)}ca. > A, respectively.
The calculated spectra {PH(y, p)}ca. and {PH(y, pp)}ca. are
compared to the observed ones in Figs. 6 and 8, respectively.
Here, we can clearly see that the calculated spectra for EJ** =
10.5 and 16.5 MeV agree nicely with the observed ones. In
addition, the pulse heights for the observed (y, p) and (y, pp)
events were found to be well above the discrimination level,
A. Hence, Y;(y, pldgiseri=a and Y;(y, pp)diseri—a agree quite
well with Y;(y, pldiseri=o and Y;(y, pp)diseri.=0, respectively,
and thus the TPC efficiencies, ¢(y, p) and &(y, pp), are
considered to be 100%.

Here, it should be mentioned about the decrease in the
pulse height of a charged fragment during the drift process of
secondary electrons to the anode plane in the TPC. It is well
known that if the TPC contains electronegative pollutants, such
as oxygen and water, these pollutants could capture a certain
amount of electrons during the drift process [22], and the pulse
height of a charged fragment would be lower with increasing
the drift length of electrons. If this decrease in the peak height
would occur, one has to correct for the decrease to compare the
measured pulse height spectrum of a charged fragment to the
calculated one. Since the mixed gas of *He and CH, was found
to contain 0.007% H,O and 0.3% oxygen by the mass analysis
of the mixed gas, we purified the TPC gas using a high purity
filter. The pulse height of a charged fragment, however, was
found to decrease slightly with increasing the drift length of
electrons. Hence, we corrected for the amount of the decrease
in the Monte Carlo calculation mentioned using a correction
factor, which was obtained experimentally using the deuteron
data from the 3He(y, p)D reaction.

The pulse peak height of a charged fragment calculated in
the range from z = 25 to 205 mm agrees with the corrected
peak spectrum both for the (y, p) and (y, pp)n channels, as
mentioned above. An admixture of higher multipole transitions
does not affect the data analysis significantly, since the 3He
photodisintegration events have been detected with a geometry
of 47 by the TPC.

2. Target number density, N,

The 3He target density, N;, was obtained by measuring the
mixed gas pressure of *He and CHy and its temperature in the
TPC, as follows:

_p-P-Nyu

No= o ©)

Here, p, P, N4, R, and T are the partial pressure of 3He,
the total gas pressure, Avogadro’s number, the gas constant,
and the temperature, respectively. The total pressure and the
temperature were kept constant with a slight fluctuation of
0.4% during the measurements. The number, N;, for the
measurements at E7* = 10.5 and 16.5 MeV was derived to

be 2.08 x 10! and 2.06 x 10" atoms/cm?, respectively.
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FIG. 10. Typical y-ray pulse height spectrum measured at
EJ™ = 10.5 MeV with a BGO detector. The average y-ray yield
per pulse, M, was determined to be 4.48 by fitting the spectrum.

3. Incident photon flux, ®

The incident LCS y-ray spectrum was measured to deter-
mine its flux, @, by using a BGO detector with a diameter of
50.8 mm and a length of 152.4 mm. A typical measured y -ray
spectrum is shown in Fig. 10, in which we see multiple peaks
because of pile-up effects of the LCS y-rays, as described
below.

Both the laser photon beam and the electron beam were
pulsed with a width of 150 ns and 6 ns, and with a repetition
rate of 2.5 kHz and 100 MHz, respectively. Hence, one laser
pulse could make several collisions with the bunched electron
beam within the one laser pulse, and thus generate multiple
LCS y-ray peaks as being pile-up effects of the LCS y-rays.
Note that the time difference between the multiple peaks was
so short that these peaks were hardly decomposed into an
individual LCS y -ray.

