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Preface

This issue of Research Report of Laboratory of Nuclear Science reports research activities of the
LNS performed in the 2005 academic/fiscal year (April 2005-March 2006). Major research activities are
based on the electron accelerator complex consisting of the 300-MeV LINAC and the 1.2-GeV STB ring.
The accelerators have altogether provided a beam time of about 2,200 hours for various experiments
through the year.

The (7, ) and (7, 7% measurements performed with the SCISSORS II spectrometer at the Gev- 7y
experimental hall 2 are finished in this year, and a construction of a 47 spectrometer called FOREST
has been planned. In the experimental hall 2, a construction of a larger spectrometer called New NKS
spectrometer has started: A dipole magnet which was a main part of the cyclotron at the Cyclotron
Radio Isotope Center was brought in and placed on the gamma-ray beam line. In this occasion, the
vacuum chamber of the STB Tagger 1 was improved to reduce materials for recoil electrons to pass
through. Experiments on coherent radiation were performed by using pulsed electron beams from the
LINAC. Various radioactive isotopes were produced by using high intensity beams below 50 MeV at the
experimental hall 1. They were served for element analyses as well as for detailed study of decay
properties.

We hope that this Report will serve as a quick overview of the present LNS activities over a variety

of nuclear research fields.

Jirohta KASAGI
Director
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§1. Introduction

The investigation of the kaon production on a nucleon by the electromagnetic interaction provides
invaluable information on the strangeness production mechanism, strength of meson-baryon coupling
constants and structure of hadrons, being labeled by the strangeness degree of freedom. Such studies
using beams of real photons and electrons have been conducted both experimentally and theoretically
since the 1950's, taking advantage of the electromagnetic interaction that is understood better than the
hadronic interaction. Until now, the experimental studies have been carried out in p(y, KA, p(y, KX
and p( v, K ¥ ' reactions among six isospin channels [1, 2]. However, no data have been measured for
the other three channels on a neutron. Theoretically, phenomenological models have been constructed
based on measured channels so far. The isobar models, Kaon-MAID [3] and SLA [4], were adopted in
the present analysis. The predictions of the photon energy dependence and the kaon angular
distribution of the other three channels on a neutron using these models are quite different.

The lack of the key data for strangeness photoproduction of the three channels on a neutron is due
to the experimental difficulties to measure neutral kaons and to prepare a neutron target. The
measurement of these three strangeness production channels provides much information on the
strangeness photoproduction mechanism. In particular, the #n( v , K*) Areaction has following features:

(1) Since no charge is involved, the {-channel Born term does not contribute.

(2) It is a mirror reaction to p( v ,K") A.

For the hyperon resonance exchange terms, a coupling constant, gxsy, changes its sign from the

isospin symmetry, ggoson = — gxoxop, resulting the different interference effect. Furthermore, the number



of resonances to be considered is small in the threshold region. Therefore, the n(y, K°) A reaction is
expected to play an essential role to investigate the strangeness photoproduction mechanism.
In this report, we present the results of photoproduction of neutral kaons on deuterons near the

threshold. The resutls from a carbon target are described in Ref. [4].

§2. Experiment

We carried out the experiment of the d ( 7 , K°) reaction in the threshold region, E,= 0.8 ~ 1.1 GeV.
The K’ were measured in 7 * 7~ decay mode with Neutral Kaon Spectrometer (NKS), which we installed
in LNS-Tohoku. Figure 1 shows a schematic view of NKS which consists of a dipole magnet of 107 cm
diameter and 60 cm gap with 0.5 T, straw drift chambers (SDC), cylindrical drift chambers (CDC), inner
hodoscope (IH), outer hodoscope (OH) and electron veto counters (EV). The detector configuration was
symmetric against the beam line. The solid angle of NKS was about 7 sr. The CDC and SDC were used
to measure particle momenta in the horizontal plane by trajectory reconstruction. The magnetic field
map was calculated by TOSCA. IH and OH were used for the time-of-flight measurement and event
triggers. The momenta and time-of-flights were used for the particle identification. As a trigger
condition, we required more than two charged particles; at least one event both in the left and right
arms in coincidence with a tagger signal. EVs were employed to reduce the serious background
triggered by v —>e¢ e~ conversion. They covered vertically == 2.5 cm in the horizontal plane at OH's
positions. The geometrical acceptance was reduced by 8%.

The photon beam was generated from the 1.2 GeV electron beam via bremsstrahlung and its energy
was tagged by the STB-tagger system [6]. The typical tagged photon intensity was 2 X 10° /sec and the
tagging efficiency was 79 = 1 %.

In order to investigate the K° quasi-free and elementary production process on a neutron, we used
a natural carbon target and a liquid deuterium target. The thickness of both targets are 2.1 g/cm? for
carbon and 0.54 g/cm? for deuterium. The liquid deuterium target system was developed for this

experiment and provided the stable liquid-state deuterium during the experimental period [7].

§3. Analysis

The momenta of particles were derived from the curvature of trajectories. Besides, the velocities of
particles were calculated from the time of flight and the flight length. The ¢ e~ events were removed by
rejecting the events of which the vertex position was upstream the target. Figure 2(a) shows the vertex
point distribution of the 7 "7~ events. An opening angle ( 7 ) cut of — 0.9 <cos 7 < 0.8 was applied in
order to remove the ¢ "¢~ or vertex mis-reconstruction events. The vertex resolution was estimated to
be 1.3 mm in RMS in the beam direction. Most of events were originated in the target. Backgrounds
through such as a multi-pion productions, N* and p, whose production cross sections are much larger
than that of kaon production. Hence, no peak is observed in the invariant mass spectrum as shown in
Fig.2(b) for events in the target region. K’ events are enhanced by selecting vertex points in the decay
volume, because K$ has a relatively long life time of c 7 = 2.68 cm. Figure 2(c) shows the invariant mass

spectrum when events in the decay volume are chosen. The peak of K¢ is clearly seen as shown in the



figure. Number of K° events is about 900 in the present data.

In order to obtain the cross section, we defined the gate in the invariant mass spectrum, 0.46 <
Mz 7)<0.54 GeVlic®. Momentum distributions of K’ were obtained after subtracting background contributions.
The origin of the backgrounds were considered as (1) leakage from the target region due to the finite
resolution of the vertex point reconstruction, and (2) wrong combination between 7 * from K" and 7 ~
from A . The first one was estimated from the events originated in the target region, and the second one
was estimated by a Geant4 simulation. These estimations gave the shape of the backgrounds, and the
magnitude of the backgrounds were adjusted by fitting the invariant mass spectrum. Figure 3 shows
the fitting result assuming a gaussian for K° and the shapes of backgrounds as estimated in the photon
energy from 0.9 to 1.0 GeV (E ) and form 1.0 to 1.1 GeV (& pign).

The acceptance of NKS was calculated by a Geant4 simulation. The geometry of NKS was

Fig.1. Schematic view of the Neutral Kaon Spectrometer (NKS).
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come mainly from the target region.(b) and (c) An invariant mass spectrum of
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Fig.3. Fitting results of invariant mass spectra in the photon regions from 0.9 to 1.0
GeV (Epy, left) and from 1.0 to 1.1 GeV (Epign, right). The contribution around 0.4
GeV/e? comes from the wrong combination background and that around 0.6
GeV/c® comes from the leakage of the target events. The peak near 0.3 GeV/c?
comes from the e ¢ events.

considered realistically, and the position and time resolution of the detectors were taken into account.

Various analysis efficiencies were also estimated in the acceptance.

§4. Results and Discussion

The obtained momentum spectra of K’ are shown in Fig. 4. The backgrounds contributions are
already subtracted. The integrated momentum range is limited as mentioned in the previous section.
The obtained spectra are compared with the calculations using the representative two models, Kaon-
MAID [3] and Saclay-Lyon A (SLA) [4]. The lines represent calculations in the plane wave impulse
approximation framework using Bonn OBEPQ (One-Boson-Exchange-Potential in @-space) deuteron
wave function [8] by Bydzovsky et al. [9]. The Kaon-MAID model is the only model to predict the
elementary cross section of K’ photoproduction on a neutron assuming SU(3) symmetry. On the other
hand, SLA has an adjustable parameter for K°A photoproduction, since the ratio of the decay width between
the charged and neutral K; resonance (rx,xv) is unknown. In Kaon-MAID, this ratio was obtained from
the v +p =K+ X" process. Therefore, the elementary cross sections of SLA are calculated assuming
various 7xxy . Kinematical regions are also selected for the calculations similarly to the experimental
data.

Since we measured only K°, the X production process may contribute in addition to K°A production.
From the estimation using Kaon-MAID, the contributions of X production are negligibly small in the
Ei region and sizable large at lower momentum in the Eyign region. The prediction based on the Kaon-
MAID model is consistent with our data in the E\ region but too large in the Epign region even if the X
contribution is involved. The spectra calculated by SLA with 7x.xy = — 1.9 well account for the present

results at both energy regions.
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Fig.4. Momentum dependences after the correction for efficiencies and subtraction of
backgrounds. The lines represent the calculations using Kaon-MAID (solid),
SLA(xx»= —1.8, dotted), SLA(yxxr = —1.9, dashed), and SLA(rxx = — 2.0, dot-
dashed), The photon energy ranges are from 0.9 to 1.0 GeV (Eiw, left) and from
1.0 to 1.1 GeV (Epign, right). The error bars are statistical, and systematic erros
are shown by kinked lines around data points.

In the E, region, the shape of the momentum spectrum in the laboratory system mainly depends
on the angular distribution in the center of mass system. From the momentum distributions using SLA
with various rx.xr values, it is favored that the K° photoproduction on a neutron has a backward peak in

the center of mass system.

§5. Summary

We have successfully measured neutral kaons, bombarding a liquid deuterium target with a photon
beam in the threshold region from 0.8 to 1.1 GeV . It was the first data for K° photoproduction on the
deuteron in this energy region. The momentum spectra of K° production were compared with theoretical
spectra calculated assuming isobar models for the elementary process and a realistic deuteron wave
function for the target The present experiment has demonstrated a usefulness of the neutral kaon

measurement for the investigation of photo strangeness production reactions.
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Exclusive cross sections for double-pion photoproductions on proton and deuteron were measured
in an energy range from 0.8 to 1.1 GeV using tagged photons at Laboratory of Nuclear Science, Tohoku
University. We employed the Neutral Kaon Spectrometer (NKS) to detect two pions in the final state,
and deduced the cross section for the 7 " 7~ photoproduction on the "free" and "bound" proton. We have
discriminated between the quasi-free and non-quasi-free process applying the kinematical cut on the
missing momentum. We found that the total cross section for the y"p"—pz " 7~ reaction was about 60%
of that for the "free" proton, and this is consistent with the previously obtained data. The one of the
dominant part of the non-quasi-free process was found to be the double A production. Its cross section is

smaller than the previous investigations.

§1. Introduction
In the pion photoproductions above the second resonance region, the doublepion emissions in the

final state become important with increasing the photon energy. Recently, data for the multi-particle
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detection are carried out using not only bubble chambers [1-4] but also large acceptance spectrometers
using tagged photon beams.

Since large acceptance photon spectrometers became available, the compilation of the exclusive
pion photoproduction data have proceeded including the neutral pion photoproductions [5, 6].
Measurements of double pion phtoproduction using a deuterium target have been also done. The
deuteron is often used as a neutron target under the assumption of the quasi-free (QF) process.

One of the result from these studies is that a large isospin dependence is not found in double pion
photoproduction on the nucleon. This i1s thought to be valid considering that the photoabsorption data
approximately satisfy the following relation [7-9],

o(yd—»X)=20(yp—X). (1

In the case of nuclear targets, the non quasi-free (NQF) process caused by the meson exchange current,
the delta current and the final state interaction must be exclusively identified to select the QF channel.
The contribution of the NQF process was studied in the yd — puz’ 7~ reaction [10]. The result of this study
is that the total cross section for 7" 7~ photoproduction on the “bound” proton is the same as that on the
“free” proton within the statistical uncertainties, but the contribution of the NQF process is not
negligible.

There are also data on the total cross section for the y n—n7" 7~ reaction which were measured using the
deuterium bubble chamber [3, 4]. The comparison between the total cross section for 7" 7~ photoproduction
on the "bound" proton and that on the "bound" neutron has been done. Consequently, it is found that
these values are the same within the statistical uncertainties, but they are smaller than that of “free”
proton,

"non

cMmsprn)mo(yn"—-nntrn )<o(yp—prntn), 2)

where "p" and "z" denote the “bound” proton and “bound” neutron, respectively. If the cross sections for
the “bound” nucleon are the same as those for the “free” nucleon and there is a large contribution of the
NQF process, this seems to contradict the result of the photoabsorption data (Eq. (1)).

The NQF process has not been studied in detail. Many body effects seem to appear, even though the
deuteron is the simplest nuclei. We have measured double pion photoproduction on the proton and

deuteron in order to investigate the NQF process in detail. The aims of this study are :

e To measure the total cross sections for 7" 7~ photoproduction on the "free" and "bound" proton.
e To investigate the contribution of the NQF process and A*"A~ production in the yd— puz™ 7~

reaction.

