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Abstract

This proposal focuses on a sub-project of the TEXONO Collaboration.
An R&D program has been initiated and pursued towards the goal of per-
forming the first observation of neutrino coherent scattering with the Ultra-
Low-Energy Germanium detector techniques. Highlights of the TEXONO
achievement and current status are presented. The physics motivation,
technology status, detailed R&D projects and possible future potentials of
the neutrino coherent scattering program are discussed. We request fund-

ing and positions support from the Academia Sinica Pilot Project scheme.



1 Collaboration Highlights

The TEXONO Collaboration comprising scientists from Taiwan, China and the U.S.A [1]
has been pursuing an experimental program in neutrino and astro-particle physics, and
in the studies of other novel phenomena. The “Kuo-Sheng (KS) Reactor Neutrino Lab-
oratory” has been commissioned and made operational since 2001. Period I data taking
has completed with which we have achieved world-level sensitivities in neutrino magnetic
moments and the radiative decay lifetimes [2]. Various other analysis projects are being
pursued. The focuses of Period II and III data taking are to improve on the magnetic
moment results and to perform a first measurement of the neutrino-electron scattering
cross-sections at the MeV momentum transfer range. Various R&D projects are being
pursued. A group from Turkey (Middle East Technical University) is currently nego-
tiating to join. Further details of our program can be referred to our Home Page at
http://hepmail.phys.sinica.edu.tw/~texono , where all the publications can be re-
trieved under the “Public Domain Articles” link.

The TEXONO Collaboration is the first big research collaboration among scientists
from Taiwan and Mainland China. The Kuo-Sheng experiment is the first particle physics
experiment in Taiwan. Our efforts and achievements have been covered by the inter-
national media [3], including the well-subscribed American Institute of Physics Weekly
Physics News Digest, the popular Scientific American (Chinese) magazine, the Taiwan

Journal from the government, and the prestigious Science Magazine.

In a recent external review in December 2003 conducted at the Institute of Physics,
the following comments about the TEXONO program were noted by the reviewers (the
particle physics panel included Prof. Y. Totsuka, Spokesman of Super-Kamiokande Col-
laboration and Director of KEK High Energy Physics Laboratory, and Prof. S. Olsen,
co-Spokesman of the Belle Collaboration):

“The IOP-led TEXONO experiment is noteworthy because it produced the best direct
experimental limit on the electron neutrino magnetic moment. This is the first world-
class particle physics result to come from an experiment based in Taiwan. Important
contributions to the experiment were provided by collaborators from mainland China. This

group has also shown that germanium detectors can be operated with a very low enerqgy
threshold (~100 eV).

The next goal for the Kuo Sheng neutrino program is the development of a low-
background detector with an energy threshold that is low enough so that coherent neutrino-
nucleus scattering could be measured. This is a reasonable goal; a definitive observation

on coherent neutrino-nucleus scattering would be an experimental tour-de-force and an



important milestone for neutrino physics and searches for dark matter WIMP searches.
Moreover, since this program will study here-to-fore unexplored aspects of neutrino physics
and reactor radiation, there is some possibility of surprises. Since this program is IOP-led,
based in Taiwan, and relatively modest in cost and resources, this seems to be a very good
activity for the group. In order to achieve the unprecedented threshold of 100 eV, one has
to make a Monte Carlo simulation program that incorporates very low-energy nuclear and
atomic processes; find reliable calibration sources; and study backgrounds. Since it is im-
portant to continue to produce physics results, the group is encouraged to start experiments

even with energy thresholds higher than the ultimate goal.”

In the following sections, we focus on the sub-project on the studies of neutrino-
nucleus coherent scattering at the KS Lab. An intensive R&D program towards this
challenging goal is being pursued, which, if successfully concluded, can evolve into the
principal direction of the TEXONO Collaboration.

2 Neutrino-Nucleus Coherent Scattering

Results from recent neutrino experiments provide strong evidence for neutrino oscillations
due to finite neutrino masses and mixings [4, 5]. Their physical origin and experimental
consequences are not fully understood. Experimental studies on the neutrino properties
and interactions can shed light on these fundamental questions and/or constrain theoret-
ical models, which may lead to unexpected surprises. It is therefore highly motivated to
look for and establish alternatives of neutrino sources and detection channels, especially

in regions of parameter space which are experimentally unexplored.