The photodisintegration yield of 3He is proportional to
an averaged number, M, of multiple LCS y-rays per laser
pulse. The number M was obtained by comparing a measured
BGO spectrum to a calculated one obtained by a Monte
Carlo method [27]. The Monte Carlo calculation was made
considering the production procedure of multiple peaks as
follows. First, the LCS y-ray yield is proportional to the
number of electrons times that of laser photons. The probability
density for generating LCS y-rays per laser pulse is so small
that the LCS y-ray yield would follow a Poisson distribution.
Second, the electron beam in the TERAS can be assumed
to be a continuous beam because its repetition rate is much
higher than that of the laser photon beam. Third, the observed
multiple peaks of the LCS y-ray spectrum are assumed to
be the sum of the pulse height spectrum of each LCS y-ray,
since the BGO detector responds to each y -ray independently.
The response function of the BGO detector to one LCS y-ray
photon was obtained by measuring the y-ray spectrum with
low flux, which was free from multiple peaks. Fourth, the
pulse shape of the BGO detector for multiple LCS y-rays was
obtained using both the time distribution of the LCS y-ray
measured by a plastic scintillation counter and a shaping time
of 1 us of an amplifier used for the BGO detector. The response
function of the BGO detector with an averaged number M of
multiple LCS y-rays was calculated by a Monte-Carlo method,
and the number M was obtained by fitting a measured spectrum
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with the multiple peaks with the calculated response function.
A typical measured spectrum is in good agreement with the
calculated one with M = 4.48 £ 0.09, as shown in Fig. 10.
Using the resultant number M, the LCS y -ray total flux ¢ was
obtained as follows:

d=Mx f xT;. @)

Here, f is the frequency of the laser pulse, and 77, is the live
time of measurement system of the TPC. The y-ray flux
was obtained with an error of about 2%, which consisted
of statistics of the LCS y-ray yield, and uncertainties of
the response function of the BGO detector as well as the
least-square fitting for the LCS y-ray spectrum with multiple
peaks measured with the BGO detector. Note that if we used an
incomplete response function of the BGO detector, we failed to
reproduce the linearity of the measured spectrum with multiple
peaks. The averaged number M was found to decrease with
decreasing the number of electrons. Since we took the data of
the *He photodisintegration in an event-by-event mode, and
during the data taking period we also measured the LCS y-ray
spectrum using the BGO detector, we could obtain the value
of M accurately.

4. Energy spectrum of incident LCS y-ray ¢(E,)

The LCS y-ray spectrum has a finite energy spread because
of the finite width of the lead collimator and of the emittance
of electron beams of the TERAS. It is, therefore, necessary
to measure the intrinsic energy spectrum, ¢(E,), of the
incident LCS y-rays to determine the weighted-mean energy
of the photodisintegration reaction of *He. The spectrum
was measured using an anti-Compton Nal(TI) spectrometer,
which comprised a central Nal(Tl) detector with a diameter of
76.2 mm and a length of 152.4 mm, and an annular one with
an outer diameter of 254 mm and a length of 280 mm. A
typical spectrum measured at Ep,x = 16.5MeV is shown in
Fig. 11. Using a response function of the Nal(Tl) detector
calculated by a simulation code [28], the intrinsic energy
spectrum of the LCS y-ray was obtained as shown in
Fig. 11. The energy resolution (FWHM) of the LCS y -rays was
determined to be 0.350 MeV at EJ™ = 10.5 and 0.86 MeV
at 16.5 MeV with an uncertainty of 10%, respectively. Here,
it should be mentioned that the y-ray energy spectrum taken
with the Nal(Tl) spectrometer using y-ray sources, such as

T T T . ;
__ 8000 Nal spectrum |
£ L - Fitting spectrum
%. 6000+ — y-ray energy distribution )
2
&
%)
£ 4000 ]
=1
o
(&]

2000 - |

0 5 10 15 20
Energy (MeV)

FIG. 11. Typical incident LCS y-ray spectrum measured at
E'y“a" = 16.5 MeV with a Nal(T1) detector.
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TABLE II. Total *He photodisintegration cross sections (in units
ofmb) at 10.2 and 16.0 MeV. o(y, p) refers to the pd channel,
o(y, pp) to the 3N breakup channel and o (y, p) + o(y, pp) is the
sum of both.