In this article, we describe the results of the double pion photoproduction on the proton and the

deuteron to study the contributions of the NQF process.



§ 2. Experimental Procedure
The experiments were carried out using an internal photon tagging system and a magnetic

spectrometer at Laboratory of Nuclear Science, Tohoku University.

2.1 Tagged photon beam

Electrons from the linear accelerator were injected into the Stretcher-Booster (STB) ring and
accelerated up to 1.2 GeV. Bremsstrahlung photons were produced by the internal photon tagging
system (STB-Tagger) [11]. It consists of a bremsstrahlung radiator, a bending magnet and a tagging
hodoscope. A carbon fiber of 11 #m® was used for the radiator. It was inserted into the electron orbit by
synchronizing the storage-phase of the STB ring. The momenta of the recoil electrons were analyzed in
the magnetic field of the bending magnet of the STB ring. The tagging hodoscope consists of 48 finger
counters and 12 backup counters. It covers the photon energy range from 0.8 to 1.1 GeV. The energy
span of each finger counter was about 6 MeV. The tagging rate was 2 ~ 3 MHz, and the tagging
efficiency was 74 ~83% in the whole tagging range. The photon beam impinged on the target through a
lead collimator, 300-mm long and 10 mm in diameter, placed 3.8 m downstream of the bremsstrahlung

radiator.

2.2 Target
A cryogenic system was used for liquid hydrogen and deuterium targets. The target container was
a cylinder of 50 mm¢ and 30-mm length. It was located in the center of the spectrometer with its axis
parallel to the beam line.

The cylinder was made of 1-mm thick aluminum frame with windows of 75- um thick Upilex-S
film [12] adhered on the both ends. A CFRP (carbon fiber reinforced plastic) chamber was employed for
the vacuum insulation around the target. We also provided a beam window with the vacuum chamber.

The pressure and temperature of the target were monitored throughout the experiment. The
temperature was automatically controlled and kept at 14.5 K and 19.1K, which correspond to the
thickness of 254 mg/cm? and 571 mg/cm? for the hydrogen and deuterium target, respectively.

2.3 Spectrometer
The Neutral Kaon Spectrometer (NKS) was used for the detection of charged particles. It consists
of two sets of drift chambers in the magnetic field, inner and outer hodoscopes, and electron veto

counters.

2.3.1 Analyzer magnet
The dipole magnet had a 60-cm pole gap and a 107 ¢cm ¢ circular pole face with a nominal field
strength of 0.5 T. The distribution of the magnetic field was calculated by the TOSCA code [13] and
scaled to the value measured at the center of the magnet. The non-uniformity was taken into account in

the off-line data analysis.
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2.3.2 Hodoscopes
Two sets of scintillation hodoscopes, inner (IH) and outer hodoscope (OH), were employed to give
triggering signals to the online data acquisition system and to measure the time-of-flight (TOF) of
charged particles. Each IH was made of six plastic scintillator elements of 20 ~ 25-mm width, 120-mm
height and 5-mm thickness. As shown in Fig.1, they were located 60 mm away from the pole axis and
surround the target. Since IHs were within the magnetic field, optical-fiber bundles were used to guide
scintillation photons to photo-multiplier tubes (PMTs) placed away from the magnetic field. The OHs

were made of 34 plastic scintillator elements of 130 ~ 170-mm width, 600-mm length and 10-mm

f

 liquid Hy or 4

. S D, target

(a) (b)

Fig.1. (a) Top view of the Neutral Kaon Spectrometer (NKS). It consists of a dipole magnet,
hodoscopes (IH, OH), drift chambers (SDC, CDC) and veto counters. (b) Closeup of the
center of the NKS. The target is located inside of the TH.

thickness. The hit position of the charged particle was determined by the time difference between two

PMTs attached to the both ends of each scintillator. The typical TOF resolution was 0.5 ns.

2.3.3 Drift chambers

We employed two sets of drift chambers for the track and vertex reconstruction. Each set of the
drift chamber consists of a straw type cylindrical drift chamber (SDC) and a honeycomb type one (CDC).
They were located just around the IHs (Fig. 1). They covered an angular range from 15° to 165°n the
both sides of the beam line. Each SDC contains 78 gold-plated tungsten wires of 20 um ¢ for drift-time
readout. The straws made of 180- um thick aluminized Mylar film were used for field shaping. Each
CDC contains 402 gold-plated tungsten wires of 30 um ¢ for drift-time readout and 1094 molybdenum
wires of 100 um ¢ for field shaping. All wires were strung vertically and arranged in 16 concentric

layers. Mixture of 50% Ar and 50% CyHgswas used for the drift gas.
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2.3.4 Veto counters
In order to reduce the e*e~ background along the beam line, the electron veto counters (EV) were
employed. Each was made of a plastic scintillator of 1050 to 1250-mm length, 50-mm width and 5-mm
thickness. The EVs were placed at the mid plane of the NKS magnetic field.

2.4 Data acquisition
The trigger condition required that there were at least two charged particles detected in
coincidence on opposite sides of the beam line. The coincident signal of the left-, right-arm triggers and

of the tagger signal was used as the trigger signal,

[TRIGGER] = ([TAGIQIHDXI[LEFTIRQ[RIGHTIR[VETO] . ®

The [TAG] is the sum signal of tagging counters, and [IH] is the coincident signal between left-
and right-side IH. The [LEFT] is the left-arm trigger defined as a coincident signal of left-side IH and
OH without any hit of the EV. The trigger serves as the gate signal for ADCs and as the start signal for
TDCs. Signals of the tagger, IH, OH and the EV were converted using the TKO modules. The CAMAC

TDCs were used for drift chamber signals.

§3. Data analysis
3.1 Particle identification
The trajectory of a charged particle reconstructed by the SDC + CDC drift chamber system
determines the horizontal momentum p, and horizontal flight length ;. A spline-fit method was
employed for the reconstruction [14]. The time difference between two signals from the PMTs attached
to the top and bottom of the OH gives the vertical flight length [,. The TOF ¢ is given from the time
difference between the IH and OH signals. The velocity S8 and the momentum of the charged particle p

1.0 Hn*
S Fi
%0.5:—"'
R
S Eo
2 00
c E
[} o2
€ e
o E oy
= -05F:
C !
-‘I.OE—-Tc':
STVTRT T IR T IR I A
0 1 2 3 4 5 6 7

1/B

Fig.2. The B 'vs. momentum of charged particles. Negatively charged particles are located in the
negative signed momentum region.
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are calculated by

e [ (k)
B—hcit, p=puy ! (,h). @

The particle mass is given by

n=J (2] (5-1) . ©

Figure 2 shows an example of the two-dimensional plot, where the abscissa and ordinate mean the 5!

and momentum, respectively. Solid lines indicate the masses of protons and charged pions. The proton
contamination in the 7 * region and the 7 " contamination in the proton region are estimated to be less

than 1.4% and less than 0.8%, respectively.

3.2 Vertex distribution
The vertex for the two-track events (V22 is defined as a point at which the distance between two

tracks becomes minimum. Three V**2g are found in the three-track events. As shown in Fig.3 (a), we

Vertex for 2 tracks event

§o
>_

-2

%, Vertex|\for 3 tracks event

S -4 E AR
/ -6 :l ll i |'1x Ar ot I»n»'a P TR IS
-6 -4 -2 0 2 4 6
X(cm)
(a) (b)

Fig.3. (a) A schematic drawing of the vertex definition for the three-track events. (b) The vertex
distribution of three-track events.

determined the vertex for the three-track events V3"t as the center of the inscribed circle in the
triangle constructed by three V?"2ks Figure 3 (b) shows the top view of the V3¢ distribution. The solid

lines indicate the position of the target container and the CFRP vacuum chamber.

3.3 Missing mass distribution

The missing mass for the d(y, pr 7 )X,

chz :ﬁ(Ey +Md(,'2) - (Ep +Ez+ Eﬂ,)}z - CZ{ (j]y +p7z'++p7z,)}2. (6)
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is shown in Fig.4 (a). The peak corresponding to the neutron mass is selected as the d(y, p7 "7 ~)n. The
tail in higher energy side is supposed to be from 37 productions. The contamination of this background
is estimated to be less than 4%

The My distribution for the d(y, pz ) X is shown in Fig.4(b). The peak at a nucleon mass corresponds
to the d(7, pm )p. The peak at higher energy side is supposed to be double -, triple-pion productions. In
order to reduce them, we imposed cuts on the opening angle between p and 7 ~, cos xp= < 0.2, and the
angle of the p 7 ~ system, 0y~ < 10°. This cut condition favors the quasi-free (QF) kinematics. The curves

are the result of two-Gaussian fitting. We selected Mx < 1.1 GeV/c? as the "»"(7, pz ). the "»" denotes

- 7001

50001 neutrons — : }

- 600 i
<G 4000[- S 500
s | P
S 3000(- g 4005‘
= C < 300
2 2000 2 i
3 3 200F
(&) - (&) C

1000: 100E |
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Missing Mass (GeV/cz) Missing Mass (GeV/cz)
(a) b

Fig.4. (a) The missing mass distribution for the d(y,p7"7 )X. The peak corresponding to the
neutron mass is selected as the d(v,p7" 7 )n. (b) The missing mass distribution for the d( 7,
pm )X It consists of two peaks as shown by dashed lines. The peak (A) is from d(y,p7 ") p,
and the peak (B) is thought to be from multi-pion productions.

the bound neutron in the deuteron. The contamination of the multi-pion background is estimated to be

2 ~ 15% in the entire photon energy range.

3.4 Invariant mass distribution

The invariant mass distributions for N 7 and 7" 7 ~ pair in the yp—p 7+ 7 ~ reaction are shown in
Fig.5. Curves are the fitting results of Monte Carlo simulations described later. As reported in Refs. [1]
and [15], the A"" 7~ channel has a large contribution in this energy region. The peak around 1.35 GeV/c?
in the p7 ~ invariant mass corresponds to the A" 7~ channel, and the bump structure around 1.2 GeV/c?
is thought to be the A~.

The neutron momentum distribution for the d(y, p 7 "7 ~)n obtained from the missing momentum
is shown in Fig.6. The solid curve corresponding to the nucleon momentum in the deuteron is derived
by the simulation using Hulthén wave function [16]. The peak shifts toward higher momentum

compared to Hulthen wave function because of the momentum resolution of the detected particles. If the
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p ¥ 7~ final state is produced through the QF kinematics with a neutron spectator, the neutron momentum
(p.) distribution should correspond to this curve. We selected p, < 0.2 GeV/c as the "»"(y, p7 7 ). The
"p" denotes the bound proton in the deuteron. It should be noted that the QF process with a proton
spectator is also possible. But the momentum threshold of the NKS, about 0.25 GeV/c for protons,
precludes the detection of these events almost entirely. We selected p, > 0.3 GeV/c as the non quasi-free
(NQF) kinematics in the d(v, p7 "7 " n.

The N 7 invariant masses for the 7"p" —p 7z "7 ~reaction are shown in Fig.7. They are similar to those

N§ 1200 ;_ . ;_ 085<Ey<090 GeV ;_
S 1000E = 2
S 800F = =
S E £ 2
2 90 3 3
5 400F 3 3
o 200& AT 3
ot c B AT L s Lo B L
G 1000f - 1.00<E,<1.05 GeV |-
3 800F - -
= u E Eow
g eoof 3 -
2 400F = -
C C C C 1
3 200F = =l
(@] E 4 Foooltoimrs T, b e = et 2
0' b [ 0 ol TR TP UR I 2 e T T e L
1.00 125 150 100 125 150 025 0.50 0.75
IM(pr") (GeV/c?) IM(pr) (GeV/c) IM(x") (GeV/c?)

Fig.5. Invariant masses for the yp—p7z* 7~ reaction at two photon energies. The A** 7~ channel has
a large contribution in this energy region. Curves show results of Monte Carlo simulations
(see text). The dashed, dot-dashed and dotted curves represent the invariant masses for the
At 7, A°7" channel and the three-body-phase-space simulation, respectively. The solid curves
are the sums of them.
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Fig.6. The neutron momentum distribution for the d(v,pz*7 )n. The solid curve indicates the
momentum distribution of the nucleon in the deuteron.
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Fig.7. Invariant masses for the y"p"—pr "7~ reaction at two photon energies. Curves show
results of Monte Carlo simulations (see text). The dashed, dot-dashed and dotted curves
represent the invariant masses for the A" 77, A°z™ channel and the three-body-phase-space
simulation, respectively. The solid curves are the sums of them.
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Fig.8. Invariant masses for the NQF process in the d(7,p7" 7 )n at two photon energies. In this case,
the peak of the A~ also appears. Curves show results of Monte Carlo simulations (see text).
The dashed and dotted curves represent the invariant masses for the A** A~ channel and the
four-body-phase-space simulation, respectively. The solid curves are the sums of them.

of the yp— p7* 7~ )n. reaction. Figure 8 shows the invariant masses in the NQF kinematics of the d(7,
p 7 )n. Not only the peak of the A" but also that of the A~ can be seen. A two-dimensional display of
prtand nz~ invariant mass is shown in Fig.9. This figure suggests that there exists a large amount of

the simultaneous excitation of two As.
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Fig.9. A two-dimensional display of p7" and #n7~ invariant mass.