Depicted in Figure 1 is a schematic of the energy ranges for the various neutrino
sources. Experimentally accessible range spans from about 3 MeV to 100 GeV. Expanding
the detection capabilities on both the low and the high energy ends have been areas of
intense research in neutrino physics. Exploring new detection channels with measure-able
energy down to 100 eV is the focus of this proposal. The extension of the detection
window in the low energy domain requires good detectors rather than big ones, such that

we believe that is a good direction to pursue.

Neutrino coherent scattering with the nucleus [6]
v+ N —-> v+ N (1)

is a fundamental neutrino interaction which has never been observed. The Standard

Model cross section for this process is given by:
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Figure 1: The expected neutrino spectra from various celestial and terrestrial sources.
The experimental detectable range is from 3 MeV to about 100 GeV.

2 2
GFEU
47
where my, N and Z are the mass, neutron number and atomic number of the nuclei,

Otot =

[Z(1 — 4sin®fy) — N]* | (3)

respectively, E, is the incident neutrino energy and Ty is the measure-able recoil energy
of the nucleus. This formula is applicable at E, < 50 MeV where the momentum transfer
(Q?) is small such that Q*R? < 1, where R is the nuclear size. The ~N? dependence

signify coherence.

Measurement of the coherent scattering cross-section would provide a sensitive test to
the Standard Model [7] probing the weak nuclear charge and radiative corrections due to
possible new physics above the weak scale. The coherent interaction plays important role
in astrophysical processes where the neutrino-electron scatterings are suppressed due to
Fermi gas degeneracy. It is significant to the neutrino dynamics and energy transport in
supernovae and neutrons stars [8]. Furthermore, neutrino coherent scattering is a promis-
ing channel to provide a compact and “portable” detector for non-intrusive monitoring of

nuclear reactors against illegitimate uses.

The maximum nuclear recoil energy Tp.x at momentum transfer much larger than

neutrino masses is given by:

2E2
N (4)
Mx + 2E,

The maximum neutrino energy for the typical reactor 7, spectra is about 8 MeV, such that

Tmax =
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Figure 2: Summary of the various neutrino interaction channels, their differential cross-
section and relevant energy scales, with the typical reactor neutrino spectra. The goal of
the present pilot project will be to probe the coherent 7;N(SM) below 1 keV.

Tx(max) = 1.9 keV for Ge target (A=72.6). The differential cross section for coherent
scattering before quenching factor considerations and with typical reactor v, spectra is
displayed in Figure 2 together with those due to Standard Model and magnetic moment
neutrino-electron scatterings for comparison.

In detectors where only ionization or scintillation light are measured, the measure-
able energy is only a fraction of the energy deposit for the nuclear recoil events which
have large dE/dx. The quenching factor (QF), defined as the ratio of the measure-able
to the deposit energy, is typically 0.25 for Ge in the several keV region. Accordingly,
the maximum measure-able energy for nuclear recoil events in Ge due to reactor 7, is
about 480 eV. This extremely small signal represents severe experimental challenges which
explains why this important and fundamental interactions have not so far been observed
— even though the cross-section, with its N? enhancement due to coherence, is very large

by neutrino physics standard.

3 Ultra-Low Energy Germanium Detector Array

Germanium detectors have been widely and successfully used in various areas of low
energy neutrino physics, including the magnetic moment search with reactor neutrinos
at KS [2]. These detectors are kilogram-scale in mass, and with a detection threshold
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Figure 3: Energy spectrum with the ULE-HPGe, indicating a detector threshold lower

than 100 eV, The peaks are from an ®>Fe source and from back-scattering with Ti.

(“noise edge”) of several keV.

Recently, “Ultra-Low-Energy” Germanium (ULEGe) detectors have been developed
for soft X-rays detection. These detectors typically have modular mass of 5 grams while
detector array of up to N=30 elements have been successfully built. The detectors have
nominal threshold of 300 eV on catalog. With improved electronics amplifier and shaper,
a noise edge down to an impressive 100 eV have been demonstrated by our Collaboration,
as depicted in Figure 3. This result has generated much interests among the international

community.