(E,) (MeV) AV18 AV18+UrbanaIX Exp.

o(y,p) 10.2 1.01 0.96 0.77(5)
o(y,p) 16.0 0.71 0.72 0.65(5)
o(y,pp) 10.2 0.55 0.49 0.15(5)
o(y,pp) 16.0 1.07 1.04 0.91(6)
a(y,p)/o(y,pp) 10.2 1.84 1.96 5.1(16)
o(y,p)/o(y,pp) 16.0 0.67 0.69 0.71(4)
o(y,p)+o(y,pp) 10.2 1.56 1.45 0.92(8)
o(y.p)+o(y,pp) 16.0 1.78 1.76 1.56(9)

22Na, %Y, and '*’Cs, and the 7.65 MeV y-ray from the
%Fe(n, ) "Fe reaction was shown to be in good agreement
with the calculated one using the simulation code mentioned
above [28].

5. Photodisintegration cross section of SHe

The two-body, three-body, and total photodisintegration
cross sections of 3He were determined using the values of
Yi, &, N;, L,¢(E,), and &, as given in Table II; they are
shown together with previous ones in Figs. 12(a), 12(b), and
12(c), respectively.

Cross Section (mb)

5 10 15 20 25 30
E, (MeV)

FIG. 12. *He photodisintegration cross section: (a) *He(y, p)D,
(b) *He(y, pp)n, and (c) total photoabsorption. Present (open circles),
Ref. [9] (crosses), Ref. [10] (filled downward triangles), Ref. [11]
(filled circles), Ref. [12] (crossed squares), Ref. [13] (open upward
triangles), Ref. [14] (asterisks), Ref. [15] (open downward triangles),
Ref. [16] (crossed circles), Ref. [17] (open squares), Ref. [18]
(diamonds), Ref. [19] (filled upward triangles). The solid curves
and the dashed ones indicate the calculated cross sections using the
inter-nucleon potentials of the AV 18-+Urbana IX and the AV 18 alone,
respectively.
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Here, the quoted uncertainty is the result of the combined
uncertainties on the statistics of the reaction yield, and a
systematic uncertainty of about 3%, 2% from the incident
y-ray flux, 1% from the target number of *He, and less than
1% from the effective length of the TPC.

The present *He(y, p)D data agree with the data sets with
a lower cross section of 0.75 mb [11,15], contrary to the larger
value of 1.0mb [9,12,13] and the latest value of 1.1 mb derived
from the (p, y) reaction [18].

Concerning the >He(y, pp)n channel, the present datum
agrees with all previous data at (E, ) =16.0MeV [9,10,17,19],
and with that at 10.2 MeV [10] within the experimental
uncertainty. However, the present data deviates from other two
data at 10.2 MeV [17,19], which were obtained by detecting
the neutrons. Note that in these two experiments true neutrons
events were obtained by subtracting the background neutrons
produced by photodisintegration reactions by various materials
placed in an experimental room. Hence, one might have a
problem to discriminate the true neutrons events from the
background, especially when the cross section is very low in
the threshold energy region, such as 10.2 MeV. On the contrary,
the present datum was obtained by detecting a charged
fragment from the *He(y, pp)n reaction with the TPC, but not
a neutron; therefore, any charged fragment could be detected
with 100% efficiency, being free from the uncertainty of the
efficiency inherent to a neutron detector, as described before.

The present (y, p) and (y, pp) data are about 20% ~ 30%
smaller than those of the old simultaneous measurement [9].
One of the main reasons of the discrepancy could be due to
normalization of the incident y-ray flux. The normalization
was made by two different methods, e.g., with use of a
quanta-meter and of the integrated cross section of 0.032 +
0.003 MeV-b [29] for the >C(y,n)''C reaction; the obtained
cross sections agreed with each other within an uncertainty of
3% [29]. The integrated cross section, however, was revised
to be 0.023 £ 0.001 MeV-b [30], and therefore the reported
data [9] should be reduced by 28%. The thus-renormalized
cross sections should be noted to be in good agreement with
the present data for both the *He(y, p)D and *He(y, pp)n
channels.