3.5 Simulation

We have done Monte Carlo simulations, incorporating the geometry of the present experiment, in

order to calculate the NKS acceptance and to separate each channel. The simulation outputs are
transformed into the same format and analyzed in the same way as the experimental data.

We consider the A™ 7~, A° z* channel and the three-body-phase-space as the channels in the 7p—
pr " 7 and 7"p" —p7m " 7w reaction. The angular distributions of the A" * were taken from Ref. [1]. We
assume an isotropic angular distribution for the p and 7 * in the rest frame of the A**. The A° 7 " was
treated in the same manner as the A™ 7 ~ described above. For the NQF in the d(y, p 777 )n, the ATA™
channel and the four-body-phase-space were taken into account. The A *A° channel should also contribute.
The Clebsh-Gordan coefficients lead to the following probability ratio of

o (AA —puntn )
o (A"A’=punrtz ™) B

(7

The most parts of the A" A%decay contain at least one neutral pion. We exclude this channel, because it

is invisible in the present experiment.

The sum of the simulated invariant masses were fitted to the experimental data. The curves in
Figs. 5, 7 and 8 represent the results of this invariant mass fitting. The fractions of each channel were derived
from this fitting. For example, the fraction of the A*"A™ channel in the 7p —p7z* 7 reaction is given by

sim

ATHA-
YsimAHA? + YSimAﬂA* + YSimSBPS

) tS)

YN+ -—

where the Y™ is the fitted yield of each channel. The subscript 3BPS means the three-body-phase-

space. We can obtain the experimental yield of the A™* 7~ channel by
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Yaer = Yﬁn*ﬂ’rA**n’, ©

where the Y77 is the experimental yield of the yp— pz* 7 ~ reaction.

§4. Results and Discussion

The cross section for the i-th channel is calculated by

Y7, i

n
Nr Ny €paq Epc € track M

g;= , 10

where Ny is the number of the target atoms per unit area, NN, is the number of the incident photons, Y is
the total yield, 7; is the fraction of the i-th channel which is obtained by the invariant mass fitting, €paq
is the data-acquisition efficiency, epc 1s the selection efficiency of track candidates, and &%, 1s the
tracking efficiency. The number of the reconstructed tracks is #. The acceptance correction factor of the
i-th channel 7;1is obtained by the simulation and given as the ratio of the number of accepted events to

that of the generated ones. The total cross section is given as the sum of the partial cross sections,
Otot = 203 1)
The 0+ for the y"n" —p7z~ reaction is shown in Fig.10. The error bars represent the statistical uncertainties.

The results of previous works of Refs. [17-19] are also shown for comparison.

The total cross sections for the yp—pr' 7~ and 7p— A" 7~ reaction are shown in Fig.11 (a) and (b),
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Fig.10. The 0 for the yd—pp 7~. The filled circles show the results of this work. The open circles,
squares and triangles represent the results of Sheffler et al. [17], Hilpert et al. [18] and Benz
etal. [19].
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respectively. The error bars represent the statistical uncertainties. The results of previous works of
ABBHHM [1] and SAPHIR [15] are also shown for comparison. Our results show good agreement with
them.

The 0 for the 7"p"— pr™ 7~ reaction is shown in Fig.12 (a). The error bars represent the statistical
uncertainties. The results of previous works of Refs. [3, 4, 10] are also shown for comparison. The data
of Refs. [3, 4] were measured using deuteron bubble chambers, while those of Ref. [10] were measured
using a magnetic spectrometer. From the results of Refs. [4, 10] , the cross section values are about 75

ub around E, = 0.8 GeV. They are close to that of the yp— pz* 7 ~ reaction. But from our results, it turned
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Fig.11. (a) The o for the yp— prt 7. (b) The cross section for the yp— A" 7. The filled circles
show the results of this work. The open squares and triangles represent the results of
ABBHHM [1] and SAPHIR [15].
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Fig.12. (a) The oy for the y"p"— pz 7. The filled circles show the results of this work. The filled
triangles, open circles and filled squares represent the results of Piazza et al. [3]. Carbonara
et al. [4] and Asai et al. [10] (b) Comparison with the v ""—# 7" 7. The filled circles show the
results of this work for the 7"p"— pz ™ 7~, The filled triangles and open circles represent the
results of Piazza et al. [3] . and Carbonara et al. [4] for the v"n"—>nrx 7",
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out that the cross section values were smaller than the previous results and were about 40 ¢b. Our
results are in agreement with the results of Ref. [3] . In Fig. 12 (b), the o for the y"p" — p 7 7~ reaction
are compared with those for the y"n" — n 777~ reaction. Filled triangles and open circles are taken from
Refs. [3, 4], respectively. We conclude that the total cross section for the v "p" — p 7" 7~ reaction is roughly
same as that for the 7y "n" — n 77 7~ reaction. This seems to be consistent considering that the total
photoabsorption cross section on the deuteron is about twice as large as that on the proton.

Figure 13 shows the cross section for the yd — A** A~ reaction. Filled circles show the results of this
work. The statistical errors are smaller than the plot size. For comparison the results of previous works
of Refs. [10, 20, 21] are also shown in this figure. Our results are smaller than others. But the errors of

Refs.[10, 21] are very large. The results of this work shows the decreasing behavior with the photon energy.
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Fig.13. The cross section for the yd— A" 7. The filled circles show the results of this work. The filled
squares, open squares and open triangles represent the results of Asai et al, Wada et al. [20]
and Shinozaki et al. [21].

The A" A production accounts for 4 % at E,=0.8 GeV and 1% at E,=1.1 GeV of the total photoabsorption
cross section on the deuteron.

The cross section for the NQF process has almost no dependency on the photon energy as well as
those of the QF process. The cross section ratio of the NQF to the QF process is found to be onqr/ 2 Oqr
~0.3.

§5. Summary and Conclusion

Total cross sections have been measured for the p(y, pz*77), "p"(v, p 7t 7) reaction and the non-
quasi-free process of the d(y, p 7" 7 )n reaction in the energy range from 0.8 to 1.1 GeV. The total cross
section for the yp — p7™ 7~ reaction shows good agreement with previous data. The quasi-free process was
selected by applying the kinematical cut on the missing momentum. The total cross section for the 7"p"

— p7" 7 reaction was found to be 50 ~ 60% compared to that of the "free" proton.
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The cross section for the yd — A" A~ reaction was measured. The magunitude is smaller than

previous data and shows decreasing behaviour with the photon energy.
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§1. Introduction

The giant resonances in light nuclei have been investigated by the (e, e’ @) reaction in several
nuclei. In 2C and *°Ca, where the (e, e’ a ) reaction through the E1 transition is considered to be
forbidden by the isospin selection rule because these are Z = N nuclei. The reported E1 strength was
very small or neglected and the E2 or EO strength was dominant [1,2]. Concerning the EO excitation,
there are intensive studies by alpha scattering with the intention to find the isoscalar giant monopole
resonance (ISGMR) [3-8]. The ISGMR is interesting with regard to the compressibility of nuclear
matter. Considering that the (e, e’ @) reaction occurs only through isoscalar resonances, the (e, e’ @)
reaction can be an alternative tool for searching the ISGMR. However, only a fraction of the ISGMR
strength is related to a emission channels, although one can reconstruct the strength by using the
statistical model for example [2].

This work reports an investigation of the excitation and decay of the giant resonances in **Mg (e,

e'a) reaction.

§2. Experiment

The experiment was performed at Laboratory of Nuclear Science (LNS) in Tohoku University at an
incident energy of E, =199.31MeV and a scattering angle of 6.=30°, corresponding to a momentum
transfer of ¢ =0.51 fm, using a continuous electron beam from the Stretcher-Booster Ring. A typical
electron current during the experiment was from 0.5 to 1 ¢ A.

A Mg foil of 2mg/cm? and 99.99% enriched was used as a target. The thickness was fixed so that
the energy loss of emitted a particles in the target is not too large. The scattered electrons were
detected by is a double-focusing magnetic spectrometer with a solid angle of 6 msr. A vertical drift
chamber (VDC) was used for detecting the electrons on the focal plane of the spectrometer. Three layers
of plastic scintillator were set behind the VDC for trigger of data acquisition. With 5 % of acceptance of
the spectrometer, the range of the excitation energy was 15-25 MeV. In this energy range, proton,

deuteron, triton, and a particles can contribute to the charged particle decay. The range was chosen

*Present address: ART KAGAKU Co.,Ltd, Muramatsu, Tokai-mura, Naka-bun, Ibaraki 319-1112
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because the a decay strength of Mg (e, e’ @) reaction was very small around 20 MeV or higher
according to previous experiments.

Emitted charged particles were detected in coincidence with scattered electrons by using 12 SSD
telescopes which consists of two layers of SSD. The first SSD was 50 ¢ m thick and the second was 1
mm thick. These telescopes were placed in a plane rotated about ¢ axis by ¢ =90°. With the out-of-
plane detection, the telescopes were able to be arranged without disturbing the electron beam and
scattered electrons. Furthermore, an analysis is easier because the longtudinal-transverse interference

term vanishes.

§3. Experimental Results and Analysis

Figure 1 shows an example of the missing energy spectrum. According to the Bethe-Bloch formula,
the energy loss of a particles in the target is not negligible. So it was taken into account assuming that
the emitted particles pass a half of the target thickness.

The separation of @ and a; events were done by fitting two components of @y and a; generated by
calculation to the experimental spectrum as shown in Fig. 2, because the energy resolution was not

enough to separate the peaks clearly. A function used for the fitting is

g (Emiss) :aofaO(Emissib, U) +a1fa1(Emiss 7b; g ) +C; (1)

E .. 0,=54 15.0=0<25.0

miss 0

25

COUNTS

20
15

10

- - a

6 8 1
E,(°Ne)(MeV)

Fig. 1. Missing energy spectrum for excitation energys from 15 to 25 MeV. The excitation energy
of the first excited state is 1.14 MeV. It was corrected for the energy loss in the target using
the Bethe-Bloch formula by assuming that particle emissions started at the center of the
target.

where f.o and fz1 are functions for the contributions of @, and a;, individually, generated by calculation;
E.is is the missing energy, o is the energy resolution of each of SSD telescopes, and ao, a1, b, ¢ are free
parameters. Considering low quality of statistics of our data, the most likelihood method was used for

fitting by utiliyzing MINUIT for maximization of the likelihood [9].
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Fig.2. Fitting of the missing energy spectrum with the spectrum generated by the calculation.
Hatched histogram is the sum of the calculations fitted with a,, @: and the background.
The calculation takes into account the initial energy of a, the energy loss while passing
through the target, and the resolution of detectors.
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Fig.3. Angular distribution of @, for excitation energies of 15-16.4 MeV. The solid line shows a
result of fitting by Eq.(2).

Figure 3 shows the angular distribution of the (e, e’'a ) reaction extracted by the method described

above. The curve in the figure shows the angular correlation function which we discuss later.

§4. Discussion

In case of spin and parity of J” = 0" for all of the target, residual nucleus, and emitted particle, the
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(e, e'a) differential cross section with multipolarities up to 3 can be simplified as following [10]:

d°o 3 . 2
Tod 0.0, Tves| XV @QL+1) Ag(L) Fer e Pp (cos 04,) | @)

where oo 1S the Mott cross section, F¢; is the longitudinal electric form factor, Ao(L) is the decay
coefficient, 0. is the phase of the product of F¢; and Ao(L). Taking V(2L+1) Ay(L) Fc; and 6 as free
parameters, fitting by x ? minimization was performed. In the ?Mg (e, e’ a o) reaction, the angular
momentum of the excited state J is defined unambiguously as equal to L because spins of the ground
state of the residual nucleus and the emitted particle are zero. Concerning the upper limit of
multipolarity in Eq.(2), L < 2 or L < 3 is adequate. In the Mg (e, e’ @ ) experiment [10], its momentum
trasfers are 0.35 and 0.54 fm™, that are very close to ours. The E3 component was not included in the
multipole decomposition because it was supposed to be negligible by the DWBA calculation. It was not
included also in “°Ca (e, e’ a ) experiment [2]. In those results, there is a discrepancy between the
experimental angular distribution and the fitted curve at 0°. On the other hand, the result of the 2C (e,
e’ @) experiment [1] at in ¢ = 0.24-0.61 fm™ shows a relatively better fitting result at 0° by including
the E3. Furthermore, 39% of the E3 EWSR (energy weighted sum rule) has been found in **Mg (e, e’)
reaction. Considering these facts, we included the C3 component by defining L < 3 in Eq.(2). The solid
line in Fig. 3 is the result of fitting by x 2 minimization.