The ULEGe detector technology is therefore ready for the 100 eV threshold range
and there are no fundamental technical hurdles to scale-up to a large N~100 array. We
have demonstrated that a background level with conventional Ge detector comparable to
underground Dark Matter experiment (~ 1 cpd = 1 day 'kg~'keV~!) can be achieved at
a shallow site like the KS-Lab [2].

Comparing to the other class of contenders using cryogenic techniques [9], ULEGe is
much easier and less costly to operate and to learn, since it involves only the handling
of liquid nitrogen rather then liquid helium or even *He. The detector would have to
operate unattended over several years of time with ambient conditions not as optimal
as in the laboratory. The scale-up is also more straight-forward. A lot of the hardware

and skills are already available commercially for the Ge-technology, whereas assembling
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Figure 4: The variations of the neutrino coherent scattering event rates versus threshold
at different quenching factors for a 1 kg ULEGe detector at KS Lab.

a team with cryogenic expertise would be a major investment on its own right. Recently,

another detector concept was proposed, using micropattern gas detector [10].

The event rates for neutrino-nucleus coherent scattering at different threshold and
quenching factors are depicted in Figure 4. The design goals of the experiment are to
develop a large N-array with a total mass of 1 kg, a modular threshold as low as 100 eV,
and an on-site background level in the range of 1 cpd below 1 keV. At the typical QF=0.25,
the event rate for such configurations will be 11 per day, at a signal-to-background ratio
of >22. Such an experiment would also be able to improve on the magnetic moment
sensitivities. The threshold can be as low as 500 eV (just above the coherence scattering
detectable energy cut-off) for magnetic moment studies, and a factor of 1.7 improvement

can be expected from the Kuo-Sheng results.

In addition, such a detector can be used for Dark Matter WIMP searches [4, 5] when
placed in a deep underground laboratory. It has the lowest threshold among all the
current and foreseen projects. Depicted in Figure 5 are the regions of “Cross-sections
Versus WIMP mass” parameter space which can be probed with a 1 kg ULEGe detector
array having a threshold of 100 eV. It can be seen that a new unexplored region of

parameter space can be opened up.



B DaMA Allowed

J—
o] |
o)
&
T

CRESST

DAMA

—
o

Cross—section [sz] (normalised to nucleon)
5

—_
o]
5

10 10" 10
WIMP Mass [GeV]

Figure 5: Expected Dark Matter WIMP search sensitivity regions for a 1 kg ULEGe array
having 100 eV threshold at 1 cpd and 0.1 cpd level of background. Sensitivities for the

other experiments are shown, including the allowed region from the DAMA experiment.
4 R&D Tasks and Schedules

In order to achieve the design goals stated above, a list of R&D projects are being pursued
or planned. The items based at Academia Sinica and are the subject matter of this

proposal include:

1. ULEGe Prototype Studies:
We have already acquired and are studying a 5 g prototype(P1)* with which the nice
results of Figure 3 were obtained. This prototype is being placed at KS Lab. where
the three key performance parameters (threshold, calibration, and background) will
be studied on-site. A second prototype(P2) with N=4 elements is being planned. We
expect to gain experience with the detector operating in the array configuration, and
move it on-site to study again the key performance parameters, addressing issues
like how they would scale with increasing mass and complexity of the detector.
Discussions will be made with manufacturers to fabricate a third prototype(P3) in
the “hybrid” mode where the N-element ULEGe array is embedded in a conventional
Ge detector in a well-like configuration serving as cosmic-ray and anti-Compton

veto. This prototype will again be studied in the AS laboratory as well as on-site

4Manufacturer: Canberra, U.S.A.



at KS. The design of the final 1-kg-range array can proceed in the mean time where
details of the configurations will be finalized using the experience and results from
the prototype studies.