IV. COMPARISON TO THEORY

The present (y, p), (v, pp), and total {(y, p)+(y, pp)}
data are compared to our calculations in Table II and
Figs. 12a, 12b, and 12c. The theoretical total cross sections
were obtained using exact solutions of the three-body Faddeev
equations for the 3He target state and for the two-body p-d
or three nucleon outgoing scattering states. These states were
calculated consistently either with the nuclear Hamiltonian
based on the AV18 potential [31] only or combined with the
Urbana IX 3N force [32]. For the >He state, we also included
electromagnetic interactions, but not for the 3N continuum.
For the current operator of the three nucleon system, the
standard nonrelativistic single nucleon piece and the two-body
currents of the - and p-exchange type related to the AV18
force, as proposed by Riska [33], have been used [34,35].

We can see, in Figs. 12a—c that in all cases the 3N
force effects are rather small (around 5%, except at (E,) =
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10.2 MeV in the three nucleon breakup, where they reach
12%). Now, comparing to the new data at 10.2 MeV, we
overshoot the pd results by 24%. The situation for the 3N
breakup is even worse. Here, our predictions miss the data by
a factor of 3. However, we note that the 3N forces move the
predictions in the correct direction. One might think that a part
of that discrepancy is caused by the Coulomb force, which
is neglected in the continuum. However, a recent work [36]
shows that this discrepancy can not be fully explained by
the lack of the Coulomb force in our theoretical framework.
As a matter of fact, the Coulomb force at photon energy of
10 MeV decreases the pd and 3N cross sections by about
10% and 25%, respectively [37]. The situation at 16.0 MeV
is much more favorable, comparing the theory and the data.
In the pd channel, the theory overshoots the data by about
10% and in the 3N break up by about 14%. The serious
discrepancy at 10.2 MeV in the 3N breakup is also reflected
in the total 3He breakup cross section and to a much lesser
extent at 16.0 MeV. Since the 3N force effects decrease the
total cross sections in both channels at 10.2 MeV, one might
form the ratio o (y, p)/o(y, pp) and compare it without and
with the 3N forces. This ratio might be less dependent on the
3N forces. This is indeed the case, as Table II shows. The
theoretical value at 10.2 MeV of about 2, however, deviates
dramatically from the experimental value of about 5.

V. CONCLUSION

It is the first time that the simultaneous measurement of
the (y, p) and (y, pp) reaction cross sections of 3He has
been performed using monoenergetic pulsed laser Compton
backscattered y-rays and a time projection chamber containing
SHe gas as an active target at the mean reaction energies of
(E,) = 10.2 and 16.0 MeV, peak energies of the (y, p) and
(y, pp) reaction cross sections sensitive to NN and 3N forces,
respectively. The new experimental method employed allowed
us to detect a reaction product with high detection efficiency of
100% with the 4 geometry, which is essential to accurately
determine the cross sections with small uncertainty.

In conclusion, the nuclear force model AV18+Urbana IX,
which gives a fairly good description of the bound-state
energies in light nuclei, and a rather good description of
low-energy 3N scattering observables; together with a choice
of two-body currents of the - and p- like nature have been
applied to an evaluation of the total (y, p) and (y, pp) cross
sections at (£, ) =10.2 and 16.0 MeV. The agreement with the
data at 16.0 MeV is reasonably good (about 10%—14% above
the data), but there is in strong disagreement at 10.2 MeV,
especially in the 3N breakup channel. From the experimental
side it is important to measure with high precision the (y, p)
and (y, pp) cross sections from the threshold region up to the
respective peak cross sections for a larger number of incident
photon energies. Independently, it will be very interesting
to apply the more basic and systematic approach based on
effective field theory constrained by chiral symmetry to those
low-energy observables. Very promising work in the pure
3N sector has already appeared [2] and is going on [38], and
consistent coupling of the photon in that framework is under
consideration.
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