Using the parameters obtained by the fitting, the cross section for each multipolarity is given by

d®o
dwdnge, = Omote (2L+1) Ay (L) |[Fer | ? f [Pr (cos 0.)12d Q.. . )

Using the values obtained from the fitting, we deduced the strength function B¢r(g) which can be

represented for spin 0 nuclei by the first Born approximation as follows [11],

l,(Q) 4 7T O "Mott ( ) re: q [(2L 1)-- :I ( l)
BC dQ o [ q2 f C

2

_ do'w A 2 ne
BCO(q) - WQ' l 4 7[01Mott (7) frecq4 [15] 2 (5)

for L =0, where 0 Mo 1s the Mott cross section for Z= 1, A2 =¢? — o?% and f.. is described by

P
Srec [1+ 2 ST ] ' ©®)
Furthermore, B¢.(g) can be expanded as following,
( Be(g) )%: | — ¢ <r’a>u 4 ¢ <ra>s. ’ ™

Bci(g=0) 2(2L+3) 8(2L+3) (2L +5)
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S 2 0, (rdr
! =27 DLV
e e T T ®
for L > 1, and
Bol@ V',  F<ra>u ¢ <ro>e
(Bco(q20)> =1 20 * 840 ©
J ' po()dr
1 -
<7’CO> tr f 7’4,00(7’)d7’ (10)
for L = 0. p.(r) is the transition charge distribution which is described by Tassie model [12],
11 G0ss()
pi)ocr dr (0
for L > 1, and
dpg.r)
00#) 3 0es )+ 74, 12

for L = 0, where ,Og‘s_(r) is the charge distribution for the ground state described by the three parameter

Fermi model,

2 _ -1
P = (1140 (1rexp=9)) &)
In Eq.(13), we used parameters
(w,c,t) = (—0.249, 3.192, 0.604) (14)

according to Ref. [12].

Bei(qg = 0) for individual multipolarities was obtained by calculating the right-hand side of Eqgs. (7)
and (9) for ¢=0.51 fm™, and applying Bc.(g) given by Eqgs. (4) and (5). Eventually, the strength at the
photon point, Ber(¢ = w ) was obtained by substituting the Be.(¢g = 0) to Eq. (7) or (9).

Using the B¢.(¢ = w ) obtained above, the fraction of the energy weighted sum rule (EWSR) is given
by

R= Bo(w) o
EWSR(EL, AT)
where values of the EWSR are given as follows [13],

X 100, (15

2 2
(2n) Z s

S(E0) = m, A
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Fig.4. Fraction of the energy weighted sum rule for individual multipolarities.

Figure 4 displays the fraction of the EWSR obtained by Eq. (15), and the result is summarized in
Table 1 with results of other experiments. Most of the strength was detected between 15 and 20 MeV. It
must be affected by competition between various decay channels. Actually the EO strength with 1.2% of
the E0 EWSR was detected, while a scattering [6] found 72% with the centroid energy of 21 MeV. The
E1 strength with 0.4% of the E1 EWSR was found, which is comparative with the (a, 7o) reaction, and
very small comparing with the (7, po) reaction. This is the effect of the suppression by the isospin
selection rule. The E2 strength with 0.8% of the E2 EWSR was found. Its distribution is similar to (a, 7)
[14] reaction although the amount is different.

In the analysis of electron scattering [15], the separation of E0 and E2 was not possible by principle.
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Table 1. Summary of strength obtained by this work and other experiments on **Mg.

L> experiment w (MeV) R (% EWSR)
0 24Mg (e, e'ao) 15.0-25.0 1.2+0.2
0 2Mg(a, a)l6l 0-41 72+ 10
0 26Mg (e, e'a)[10] 14.0-26.0 0.2
1 24Mg (e, e'ao) 15-25 0.4+0.1
1 2Mg (e, e")[15] 9.0-34.0 84.9
1 24Mg (e, ao)[16] 13.5-22.5 0.43
1 Mg (y, po)[17] 15.1-23.0 3.3
1 2Mg(y, n)[18] 16.5-28.0 14.0
1 2Ne(a,yo)[14] 14.6-20.6 0.33
1 2Mg(a, a)l6l 0-41 81:%

1 26Mg (e, e'a)[10] 14.0-26.0 0.45

2 2Mg (e, e'ao) 15-25 0.8+0.1
2 24Mg (e, e)[15] 0.0-34.0 117

2 2Mg (e, ao) 13.5-22.5 6.0+0.5
2 “Ne(a, yol14] 12.0-22.5 11.8+1.0
2 Mg (a, a)l6l 0-41 72+ 10
2 26Mg (e, e'a)[10] 14.0-26.0 1.4

3 2Mg (e, e'ao) 15-25 4.8+2.1
3 Mg (e, e)[15] 0.0-34.0 115

3 Mg (a, a)l6l 0-41 31

Figure 5 shows comparison between the C2(C0) differential form factor from (e, e’) inelastic scattering
and our results of CO and C2 differential cross sections. Comparison is limited to the excitation energies
below 20 MeV because the cross sections in our data are small above it. There is a peak around 15 MeV
in the (e, e’) reaction. The C0/C2 ratio is estimated from the present experiment as C0/C2=5 for the
corresponding energy bin (15 ~ 16.4 MeV). For a peak between 16 and 18 MeV observed in the (e, e’)
reaction the present result represents that C2 is dominant. The C0/C2 ratio is obtained as C0/C2 = 0.9
between 16.4 ~ 17.3 MeV, and C0/C2 = 0.15 between 17.3 and 18.0 MeV from our data.

Concerning the C3, the strength was 4.8% of the E3 EWSR. The validity of including E3 can be
provided from the ¢ dependence of the form factor investigated in the inelastic scattering experiment.
In the inelastic scattering experiment, a significant amount of £3 strength was detected at ¢ =0.73 fm™.
According to the ¢ dependence, the C3 strength at ¢ =0.51 fm (our experiment) is smaller than C3 at
q=0.73 fm! by a factor of 4. This difference is not too large to expect the presence of that at ¢ =0.51
fm. Furthermore, we compared the ratio C3/C2 of the inelastic scattering data and of our work. The
strength was reconstructed by the method of statistical model when calculating the ratio for our work.

Then we obtained C3/C2=0.35 for the inelastic scattering data and 0.48 for our work in the range of
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Fig.5. The Differential form factor of C2(C0) at ¢=0.73 fm from (e, e') experiment [15](top),
differential cross section of CO (middle), and C2 (bottom) of our expemriment.

15-19.8 MeV.

In the same manner, we compared the C1/C2 ratio in order to examine how much the C1
suppression can be seen. It was 1.79 for the inelastic scattering data and 0.79 for our work, that means
the isospin mixing occured with the rate of 44%. That is 24% in the (e, a) [10] and (a, 7) [14]

experiments.

§5. Conclusion
The 2*Mg(e, e’ @) experiments was performed at ¢=0.51fm™ and in the range of excitation energy of
15-25 MeV.

From analysis of the angular distribution for a, channel, the C0, C1, C2 and C3 form factors were
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decomposed to obtain the strength distribution for each multipolarity. The CO and C2 components,

which was not able to be decomposed by (e, e) data, were separated and the result indicated that the

CO excitation is dominant around 15-16 MeV and the C2 (C0) peak at 17 MeV found in the (e, €’

experiment is identified to be C2 from our result. From the comparison of the C1/C2 ratio for the data

with (e, e’) result, it was found that the isospin mixing occurs with the rate of 41% in the E1 excitation.

In our multipole decomposition, the C3 component was included that was sometime igonored or

neglective in previous studies. Comparing the C3/C2 ratio with the (e, e) result, the C3 strength which

we obtained is thought to be reasonable. The C1 suppression by the isospin selection rule probably

makes the C3 easier to be identified. Although it was clear that only a fraction of strength can be seen

in the (e, e’a) reaction, the coincidence experiment can decompose the CO and C2 components. Better

statistics is required to discuss more precisely.
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§1. Introduction

So far the elementary photo-strangeness production process has been intensively studied based on
the high-quality data of the charged kaon channel, 7 +p — K*+ A (£°. However, there were no reliable
data for the neutral kaon channel y + n — K3+ A and the theoretical investigations suffer seriously
from the lack of the data. In order to have reliable data for the neutral kaon photo-production data, we
have been putting an effort to measure the 7 + n — K2+ A process in the 7 * 7~ decay channel, using a
liquid deuterium target and a tagged photon beam in the threshold region at Laboratory of Nuclear
Science, Tohoku University.We have already taken exploratory data quite successfully with use of
Neutral Kaon Spectrometer (NKS) at LNS-Tohoku in 2003 and 2004.

We intend to extend the previous experiment by considerably upgrading the original neutral kaon
spectrometer to a completely new neutral kaon spectrometer (NKS2), fully replacing the spectrometer
magnet, tracking detectors and all the trigger counters. The new spectrometer NKS2 has significantly
larger acceptance for neutral kaons compared with NKS, particularly covering forward angles, and
much better invariant mass resolution. The estimated acceptance of NKS2 is about 3 to 4 times (depend
on momentum and theoretical model) larger for K2than that of NKS. Additionally, it is about 8 to 10
times larger for Lambda. With this advantage, we expect simultaneous measurements of Kfand A .
Additionally, we plan to measure other strangeness production channels and also A hyperon

polarization in ¥ +# and 7 +p reactions.

§2. General setup of the NKS2 Experiment
The NKS2 spectrometer is located on the BM4 beam line of the second experimental hall of
Laboratory of Nuclear Science (LNS), Tohoku University (see Fig. 1). The incident beam from LINAC
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200 MeV electron
from LINAC
STB-Ring

STB-Tagger System
Fig.1. The outline of the second experimental hall of LNS (see text in detail).

has 0.2 GeV of the beam energy and is accelerated up to 1.2 GeV in Stretcher-Booster (STB) Ring. The
photon beam is created as bremsstrahlung of electron by a carbon wire at STB Tagger system of
Bending Magnet 4 (BM4). There is a dipole magnet which is called the sweep magnet for e*e’ from
photon conversion. The sweep magnet is the same one that was used in the previous experiment NKS.
The spectrometer is placed following the sweep magnet. The main magnet (680 magnet) is a dipole
which is renovated from a cyclotron magnet of Cyclotron RI Center of Tohoku University. Detectors of
NKS2 are: Inner Hodoscope (IH), Straw Drift Chamber (SDC), Cylindrical Drift Chamber (CDC), Outer
Hodoscope (OH), and Electron Veto counter (EV). Detector positions are shown in Fig.2, and 3D views
are in Figs. 3 and 4. The detail description of the beam line and the spectrometer will be shown in the

following section.

§3. Status of the Experiment

Commissioning runs were carried out in Jan. Mar, Jun., and Sep. 2006. using a carbon target.
During those runs, we studied the detector performance, data acquisition system, and trigger rate.

The run of January (17-20) was used to tune the tagging counter and hodoscopes. In the original
schedule, the March run (Mar. 7-12) was planned to be used to check the detector system including
CDC and hodoscopes. There, however, was an accident of breaking a Mylar window of CDC, therefore
this run was used for the trigger study. The CDC was repaired after this beam time and became being
ready before the next beam time. In June 6-15, we had two weeks data taking with a natural carbon

target. About two third of the beam time was used for the final detector setup: tune of counter gain and



33

OHV

CDC

20 cm

Y Beam

Y Beam

Fig.2. A schematic view of NKS2. The photon beam direction is from bottom to top in the figure.
The target holder will be at center of magnet. The detectors are (the order is from center to
outer): Inner Hodoscope (IH), Straw Drift Chamber (SDC), Cylindrical Drift Chamber
(CDC), Outer Hodoscope (OH, Vertical (OHV) and Horizontal (OHH) ), and Electron Veto
counter (EV). Note that EV is placed at downstream of OHV but not shown in the figure.

Fig.3. A 3D view of the spectrometer viewed from the upstream of the beam line. We can see a
part of OHH on the magnet yoke and OHV around the magnet coil.
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Fig.4. A 3D view of the spectrometer viewed from the downstream of the beam line. There are
OHYV around the magnet coil and OHH on the magnet yoke. The EV counters are placed
following OHV. The OHV and EV counters are supported by aluminum chassis.

threshold of discriminator, noise reduction, fixing some troubles of DAQ, making chambers be ready.
Trigger study and data taking were done in the rest of the beam time. The main purpose of the
September run (Sep. 25-Oct. 2) was data taking with the carbon target. Additionally, the length of a
vacuum pipe between the pair magnet and the target was extended to reject the background from

photon conversion. Finally, we started data taking with a liquid deuteron target on November 2.
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A new electro-magnetic calorimeter complex FOREST with a solid angle of about 47 in total is
under construction. It consists of three calorimeters: a forward one with CslI crystals, a middle one with
lead scintillating fiber modules, and a backward one with lead glass Cerenkov counters. Recently, the

forward calorimeter SCISSORS III takes shape.

§1. An Electro-magnetic Calorimeter Complex FOREST

Nucleon resonances were experimentally studied via 7° and 7 photo-production by using an
electro-magnetic calorimeter SCISSORS 1II in the GeV- 7 experimental hall. The 7° and 7 mesons were
identified in 7 7 invariant mass distributions. When more than one neutral mesons were produced and
each of these decays into 7 7, the possible choice of two 7's is not unique. Thus the events were
contaminated in these distributions that two 7's were detected which different neutral mesons decay
into and the others were not detected. Since a solid angle of SCISSORS Il is only 12.6% of 4 7, a fraction
of these events was large.