It should also be noted that comprehensive studies of the background below 1 keV in
a low background setting have never been performed. In the presence of high reactor
Ve flux, the low energy limit for detectable signals is the 10 keV by TEXONO-KS.
Therefore, data taken with the various prototypes on-site at KS under the proper low

background treatment are unique and a contribution to the field in their own rights.

2. Pulse Shape Discrimination (PSD):
Events due to electric noise at the noise edge in principle have different shape from
those due to an interactions inside the Ge-crystal. The PSD techniques will be
studied, with the goal of further reducing the threshold to the range of 50 eV. The
Collaboration have pioneered studies on PSD techniques at the “near threshold”
regime [11] where the signal statistics are only marginal in the course of a previous
R&D program on the feasibility studies of Dark Matter experiments.

3. Electronics, Trigger and Data Acquisition Systems:

All of the ULEGe detectors are equipped with pre-amplifiers within the cryostat
such that both the Ge-sensor and the pre-amp can be taken as an integral whole.
The output of the P1 pre-amp is further optimized by a commercial Amplifier and
Shape®. This is also an crucial component to achieve the lowest possible threshold —
for instance, less-performing amplifiers fail to give the 100 eV noise edge of Figure 3.
The final 1-kg array will involve hundreds of channels such that we must be able to
build our amplifiers, multi-channel per module, which are at least as good as, if not
better than, the commercially available ones.

In order to maintain good detection efficiencies, the amplitude discriminator thresh-
old for the trigger must be set lower than the noise edge, as was done in the data
taking for Figure 3. This would lead to substantial data acquisition dead time in
the final detector where hundreds of channels will be deployed. Another challenging
R&D direction will be to implement PSD to reject noise events at the electronic
noise edge real-time using, for instance, FADCs with on-board processing capabili-
ties by FPGA (Field Programmable Gate Array). The ASHEP group already has
strong experience, having successfully built and commissioned similar device for the
SPring8-LEPS experiment. The R&D project can further consolidate and enhance
our capabilities. Success of this project will be an important development to real-time

signal processing in its own rights.

SManufacturer: Canberra, U.S.A.
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4. Calibration:
In the measurement of Figure 3, the calibration of the energy scale is established by
the extrapolation of the X-ray peaks due to °Fe source and those induced in other
materials. Peaks down to 2 keV can be generated by this method. For lower energies
down to 100 eV, new techniques must be devised, since X-rays of such low energies
can no longer go through the carbon composite window. A scheme that we will
try is to make use of electron sources to generate X-rays from carbon(280 eV) and
oxygen (520 eV) at the window. The experience and expertise from the communities
specializing in soft X-rays detection in, for instance synchrotron radiation centers,

will be consulted.

In conjunction to the projects based at AS described above, the TEXONO collaborat-
ing institutes at Beijing are pursuing two complementary projects to complete the R&D
picture. Funding and manpower resources to pursue these projects will be provided by

the Beijing-based groups.

I. Quenching Factor Measurements with Ge:
The previous QF measurement with Ge was performed thirty years ago [12]. We
plan to improve on it by doing a measurement at the neutron beam facility at the
Institute of Atomic Energy (CIAE) at Beijing. We have already performed the best
QF measurements with CsI(T1) crystals at the same facility [13], as part of the
feasibility studies of using that crystal for Dark Matter WIMP searches. The CIAE
team is leading these efforts.

I1. Background Measurement and Dark Matter Feasibility Studies:
The Beijing Tsing Hua University (THU) group is organizing to move the P1 pro-
totype to the Yang Yang Underground Laboratory (Y2L) in South Korea where the
minimum overburden is with 700 m of rock. The goal are to perform a background
measurement, at a deep underground site. Combining with measurements at KS,
the data would provide important information to the background understanding
at the unexplored range of less than 1 keV, as well as potentials for Dark Matter
searches. KIMS Collaboration, the host of Y2L, has agreed to let the TEXONO
Collaboration use their facilities as well as to provide logistic support. This move
is expected to further strengthen regional cooperation in the field of neutrino and

astro-particle physics.

These R&D projects are being pursued both in AS and at Beijing, alongside with the
other on-going programs. We expect to address all the issues in mid-2006, by which time

a proposal for the 1-kg detector will be prepared.