To suppress the contamination, a large solid angle calorimeter is required so that a fraction of
undetected 7 should decrease. A new electro-magnetic calorimeter complex with a solid angle of about
4 in total has been planned [1]. The complex is called Four-pi Omnidirectional Response Extended
Spectrometer Trio (FOREST). It consists of three calorimeters: a forward one with CsI crystals

‘SCISSORS II," a middle one with lead scintillating fiber modules '‘LEPS Backward Gamma, and a
backward one with lead glass Cerenkov counters. Figure 1 a) shows a slant view of FOREST.

The SCISSORS Il consists of pure Csl crystals which had composed SCISSORS 1II . The shape of
Csl crystal modules is a truncated regular hexagonal pyramid. Among these modules, thickness of 144
crystals is 300 mm (LNS type) and that of 48 ones are 250 mm (INS type). Central units of SCISSORS
Il are the LNS type, and peripheral ones are the INS type. Figure 1 b) shows the arrangement of
modules in SCISSORS I [2,3].

§2. Arrangement of Csl Crystal Modules
Because an equilateral hexagon has an interior angle of 120°, it can be used to tile the plane

without holes like a honeycomb. Neither front nor rear faces of a truncated hexagonal pyramid compose
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a) b)

SCISSORS 11l PR Lead Glass Arra

LEPS Backward Gamma

Fig.1. a) Slant view of the new electro-magnetic calorimeter complex FOREST. Polar angles of 4°-
27°, 30°-100°, and 106°-170° are covered with CsI crystal array ‘SCISSORS II ;" with lead
scintillating fiber module array ‘LEPS Backward Gamma, and with lead glass Cerenkov
counter array, respectively. b) Schematic view of the module arrangement in SCISSORS 1I .
Central units are the LNS type, and peripheral ones are the INS type.

a segment of a regular solid without overlap. It is required to array truncated regular hexagonal
pyramids tight.

Let's consider a crystal is laid out adjacent to the central one. When two crystals are arranged so
that the contact side face of the central one is identical with that of the adjacent one as shown in
Fig.2(a), the volume of the adjacent one exceeds the angle formed by two vectors to the vertices of the
front face of the central one sharing the center of the central one as an endpoint. Hence, another one
cannot be laid out similarly adjacent to each of the two without overlap. If the adjacent one is slid
rearward so that side faces contact, the adjacent one can be set that does not exceed the allowed region
as shown in Fig.2 (b). Numerically, the step of rear LNS type crystal faces should be larger than 4 mm
and that of two different type crystal faces should be larger than 40 mm [2].

a) Qver View Front View /,/\ b) Over View Front View /,»’\

Crystal

Central Crystal Central Crystal

Adjacent Crystal
Adjacent Crystal

Fig.2. The arrangement of two Csl crystal modules. a) Two crystals are arranged so that the
contact side face of the central one is identical with that of the adjacent one. b) The
adjacent crystal is slid rearward. In the front view, the volume of the adjacent one should
not exceed the angle formed by two vectors to the vertices of the front face of the central
one sharing the center of the central one as an endpoint.
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§3. Constructed SCISSORS I
The crystal arrangement was made from 24th April to 13th May in 2006. Figure 3 shows the

constructed SCISSORS 1III . Since individual differences in the module shape exist, crystals are not laid
out ideally. The step of rear LNS type crystal faces is about 10 mm at maximum. The front crystal faces
cover from 60-460 mm in radius from z-axis. The position and direction of each crystal shall be

measured in the near future.

Fig.3. Constructed SCISSORS 1. The left panel shows a front view, and the right shows a rear
one.
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Installation of a Dipole Electromagnet RTAGX
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A dipole electromagnet RTAGX has been installed in the GeV- 7 experimental hall. It sweeps out
charged particles contaminated in the incident 7 beam for meson photo-production experiments. It also

supplies momentum-analyzed electrons or positrons in a newly constructed test beamline.

§1. RTAGX Magnet

A dipole electromagnet RTAGX was installed in the GeV- 7 experimental hall from 13th to 15th
December in 2005. This magnet was originally created as a 1/1.645 scale model for a sector focused
cyclotron at Institution of Nuclear Study, University of Tokyo [1]. It had come to be used as a large
acceptance spectrometer TAGX [2] for photon induced nuclear and hadron experiments, where the
shims and pole tips were removed and the gap was expanded from 210 mm to 600 mm by inserting two
iron blocks into vertical return yokes. It was moved to the second experimental hall in 2000 and was
used as a Neutral Kaon Spectrometer (NKS). The NKS was replaced by a larger magnet, and it was
preserved in a warehouse until SCISSORSII experiments finished.

The magnet was installed in the GeV- 7 experimental hall. The inserted two iron blocks were
removed and its gap became 210 mm again. We call it Return of the TAGX or Recycled TAGX (RTAGX).
Figure 1 shows the installed RTAGX.

The pole faces are circle with a diameter of 1070 mm, and holes are drilled in the poles and yokes
at the center of these with a diameter of 100 mm. The two hollow-conductor pancake-shaped coils are
laid out, and the number of turns is 480 in total. It sweeps out charged particles contaminated in the
incident 7 beam for meson photo-production experiments. It also supplies momentum-analyzed

electrons or positrons in a newly constructed test beamline.

§2. Magnetic Flux of RTAGX

The magnetic flux of RTAGX was calculated by a 3D magnetostatics computer code Radia [3],
which is interfaced to Mathematica on Microsoft Windows XP. Figure 2 shows the magnetic flux B, as a
function of z position for the TAGX and RTAGX setups with a current of 500 A. The B, at the center is
0.483 T and 1.183 T, and the B/ integration is 0.641 Tm and 1.549 Tm for the TAGX and RTAGX,
respectively. The strong magnetic flux of about 1.2 T at maximum is achieved in the RTAGX by
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Fig.1. Installed RTAGX. The pole faces are circle with a diameter of 1070 mm, and the gap
between them is 210 mm.

contracting the gap to 210 mm.
The magnetic fluxes at three points were measured by a calibrated Hall generator with different
coil currents. Figure 3 shows the measured magnetic fluxes B, at three points with various coil currents.
The realistic magnetic flux map was determined by normalizing calculated one for each coil current
setup so that it reproduces the measured magnetic flux at the position (0,0,160) where the measured

magnetic flux was not influenced by the precise position of the Hall generator.

§3. Electron and Positron Test Beamline

The RTAGX can be used to analyze momenta of charged particles with a high resolution since B,~0
and B,~0 in the horizontal plane. When the incident 7 beam irradiates a target in front of the RTAGX,
some photons convert into positron and electron pairs. The created positrons and electrons are bent by
the magnetic flux, and a monochromatic electron or positron beam can be obtained at a specified angle

[4]. Figure 4 shows the analyzed momentum as a function of RTAGX current at 30 ° with respect to z

axis.
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Fig.2. Magnetic flux By as a function of z position. The left panel shows that for the TAGX with a
gap of 600 mm, and the right shows that for the RTAGX with a gap of 210 mm.
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Fig.3. Measured magnetic fluxes By at three points with different coil currents. The deep gray
circle, rectangle, and triangle markers show those at (0,0,0), at (0,0,160), and at (0,0,535),
respectively, where the coil currents are set in the decreasing direction. The light gray
circle, rectangle, and triangle ones show those at (0,0,0), at (0,0,160), and at (0,0,535),
respectively, where the coil currents are set in the increasing direction.

A Au foil with a thickness of 20 pm is placed 878 mm upstream of the pole center, and a lead
collimator with a diameter of 20 mm and with a thickness of 100 mm is laid out 2445 mm downstream
at the — 30 ° with respect to z axis. The momentum resolution of the obtained beam depends mainly on

the energy loss and multiple scattering of the positrons or electrons during penetrating the Au foil and
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Fig.4. Analyzed momentum as a function of RTGX current at 30° with respect to z axis. The data
points are compared with p(I) = 2.0220 I — 1.7947 X 10~ [*%5% Mev/c.
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the air on the way. It is roughly 2% although it should be estimated more precisely. The positron and
electron beams are obtained with little contamination, and counting rates of these are about 3 kHz

independently of the RTAGX current with a STB circulating current of 15 mA.
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A potassium content in high purity gadolinium oxide reagents, which is a component of the detector
for the neutrino in the "KASKA" project, was determined by photoactivation analysis. Applying
radiochemical processing, 0.1 ppm of upper limit was obtained. The gadolinium oxide reagent

determined in this study was confirmed to meet the request for materials in the detector.
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Separation Methods of Radioactive Carbon from Concrete Samples
by Thermal Combustion Methods
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In order to determine the activity of *C induced in the concrete obtained from various accelerator
facilities, we studied the oxidative combustion method for extraction of *C from concrete samples
quantitatively. Separation conditions, such as maximum heating temperature and time were examined
using "C produced by the *C (y ,n) "'C reaction as a radioactive tracer instead of “C. Samples were
irradiated with 30MeV-bremsstrahlung at Laboratory of Nuclear Science, Tohoku University.

In this study, several types of standard rocks were combusted, because the thermal decomposition
of such rocks contained in a concrete might be difficult. After irradiation, samples were heated in an IR-
furnace under O, stream (flow rate ; 100ml/min). After the decomposition of sample, the gas was
sequentially guided to another furnace (catalyst ; CuO, temperature ; 1073K) for oxidation of CO to
CO.. Radioactive carbon dioxide was collected in 2-amino-ethanol solution of an alkali trap.

As a result, the addition of oxidants was effective to improve "C yields and yields of "C from
standard rock samples were over than 70% heated at 1373K for 20 minutes. It was concluded that the
yields of *C from concrete samples were also more than 70%. In case of steel samples, yields of "C were
about 100%.

It was concluded that the separation by the thermal combustion method was useful to separate

radioactive carbon, such as 'C and 'C, from concrete samples.
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%1% Effect of Oxdants Addition to ™C Yields.

Sample Oxidants Yield of carbon (%)
No Addition 57.8
JA']. Pb304 + B203 719
Sn Oxidants 111.6
No Addition 60.7
JB-1a Pb304 + B203 63.3
Sn Oxidants 73.7
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q Carbon. Maesured Yields of

ample Concentrations ( ) bon (%)

(ppm) ppm carbon (%
JA-1 271.0 196.7 72.6
JB-1a 312.0 233.3 74.8
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Carbon Steel-1 39.0 42.7 109.5
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Using a short-bunched beam of electrons of a linear accelerator, sharp directionality of the coherent
radiation emitted from a photonic crystal (PhC) was observed in the millimeter wave region. When the
PhC was rotated around an axis perpendicular to the surface of the PhC, the radiation intensity
decreased drastically. On the other hand, the dispersion relation of the radiation changed little with the
rotation. The decrease of the intensity was conspicuous in the high frequency region, in comparison

with that of the low frequency region.

§1. Introduction

When a short-bunched beam of electrons from a linear accelerator passes by near the surface of a
photonic crystal (PhC), coherent radiation is emitted in the millimeter wavelength region [1]. In this
paper we call it the photonic crystal radiation. The origin of the photonic crystal radiation is considered
in essence to be the same as that of Smith-Purcell radiation (SPR), which was emitted from the electron
passing by a metallic grating [2]. Contrary to the many researches on SPR, the experimental study on
the photonic crystal radiation has been limited, and its optical properties have been not well studied.
For example, the photonic crystal radiation is considered to satisfy the dispersion relation of SPR; the
relation bases on a kinetic relation between the period of the radiation source, the frequency of the
radiation and the velocity of the electron. In our experiment using an S-band linear accelerator,
however, the observed dispersion relation of the photonic crystal radiation was composed of two groups:
the one satisfied the dispersion relation of SPR and the other obeyed another relation clearly different
from the SPR relation [1, 3]. The unexpected dispersion relation has excited a controversy over its
origin.

To elucidate the properties of photonic crystal radiation, here, we report an experiment in which
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PhC was rotated around an vertical axis. The experiment showed sharp directionality of the photonic

crystal radiation.

§2. Brief Summary of Photonic Crystal Radiation

Let us summarize the mechanism of the photonic crystal radiation briefly [4, 5]. We used the
coordinate system shown in Fig. 1, and let an electron move with constant velocity » along the x axis.
We take the coulomb field of the moving electron as a source of virtual radiation. The Fourier

component of the radiation w has a wave vector (k,, k,, =I"), with the ¥ component given by k, = w/ v

and the y component k, is arbitrary. By energy conservation, I” =V (w/c)— k.2 — k2. Since v<c, I'is pure

imaginary, meaning that the radiation is evanescent and decays with constant |I'| with distance from
the trajectory of the electron. In other words, the line w = vk,, called the v line, lies outside the light
line w = ck,.

When the evanescent wave reaches to a PhC, the photonic crystal radiation is emitted through the
electromagnetic interaction between the incident radiation and the PhC. When we observe far-field
radiation within the xz plane, k, can be set to zero. The PhC having a period ¢ in the x direction then
produces the photonic crystal radiation by giving a Umklapp change of the integer multiple of 2 7 /g to
the x component of the wave vector of incident light. Using the same symbol %, to represent the x
component of the photonic crystal radiation, we may say that the incident radiation on the v line is
Umbklapp-shifted to the new v lines of dispersion w = vk, +#(27/g), n being an arbitrary integer. We

shall call these lines v, lines. The light on the v, line thus has the z component of the wave vector given

ne () ) )

It reaches a far-field observation point as the photonic crystal radiation when this I, is real, i.e., when

the frequency w of the radiation on the v, line is inside the light cone. This can always happen for a v,
line with positive 7.

In the PhC, photonic band modes have their band structure in (k,, w) space. When v, line crosses a
photonic band dispersion curve, corresponding peaks appear in the spectrum of photonic crystal
radiation [1, 4, 5]. The photonic crystal radiation hence is considered to be distributed along the v,
lines in the (&, w) diagram.

The v, line is equivalent to the dispersion relation of SPR given by
nl=g(jw—cosﬁ), @)
where A stands for wavelength and 6 for emission angle of the photonic crystal radiation.

§3. Experiment

The experimental setup is schematically shown in Fig.1. A short-bunched beam of electrons of a
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linear accelerator of Laboratory of Nuclear Science (LNS), Tohoku University moved with constant
velocity v along the x axis above a PhC. The radiation emitted from the PhC was observed in the xz
plane, and the emission angle & was measured from the x direction.

The photonic crystal radiation was guided to a Martin-Puplett type Fourier-transform spectrometer
and was detected with a low-temperature InSb detector. The resolution of the spectrometer was 0.125
cm ! or 3.75 GHz. The plane mirror M1 was controlled with a stepping motor to cover the emission
angle O between 60° and 120°, keeping the optical axis unaltered. The acceptance angle of the
measuring system depended a little on the angle 6 and was * 0.75° in the xy plane and * 1.2° in the yz
plane at @ = 90°. The impact parameter or the distance between the electron beam and the surface of
the PhC was set to be 10 mm.

The beam condition was as followings. The energy of the electron was 150 MeV and its spread was
less than 2.5 %, the macro and micro pulse widths were 1.5 us and 0.67 ps, respectively. The repetition
of the macro pulse was 50/3 Hz and the average beam current was 0.8 #A. The cross section of the beam
was nearly circular and about 10 mm in diameter.

As the PhC we prepared two samples: a monolayer of spheres of polytetrafluoroethylene (PTFE) and
that of cylinders of PTFE (see Fig.1 (b)). Every sphere was 3 mm in diameter, and 419 spheres were
arrayed to a triangular lattice on a plane parallel to the xz plane; the size of the monolayer was about
48 mm X 71 mm in the y X x direction. The reciprocal lattice space of the triangular lattice is shown in
Fig. 1 (b) of [1]. In the case of the cylinder, every cylinder had the size of ¢ 3 mm X 80 mm in diameter
X length and was placed so that the cylinder axis was parallel to the y direction; the PhC was periodic
in the x direction and the number of cylinders was 27.

The PhC was controlled with a stepping motor to rotate around the vertical axis (parallel to the z
axis) at the geometric center of the monolayer. The rotation angle ¢ was measured counter-clockwise

from the x direction.

(a) (b)

€ - beam

RS edes

e - beam

v

L. ;
y | z h \: e - beam
Photonic crystal

v

Fig.1. Schematic layout of the experiment (a) and of the drawing of the photonic crystals used (b).
The electron orbit was shown by the thick solid line. The emission angle 6 and the rotation
angle ¢ of the PhC were measured from the x direction.
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§4. Results and Discussion
4.1 Triangular lattice of PTFE spheres
At first to check the measuring system, we observed emission spectra of the photonic crystal
radiation from the monolayer of the PTFE spheres by varying the rotation angle ¢. Figure 2 shows the
spectra observed at ¢ = 0°, == 1° and = 3°, on the condition of the emission angle 6 = 90°. Eevery
spectrum was composed of several peaks, and its structure was nearly symmetric with respect to ¢ = 0°.

The radiation intensity varied drastically with the rotation angle ¢.

2000 —r——— T T T T

1500

1000

LI B I B B B B B B B

Intensity (arb. units)

500 |

. 0 .100 - 206 300.
Frequency (GHz)

Fig.2. The spectra of the PTFE spheres observed with the rotation angle ¢ =0°, =1° and = 3°
for the emission angle 0 = 90°. The dotted curves show the spectra with the negative ¢.
The spectra at ¢ =0° and & 1° were shifted vertically to make the comparison clear.

Next the rotation angle ¢ was set to 0°, and the emission spectra were measured with the
spectrometer, by controlling @ from 70° to 110° by 1° step. From the spectrum, using the relation &, =
(w/c) cos B, we obtained the contour map of the intensity of the photonic crystal radiation in the (&, ®)
space. The result is shown in Fig.3; the abscissa stands for the normalized wave vector K, = k.g / (27)
and the ordinate for the frequency of photonic crystal radiation v = @w/(27) in GHz. In Fig.3, using the
relation k = w/c=2x/ A and v=c¢ S, the dispersion relation of Eq. (2) is expressed by the following

straight line;

u=c§(Kx ). )

Since the energy of the electron was 150 MeV, the relativistic factor y = 297 and 5= v/ c¢ = 0.999994.
We can safely put 5= 1, and hence the dispersion line v, is parallel to the light line in the (&, w)
diagram. The intensity map clearly showed two series of dispersion relation. One is the dispersion
relation of SPR shown by the solid lines. The other is the unexpected one shown by the broken lines,
whose gradient is 78 % of the solid line. We call hereafter its relation the secondary dispersion relation.
The origin of the secondary relation has been clarified by Horiuchi et al. [3]. In both relations, the

fundamental and the second higher harmonic relations were clearly seen in the figure.
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Fig.3. The contour map of the photonic crystal radiation from the PTFE spheres in the (%,, w) plane
observed with the rotation angle ¢ = 0°. The x and y axes are the normalized wave vector
K, and the frequency of the radiation, respectively. The solid lines show the v, vs, v3and
V4 lines from bottom to upward.

Using the period of the PhC of g=+v3 d /2, we calculated the theoretical dispersion relation of SPR, i.¢,

the v, line,

y= ig(Kx-i-n), o)

where v is frequency, K, is the normalized wave vector and # is integer, i.¢, the order of the relation.
However, the calculated relation with the diameter of the PTFE sphere d of 3.0 mm deviated a little
from the experimental intensity map. To fit the experiment, we adopted the value d = 3.2 mm. The
calculated relation is shown in the figure by the solid lines. The precision of the diameter of the PTFE
sphere was better than 0.01 mm, and the reason of the deviation is not clear at present. In the figure,

the broken lines show the eye-fitted mean of the secondary dispersion relation expressed by

u=aig(Kx+n), )

with d = 3.2 mm and a = 0.78. We call these lines the #, lines.

On the v line, the distribution of the radiation intensity was plotted as a function of frequency by
the solid curve in Fig.4, where the broken curve shows the distribution of the intensity along the #; line.
Along each of these dispersion relations, the radiation intensity varied rapidly with frequency.

The emission spectra were also measured at the rotation angles ¢ =2°, 4° and 8°, and Fig.5 shows
the (2, @) maps at ¢ = 2° and 4°. In the figure the solid lines show the v, lines calculated on the
condition of d = 3.2 mm and the gradient of the broken lines was 78 % of the v, line. At ¢ = 8° the

photonic crystal radiation was very weak and near to the noise level of the measuring system, so the
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Fig.4. The spectral distribution along the dispersion relation of the first order. The solid and
broken curves show the distribution following the SPR relation and the secondary one,
respectively.

intensity map was not shown.

The comparison of Figs.3 and 5 shows the followings. The photonic crystal radiation was very
sensitive to the rotation angle ¢. The radiation intensity decreased drastically with |¢|, and the
decrease was conspicuous in the high frequency region. Though the intensity change was drastically,

both the dispersion relations suffered little influence from the rotation.

(a) (b)
400 % T T 400
e o : 300 d
g ¥ & 200 74
- = - .- e :
= 100 == 100 £ B
0 0 C 1"| 1 L1l L1l L]
-1.0 -0.5 0 0.5 1.0 -1.0 -0.5 0 0.5 1.0
Normalized Wavevector Normalized Wavevector

Fig.5. The contour maps of the photonic crystal radiation from the PTFE spheres in the (k,, ®)
plane at ¢ = 2°(a) and ¢ = 4° (b). The abscissa and ordinate show the normalized wave
vector K, and frequency of the radiation. The solid and broken lines show the v, and u,
lines, respectively.
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4.2 1D-lattice of PTFE cylinder

After the experiment on the PTFE spheres, photonic crystal radiation of the monolayer of the PTFE
cylinders was observed. However, the observed range of the emission angle 6 was limited, because of
lack of the experimental time.

Figure 6 shows the observed spectra at ¢ =0°, =2° and = 4° for the emission angle 0 = 105°. The
structure of the spectra resembled that of the PTFE spheres; the structure was symmetric with respect
to the rotation angle ¢ = 0°. Figure 7 shows the spectra at ¢ = 0° and 2° with 0 = 78°. The radiation
intensity decreased drastically with | ¢ |, too.

The (%, w) map was also derived from the observed spectra at the rotation angles ¢ =0°, 1°, 2°

and 4° as shown in Figs.8(a), (b), (¢) and (d), respectively. In the experiment, however, the observed
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g 200 |0
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0 . 200 400
Fregnency (GHz)

Fig.6. The spectra of the PTFE cylinders observed at the rotation angles ¢ =0°, = 2° and *=4° for
the emission angle = 105" . The dotted curves show the spectra with the negative ¢ .
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Fig.7. The spectra of the PTFE cylinders observed at the rotation angles ¢ =0° and 2° for 0= 78°.
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Fig.8. The contour maps of the photonic crystal radiation from the PTFE cylinders in the (k,, ®)
plane at ¢ =0°(a), 1° (b), 2° (c) and 4° (d). In each diagram, only the limited range of 0 was
observed. The abscissa is the normalized wave vector and ordinate is frequency of the
radiation. The solid and broken lines show the v, and u, lines, respectively, calculated on

the condition of ¢ = 3.1 mm.
range of O was limited between 110° and 100° and/or between 80° and 70°. In these figures, the solid
lines stand for the v, lines, calculated using the period of ¢ = 3.1 mm. Since the precision of the
diameter of the PTFE cylinder was much better than 0.1 mm, the reason of the difference between the
diameter (3.0 mm) and the period (3.1 mm) is not clear. The difference may be partly caused from small
errors in the straightness of the cylinder.

Though the measurement was limited to the narrow ranges of @, the intensity map had the similar
characteristics to that of the PTFE spheres. The photonic crystal radiation had two series of the
dispersion relation; one is that of SPR corresponding to the solid lines and the other is a series of the
secondary dispersion relation, corresponding to the broken lines whose gradient was 74 % of the v, line.
The gradient was roughly equal to that of the PTFE spheres.

The radiation intensity decreased drastically with the rotation angle | ¢ | and the decrease was
conspicuous in the high frequency region. Though the intensity decrease was drastic, it seemed that

both the gradient of the v, and u, lines suffered no influence from the rotation.
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4.3 Simple discussion on dispersion relation
Here we simply consider the phase relation of the photonic crystal radiation emitted from
neighboring two unit crystals of a PhC on the basis of Huygens' principle. Let an electron move with the
constant velocity v =c¢ [ along the x axis and the period of the PhC be g. Let's suppose that the Coulomb
field of the moving electron or the evanescent wave excites radiation in every unit crystal and that at
an observation point the superposition of the radiation from neighboring unit crystals should satisfy the

constructive interference condition,

nl =cAt— gcos 0, ©®)

where 1 is the wavelength of the radiation and At = g /¢ 51is the time interval of the electron to move
the period of PhC. The dispersion relation of SPR, Eq.(2), is directly derived from the condition. The
dispersion relation is caused from the kinetic relation of phase matching among the period, electron
velocity, emission angle and wavelength of radiation. The relation is irrelevant to the dielectric constant
of constituent of the PhC.

Next, let's suppose that part of radiation (say radiation "a") excited by the electron propagates to
the downstream neighboring unit crystal and generates new radiation (radiation "b") which is emitted
into free space. From the superposition of radiation "a", directly emitted into free space, and radiation

"b", we can derive the similar interference condition,
ni=cSt— gcos 6, (7)

where §t is propagation time of radiation to the neighboring unit crystal. Using the effective dielectric

constant & of the PhC, we assume &t = gy¢/ c. Then the condition becomes
ni=g\e —cos0). ®

In the (k,, w) diagram, the condition is expressed as

__C
y= o K, +n), ()

where K, is the x component of the normalized wave vector. The condition is equal to the secondary
dispersion relation of Eq.(5), on the condition that @ = 1/v/c . In the experiment, the value of a derived
from the PTFE sphere was a little larger than that of cylinder; it is consistent with the above
consideration.

The above discussion is based on that radiation emitted from the unit crystal is composed of
radiation directly generated from the electron and of response to incident radiation generated in the
upstream unit crystals. Since the incident radiation is composed of a pulse train of radiation generated
in the nearest neighbor upstream unit crystal, radiation in the second nearest one and so on, at the

observation point the radiation from the unit crystal may be formally written by
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E, ={A +Be*[1+ re'®® 4 12?2 +---]} exp (i bx — w 1)), (10)

where A and B are the amplitude of radiation directly generated by the electron and that of the
response to radiation generated in the nearest neighbor upstream unit crystal, respectively. The phase

difference between radiation "a" and "b" is expressed by A @, using the propagation time &4,

A@=kAx—w5t=g@f—%§),

and 7 is a damping factor of amplitude in propagation per unit crystal.