11



5 Request of This Proposal

The R&D projects are pursued within the framework of the TEXONO Collaboration. The
AS-based part of the TEXONO program is funded by National Science Council (NSC),
Taiwan as well as through the operation budget of the Institute of Physics (IoP).

The cost of each of the P2 and P3 prototypes will be in the range of 3M NTD. The
development cost of the amplifiers and real-time signal processing will be in the range of
1M NTD. The total cost estimate of this R&D program is therefore about 7M NTD. In
this Proposal, we request support from the AS Pilot Project scheme the funding level of
1.2M NTD each year for two years (2005-06), as well as one postdoc and one research
assistant position. The remaining amount will be supplied from the P.I.’s NSC grant and

IoP operation budget.

6 Potential Future Evolutions

In making an attempt to measure the neutrino coherent scattering, we are entering a pre-
viously unexplored energy range, and many unknown scientific and technological questions
have to be addressed by the R&D Pilot projects. When all the issues are addressed with
the technical specifications and cost for the experiment defined, we will prepare an “AS
Theme Project” proposal to pursue the full-scale experiment. The current goal and ex-
pected time scale for such a proposal is 2006. Detailed funding structures will have to
worked out then. Significant funding support from the National Science Council is also

expected.

The full-scale experiment will involve a large N(N=150-200) ULEGe array with a
total mass of 1 kg, which has a modular threshold <100 eV. Improved cosmic-ray vetos as
well as new anti-Compton counters made of Nal(Tl) or CsI(T1) will have to be installed,
following the experience at KS. New electronics, trigger and data acquisition systems will

have to be built for the N-channel readout. Such an experiment will be of the price-range
1.5M to 2M USD.

A potential improvement we will closely monitor is the possibility and merits to move
the experiment to the Nuclear Power Station IV (“Lung-Men”), currently under construc-
tion. It offers a higher neutrino flux (due to the increase of thermal power from 2.9 GW
to 4.1 GW) and, being new and therefore having relatively more un-allocated space, the
possibility of a closer location. Assuming a site 15 m from the core at Lung-Men, a total
increase of neutrino flux by a factor of 5 can be envisaged. Building and equipping a new
laboratory at Lung-Men will require a price range of 8M NTD. The experience acquired

in the construction of the KS Lab. can be readily applicable.
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Successfully conclusions of the R&D projects may also lead to a full-scale Dark Matter
experiment. We expect the Beijing-based group will spearhead this experiment, most
probably with major contributions from the Korean groups. Resources from Taiwan will

focus on the coherent scattering measurement at Kuo-Sheng.

Another intriguing idea with potential impact is on the “Solid State Detector (Si or
Ge) with Internal Amplification” [14]. Successful development to this detector technology
may lead to impact comparable to those due to the evolution from gas tonization chamber
to gas proportional chamber. Even larger target mass than the 1-kg scale and a threshold
as low as 10 eV can be envisaged with this technology. It will find applications not only
in neutrino and Dark Matter physics, but potentially also in soft X-ray detection in bio-
science and material science. While our thoughts on this subject are still in the embryonic

stage, we plan to explore this scenario further within the TEXONO framework.

7 Summary

Starting seven years ago from scratch, the TEXONO Collaboration has made contribu-
tions to neutrino physics at the world-stage, and proved ourselves to be respectable and
known player in the field. We believe we have identified a niche with which we can ad-
vance further in this competitive and high-profile subject. The study of neutrino coherent
scattering is an important and glamorous research program, and yet manageable within

our manpower expertise as well as the overall available resources in Taiwan.

A definitive first observation of the neutrino coherent scattering will be a world-class
achievement to be held in even higher esteem than the magnetic moment results by the
international particle physics communities. It would give the TEXONO Collaboration —
and more significantly beyond that, the experimental particle physics program in Taiwan

— lasting recognitions of world-standing.

The Collaboration request support from the Academia Sinica Pilot Project scheme to
initiate and consolidate a research program towards the realization of this goal.
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Table 1: The institutes and collaborators list of the TEXONO Collaboration in 2004, for

both the reactor experiment and various R&D projects.
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