The total radiation from every unit crystal is written by

Be'®® . .
(A +7)exp (i kx —wD) (14 2?4 229 4--)

E= 1— re's?
= (a+5 fe;:jm ) exp (1 i (kj,-; D) o
where A¢ is the phase difference of radiation between neighboring crystals,
Ap=kAr—wAt=g(k——g-]. 1)
The intensity becomes
e [ g )
The radiation peak appears when the following condition is satisfied:
Lf =nr. (15

The dispersion relation of SPR is directly reduced from this condition. In addition, the second term of

Eq.(12) is similar to the radiation from a Fabry-Perot resonator and shows also oscillating

characteristic. Its peaks appear under the condition,

Ap=2nr. (16

The condition is corresponding to the secondary dispersion relation. Hence we can take the relation as

the new resonant dispersion relation. When the peak condition of Eq.(16) is fulfilled, the intensity is

given by
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2
E |2 (40 2AB B 1

7 A+n?) 4sin’(3) | 1

These equations show that the radiation intensity along the SPR dispersion relation defined by Eq.
(15) will be much higher than the radiation emitted under the condition of Eq.(16). On the other hand,
Eq.(16) is not sufficient condition for the secondary dispersion relation. When the damping factor r is
small or far from unity, the radiation peak will be vague, supposing that the condition is fulfilled.
However, if 7 1s near to unity, the intensity will be high enough to show the new resonant dispersion
relation.

The above consideration shows that the dispersion relation of SPR is caused from the constructive
interference of radiation directly excited by the electron. On the other hand, the secondary dispersion
relation seems to originate from the interference between radiation directly excited by the electron and

radiation indirectly generated in the upstream crystals.
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Properties of coherent radiation emitted from a Photonic crystal (PhC) is studied by experiments
in the millimeter wave region, under various geometric arrangements of the PhC with respect to an
electron beam, such as (1) reflective arrangement, (2) refractive arrangement and (3) longitudinal shift.
In these arrangements, we observe not only the dispersion relation of Smith-Purcell radiation but also
another relation or the secondary relation. The influence of the arrangement on the coherent radiation

is mainly discussed in the (k,, @) diagram.

§1. Introduction

When a short-bunched beam of electrons of a linear accelerator passes by near the surface of a
photonic crystal (PhC), coherent radiation is emitted in the millimeter wavelength region [1, 2]. In this
paper we call it the photonic crystal radiation. The origin of the radiation is in essence considered to be
the same as that of Smith-Purcell radiation (SPR), which is emitted from the electron passing by a
metallic grating [3].

To elucidate the properties of photonic crystal radiation, we have made a series of experiments by
changing the geometrical arrangement of PhC to the electron beam. Following the previous report
(refered to as paper I [4]), here we report the experiments on (1) the reflective or refractive
arrangement, (2) interference between photonic crystal radiation from the two arrangements and (3)
longitudinal shift of PhC.

We adopted here the same technical terms in the paper I [4], where the background of the photonic

crystal radiation was briefly described.
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§2. Reflective or Refractive Arrangements
2.1 Experiment

The experimental setup is schematically shown in Fig.1. In the case of (a), a short-bunched beam of
electrons from the linear accelerator at Laboratory of Nuclear Science (LNS), Tohoku University moved
with constant velocity v along the x axis above a PhC. The photonic crystal radiation from the PhC was
observed in the xz plane, and the emission angle 6 was measured from the x direction. In the case (b)
the PhC was placed above the trajectory of the electron beam; the position of the PhC was symmetric to
that of (a) with respect to the xy plane. Hereafter we call the set up (a) the reflective arrangement, and (b)

the refractive arrangement.

(a) 7 Ml
y Ml
‘7
‘77
77
// / >
/§ 1. g > "
yZaa spectrometer spectrometer
, /§ 7/
<//
6 ]
T X e - beam ; ;

Photonic crystal

Fig.1. Schematic layout of the experiment of reflective arrangement (a) and refractive
arrangement (b). The electron orbit was shown by the thick solid line. The emission angle
0 was measured from the x direction.

In both arrangement, the photonic crystal radiation was guided to a Martin-Puplett type Fourier-
transform spectrometer and was detected with a low-temperature InSb detector. The resolution of the
spectrometer was 0.125 cm ! or 3.75 GHz. The plane mirror M1 was controlled its position and
directionality with a stepping motor to cover the emission angle 6 between 60° and 120°, keeping the
optical axis unaltered. The acceptance angle of the measuring system depended a little on the angle 6
and was = 0.75° in the xz plane and & 1.2° in the yz plane at & = 90°. The impact parameter or the
distance between the electron beam and the surface of the PhC was set to be 10 mm.

The beam condition was as followings. The energy of the electron was 150 MeV and its spread was
less than 2.5 %, the macro and micro pulse widths were roughly 1.5 us and 0.67 ps, respectively. The
repetition of the macro pulse was 50/3 Hz and the average beam current was 0.9 ¢A. The cross section
of the beam was nearly circular and about 10 mm in diameter. Since the energy of the electron was 150
MeV, the velocity of the electrons was v = 0.999994 c.

As the PhC we prepared two samples used in paper I: a monolayer of polytetrafluoroethylene (PTFE)
spheres and that of arrayed cylinders of PTFE.
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In the experiment, the emission spectrum of photonic crystal radiation was measured with the
spectrometer, by controlling 6 from 60° to 115° by 1° step. From the spectrum, using the relation &, = (w
/ ¢) cos 6, we obtained the contour map of the intensity of the photonic crystal radiation in the (., w)
diagram.

In the series of experiments, the measuring system and PhC used was common, and the accelerator
was carefully tuned to keep the same beam condition. Detail of the experiment including setup on the

other arrangements is described in later.

2.2 Results and discussion
2.2.1 Radiation in reflecting arrangement
Using the reflective arrangement, we measured the photonic crystal radiation from the monolayer
of the PTFE spheres with the spectrometer and derived the contour map of the intensity from the
spectra. The result is shown in Fig. 2, where the abscissa is the x component of the normalized
wavevector K, = gk, /2 7 = gcos 0/ A with the period ¢ and the ordinate is the frequency of radiation v
= w/ 27 in GHz.The solid lines show the theoretical dispersion relation of SPR calculated with the
diameter of the sphere d of 3.2 mm, i.e., the vx lines given by Eq. (4) of the paper I [4] .
The observed (2, , w) map had the same characteristics to those of paper I. The photonic crystal
radiation holds two dispersion relations; one is the relation of SPR and the other is the secondary
dispersion relation, not expected from a simple theory of the photonic crystal radiation. We can take the

relation as the new resonant dispersion relation [4]. The new relation was calculated with Eq. (5) of the

Frequency (GHz)

-1.0 -0.5 0 0.5 1.0
Normalized Wavevector

Fig.2. The contour map of the intensity of photonic crystal radiation from the PTFE spheres in
the (&,, w) plane observed in the reflective arrangement. The abscissa and ordinate are the
normalized wave vector K, and the frequency of the radiation, respectively. The solid and
broken lines show the v, and u, lines, respectively, calculated for the diameter of the sphere
d=3.2 mm.
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paper I on the condition that @ = 0.78 and is shown by the broken lines in Fig.2. Along both the
relations with » = 1, each radiation intensity varied sharply with the emission angle 6.
2.2.2 Radiation in refractive arrangement

The experimental setup was changed to the refractive arrangement, and the spectra of the photonic
radiation from the monolayer of the PTFE spheres were measured for the emission angle 6 from 60° to
115°. The obtained contour map is shown in Fig.3, where the v» and u, lines are shown by the solid and
broken lines, respectively, calculated on the condition that d = 3.18 mm and a = 0.78. Ignoring the
small difference in the fitting parameter d, we consider that the v» and ux lines in Fig.3. are the same
as those of Fig.2.

Figure 3 shows in general the same characteristics to those of the reflective arrangement shown in

400

300

200

Frequency (GHz)

100

-1.0 -0.5 0 0.5 1.0
Normalized Wavevector

Fig.3. The contour map of the intensity of photonic crystal radiation from the PTFE spheres in
the (k,, w) plane observed in the refractive arrangement. The solid and broken lines show
the v, and u, lines, respectively, calculated for d = 3.18 mm.

Fig.2. The photonic crystal radiation in refractive arrangement also holds both the dispersion relations,
the SPR one and the new resonant relation. New features such as the new dispersion relation did not
appear in the (¢, ) diagram. However, the comparison of Figs.2 and 3 clearly shows a few differences
as following. The higher order dispersion relation of SPR is conspicuous in Fig.3. On the other hand, the
new resonant dispersion relation has no such feature. The photonic crystal radiation seems to be
suppressed in the low frequency region, that is to say, less than about 120 GHz or 4 cm ~!. The
suppression is common in both dispersion relations.

To confirm the features, we replaced the PhC from the monolayer of the PTFE spheres to the
monolayer of the PTFE cylinders and measured its emission spectra. The contour map derived from the
spectra is shown in Fig.4. The solid lines show the dispersion relation of SPR calculated for the

diameter of the cylinder d of 3.1 mm, and the broken lines show two series of the new resonant relation
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calculated with @ = 0.78 and 0.83.

In this experiment, to save our experimental time, we have not observed the photonic crystal
radiation of the PTFE cylinders in the reflective arrangement. As reference we show Fig.5 obtained

from the same PTFE cylinders in the later experiment on the longitudinal shift (reflective

400

300

200

Frequency (GHz)

100 :

-1.0 -0.5 0 0.5 1.0
Normalized Wavevector

Fig.4. The contour map of the photonic crystal radiation from the PTFE cylinders in the (&, w)
plane observed in the refractive arrangement. The solid and broken lines show the v, and
u, lines, respectively, calculated for d = 3.1 mm.
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Fig.5. The contour map of the photonic crystal radiation from the PTFE cylinders of the reflective
arrangement measured in later experimental time on the longitudinal shift. The solid and
broken lines show the v, and «, lines, respectively, calculated for d = 3.1 mm.
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arrangement). In the figure the contour map is obtained for the emission angle 6 between 60° and 120°,
so the observed range 6 is a little different from Fig.4. The solid and broken lines are just the same to
those in Fig.4.

During the experiment, the beam condition of the electrons fluctuated in various time scales. In
addition the tune of the electron beam suffered a little variation from experiment to experiment. These
effects resulted in various fluctuations in the experimental results, in particular to the absolute
intensity. Hence the contour map of Fig.5 suffered influence from the fluctuation of the experimental
conditions. Taking into account the influence, we considered that Fig.4 held the same features as the
case of Fig.2; the second and third order dispersion relation of SPR was prominent and the photonic
crystal radiation in the low frequency seemed to be suppressed.

In the case of the cylinder monolayer, as seen in Fig.4, the new resonant dispersion relation was
not clear. We considered that the dispersion relation appeared vague because of the suppression of the
photonic crystal radiation in the low frequency.

To derive much information from the experiment, we prepared double layers of the PTFE spheres;
two monolayers of the triangular lattice of the spheres were stacked up just sphere on sphere in the
refractive arrangement, as shown in Fig.6. The impact parameter was kept to 10 mm. The obtained
(., w) map is shown in Fig.7, where the solid lines show the dispersion relation of SPR calculated for
the diameter of the sphere d of 3.2 mm, and the broken lines show the ux lines with @ = 0.78. In
comparison with the contour map of the monolayer, relative intensity of the photonic crystal radiation
in the low frequency between 60 GHz and 120 GHz is not vague and both the SPR relation and the new
resonant relation are clearly seen.

Theoretical simulation of the photonic crystal radiation from the monolayer of the triangular lattice
of the PTFE spheres has been carried out under the condition that the multipole scattering of the

incident evanescent wave due to the sphere was fully taken into account [5]. The results are

% g
ya / spectrometer
/ //

€ - beam

Fig.6. Schematic layout of the experiment used in the experiment of two layers of the PTFE
spheres in refractive arrangement.
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summarized as follows. The (%,, w) map of the photonic crystal radiation shows two dispersion relations;
one was the relation of SPR and the other was corresponding to the new resonant relation, whose
gradient was roughly 0.8 times that of the SPR relation. Furthermore the (k,, ) diagram of the
photonic crystal radiation in refractive arrangement showed almost the same features to those of
reflective arrangement. The theoretical dispersion relations are in accordance (or at least not conflict)
with the experiment, though the intensity distribution along the dispersion relation was not compared
in detail between the simulation and the experiment.

On the other hand, the observed difference of the (%,, w) maps between the two arrangements seems
not to be in accordance with the simulation. Though the origin of the difference is not clear at present,
we consider as follows. When a high-energy electron passes by near the PhC, Cherenkov radiation is
generated in the PhC. The above theoretical formulation is fully taking into account the generation of
Cherenkov radiation. However, in our experiment the size of the PTFE sphere was nearly the same to
the formation length of Cherenkov radiation [6]. It means that Cherenkov radiation is partly
suppressed in the low frequency region, 1 > (y/e¢ — 1) d, where ¢ stands for the dielectric constant of
PTFE, i.e., \/_8 = 1.44. Since Cherenkov radiation is an outgoing wave from the electron orbit, we
consider that Cherenkov radiation is mainly observed through the refractive arrangement. Hence the
suppression of photonic crystal radiation observed in the low frequency region is caused from
suppression of Cherenkov radiation. Stacking of the monolayer of the PTFE spheres is considered to
shift the effect of the formation length of Cherenkov radiation to the low frequency side. The low

frequency part of the (&,, ) map of Fig.7 seems to support this explanation.

Frequency (GHz)

Normalized Wavevector

Fig.7. The contour map of the photonic crystal radiation in the (&,, ) plane observed with the
setup shown in Fig.6. The solid and broken lines show the v, and u, lines, respectively,
calculated for d = 3.2 mm.
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§3. Superposition of Radiation from Reflective and Refractive Arrangements

To examine properties of the photonic crystal radiation, we changed the experimental setup to the
one as shown in Fig.8. The two monolayers of the PTFE cylinders were separated by the distance 2k so
that the electron beam passed through the center line of the two layers along the x axis. Separation
between the two layers was controlled with a stepping motor; both the upper and lower layers were
moved along the z axis, always keeping that the impact parameter % of the upper layer was the same to
the lower one. To save the experimental time, limited number of spectra were observed and hence the
contour map of the (&, w) diagram was not derived.

In the experiment, we controlled the separation distance from 20.0 mm to 24.0 mm by 0.2 mm step
and observed the spectra of the photonic crystal radiation from the two layers. The spectral structure
showed complex variation with the distance and was hard to analyze. However, a few peaks of the
spectrum in low frequency showed rather periodic variation. The open circles in Fig.9 show variation of
the intensity of three peaks of 75 GHz, 97.5 GHz and 157.5 GHz, observed at the emission angle & = 90°.
Figure 10 also shows that of 127.5GHz at 6= 110", The abscissa shows half of the separation or impact
parameter A.

The photonic crystal radiation from the two layers can be taken as superposition of the photonic
crystal radiation from the upper monolayer and that of the lower layer. Let the radiation field from the

upper monolayer be expressed by

E,=a exp (— é%) exp (—i (kv — b)), (1)
where 8 =v/c and 7 is the relativistic factor. We suppose that the radiation field from the lower

monolayer is expressed by the same equation. Since the radiation from the lower monolayer propagated
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v
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Photonic crystal

Fig.8. Schematic layout of the experiment on the superposition of photonic crystal radiation from
reflective arrangement and from refractive one. The electron orbit was shown by the thick
solid line.
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Fig.9. The variation of the peak intensity as a function of beam height & observed at 6=90°. In
the figure the peak frequency was 75 GHz, 97.5 GHz and 157.5 GHz from top to bottom.
The solid curves were fitted to the data by least square's method.
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Fig.10. The variation of the intensity of 127.5 GHz peak as a function of beam height /# observed
at 6=110° . The solid curve was fitted to the data by least square's method.
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to the observation point through the upper monolayer, we consider the radiation field from the lower

monolayer is written by

Ezzazexp<—é%> exp (—i(kxs—wt—A¢)), $2)

where A ¢ shows phase difference between two waves E; and E;. Hence the radiation intensity from the

two monolayers is given by, supposing that k(x,; — x,) = 4 7h sin 6/ 2,

47th
A

. 47th
sin 9+A¢))) exp (*ﬁ). 3

I=|E\+E; |*= (a%-ﬁ- a3 +2a; ascos (

Since, in our experiment, 57 ~ 300 and the variation of & was small, we can approximate Eq. [3] by

47th sin 0

I=A+ B cos ( >

+AQ). @)

The solid curves in Figs.9 and 10 show the equation fitted to the experiment by least square's method.
The solid curve is roughly in agreement with the experiment. In Fig.9, the peaks of 97.5 GHz and 157.5
GHz belong to the radiation satisfying the dispersion relation of SPR and the 75 GHz peak belongs to
the new resonant relation. The fitting parameters of these peaks resulted in A ~ B, which means that
the experiment is consistent with the above assumption.

The peak of 127.5 GHz corresponds to the point ( — 0.45, 127.5 GHz) in the (k,, ) diagram; the
point is placed neither on the solid lines nor on the broken ones. We can take the point corresponds to
another dispersion relation whose slope was 83% of the SPR relation. It may suggest that the photonic

crystal radiation has a few series of the new dispersion relation.

§4. Longitudinal Shift
4.1 Experiment

To examine the influence of the edge of PhC, the experimental setup was changed as schematically
shown in Fig.11. The optical system was fabricated to collect the plane wave passing through the
aperture D of 76 mm in the xz plane. The optical axis was designed to pass through the centers of the
aperture and of the surface area of PhC. This optical system was common to the series of the
experiment of this report.

In this experiment, the prepared PhC was arrayed monolayer of the PTFE cylinders in reflective
arrangement and its position was controlled with a stepping motor to move along the x axis. The x-shift
of the PhC was measured from a fixed point A and was controllable from 0 mm to 50 mm. Since the
number of cylinders used was 27, the length of the monolayer in the x direction was 81 mm, which was
larger than the aperture D. In the case of the x-shift of 18mm, the optical axis of the measuring system

just passed through the center of the surface of the PhC. The contour map in the (k,, w) diagram

measured with the x-shift of 18mm was shown in Fig.5.
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Fig.11. Schematic layout on the longitudinal shift or x-shift. The electron orbit was shown by the
thick solid line. The PhC was moved horizontally along the x axis with a stepping motor.

4.2 Results and discussion

We measured the emission spectra for various positions of PhC in the x direction. The results are
shown in Figs.12(a), 12(b), 13(a) and 13(b) for the emission angle § = 78°, 85°, 90° and 106°,
respectively. In these figures, spectra were shifted vertically to make the comparison clear, and the
value of the x-shift was from 0 mm to 50 mm by 5 mm step from top to bottom. These figures in general
showed that the spectral structure was a little affected by the x-shift, even though the peak intensity
itself was varied systematically.

In Fig.12(a), the peak intensity around at 120 GHz was nearly constant and slowly decreased with
the x-shift. On the other hand, the intensity at 240 GHz increased with the x-shift. The radiation of 120
GHz belonged to the dispersion relation of the first order SPR and that of 240 GHz to the second order
of SPR. The small peak at 165 GHz, belonging to the second order of the new resonant dispersion
relation, was nearly constant with the shift. Figure 12(b) showed that both the radiation peaks around
at 210 GHz and 320 GHz, belonging to the 1st and 2nd order SPR, increased with the shift. The peak at
155 GHz, belonging to the 2nd order of the new resonant radiation, decreased with the shift. In
Fig.13(a) the radiation peak of 75 GHz and 140 GHz, belonging to the 1st and 2nd order of the new
resonant radiation, seemed to show periodic variation with the shift. The peak of 195 GHz, belonging to
the 2nd order of SPR, gradually increased with the shift. Finally in Fig.13(b) the peak of 130 GHz
decreased with the shift and that of 225 GHz belonging to the 2nd order of SPR increased with the
shift. The radiation peak of 130 GHz belongs to neither SPR nor the new resonant radiation. The peak
seemed to belong other dispersion relation whose slope was 83 % of the SPR relation in the (&, , »)
diagram.

The case of the x-shift of 50 mm means that the PhC was placed at the most downstream position,
and hence the upstream edge of the monolayer was near to the center of the field of view of the

measuring system. On the other hand, in the case of x-shift of 0 mm, our system observed the radiation
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Fig.12. Variation of the spectra observed at =78 (a) and 85° (b). From top to bottom, the figures
show the spectra of x-shift from 0 mm to 50 mm by 5 mm step.

emitted at the downstream edge of the monolayer. If radiation emitted from each of the cylinders was
summed up coherently, the intensity should increase with the number of the cylinders. It means that
such the radiation peak decreases with the shift. We therefore simply expected that the radiation peak
belonging to the dispersion of SPR decreased with the shift. On the contrary, the experiment showed
that the peaks of the SPR relation mildly increased with the shift. The reason of this contradiction is
not clear at present.

On the other hand, many of peaks belonging to the new resonant dispersion relation decreased
with the shift. It suggests whether the new resonant radiation is essential part of the photonic crystal
radiation or the radiation is emitted from the downstream edge of the monolayer. The experiment
showed implicitly that the upstream edge of the monolayer was irrelevant to the new resonant

radiation.
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Coherent radiation emitted from a Photonic crystal of a cylindrical tube of Teflon with periodic
grooves is observed in the millimeter wave region. The observed spectra show a sharp peak at frequency

of 4.625 cm ™ '. The inter-bunch coherence of the radiation is confirmed with an interferometer.

§1. Introduction
When a short-bunched beam of electrons of a linear accelerator passes by near the surface of a photonic
crystal (PhC), coherent photonic crystal radiation is emitted in the millimeter wavelength region [1-4].
In this report, to examine possibility of application to beam diagnostics, we have tentatively
observed photonic crystal radiation generated from high-energy electrons passing through the center of

a tube of Teflon, whose outer surface has periodic grooves.

§2. Experiment

The experimental setup is schematically shown in Fig.1. A short-bunched beam of electrons from
the linear accelerator at Laboratory of Nuclear Science (LNS), Tohoku University moved with a constant
velocity v along the center line of a cylindrical tube of a PhC. Let suppose that the center line is x axis
and horizontal plane is parallel to the xy plane. The photonic radiation from the PhC was guided by a
mirror system to a Martin-Puplett type Fourier transform spectrometer and was detected with a low
temperature hot-electron bolometer. The emission angle 6 was measured from the x direction.

The beam condition was as followings. The energy of the electron was 150 MeV and its spread was
less than 2.5%, the macro and micro pulse widths were roughly 1.5 ¢s and 0.67 ps, respectively. The
repetition of the macro pulse was 50/3 Hz and the average beam current was 0.9 ¢A. The cross section
of the beam was nearly circular and about 10 mm in diameter.

The PhC was fabricated from a cylindrical tube of polytetrafluoroethylene (PTFE : Teflon) having
the size of 100 X ¢60 X ¢$30 mm in total length X outer diameter X inner diameter. The outer surface of

the tube had periodic grooves with cylindrical symmetry. The cross section of the groove is shown in the
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Fig.1. Schematic layout of the experiment. The electron orbit is shown by the thick solid line. The
emission angle 6 was measured from the x direction. The inset shows the shape of groove.

inset of Fig.1; the top and bottom of the grooves were semi-circle with the size of 3 mm in diameter, and

the period of the grooves was 6 mm (g=3 mm) in the x direction.

§3. Results and Discussion

The spectra of photonic crystal radiation were observed for the emission angles 6 of 110°, 100°, 90°,
80° and 70°, and were shown in Fig.2. Each of the observed spectra was composed of several peaks.
Every spectrum has the main peak at frequency v of 4.625 cm ™! or wavelength of A = 2.16 mm and its

overtone at 9.25 cm ~ ! though the intensity was weak.
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—
=
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70°

0 2 4 6 8 10
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Fig.2. The spectra observed at 8 = 110°, 100°, 90°, 80° and 70°. The spectra are vertically shifted
to make comparison clear.
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When we observed the photonic crystal radiation from the arrayed PTFE spheres or the arrayed
PTFE cylinders, the observed peaks satisfied the dispersion relation of Smith-Purcell radiation and/or
the new resonant dispersion relation [2-4]. The peak frequency therefore depended on the emission
angle 6. On the contrary, the peak frequency in Fig. 2 did not depend on the emission angle. The reason
of the difference is not clear at present.

The outer grooves of the Teflon cylinder had the period of 6 mm. Hence, the spectrum observed at
6 = 90° was expected to have an intense peak at v = 1.67 cm ! or at A = 6 mm. Taking into account
the sensitivity of our measuring system, the peak of 1.67 cm ! may be difficult to observe. Even so, the
higher harmonics should be observed. However, the peak or one of its overtones was not observed. The
reason is not clear.

If we assume that the radiation generated in the Teflon cylinder is confined in the grooves, the
radiation having a periodic condition of gve = 1 will survive, where gv'e stands for the optical length of
one groove. It is interesting that, since Ve = 1.44 for Teflon, the wavelength with 7 = 2 becomes to A =
2.16 mm which corresponds to the peak wavelength. It is not clear whether the correspondence was
fortuitous or not.

The interferogram of the photonic crystal radiation was observed at 6 = 90°, and is shown in Fig.3.
The interference pattern around at 0 mm in the optical path difference was repeated at around 105
mm. The result clearly showed the inter-bunch coherence of radiation generated from the S-band linac.

The experimental result showed that the observed radiation will be applicable to beam diagnostics.
However, theoretical simulation of the photonic crystal radiation is necessary to forward the application.
In the experiment, we fabricated a similar cylindrical photonic crystal of Teflon with rectangular
grooves with the same period. But the radiation was scattered over wide emission angle and weak at
around 6 = 90°. It suggests that the cross section of the groove is important in the application.
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