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Normal (left) and inverted (right) neutrino mass hierarchy.
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List of all the possible neutrino beams that can present evidence of flavor oscillation.

1 2 �m� 3 �J?�?P�9�P�F� �J342��G3 �F2x�@�F� ����3 �F2BA�� �x� �x� ���F @2x�����*2BA��F2 jC�aig�����92��������@� � ��?P�4jC�9�-��D����2�� �D���� {��2x�U2BA��m3 �9���B2�� �D����2x� �9� � � �j= h ��o"� ����2x� �D � m�PjC� � �9� �D>93� ����F� �P�x�4Yo�m�9��� ���
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1 ��2BA��g3|�9�x� �D� �D>��3�����@?P���-2x� �B2����}N����9Y��x�9 {�D� �����92��������o��w2BA�� �����92�������� �x�9�F�;3 � �m��7�D�
3 �9�F�x�x� u2BA��+�g��3� m�|�D�P�J342������@2�N��D�e2BA�� �q�F�7� 1 � � �J342�2BA�� �q�F�)�F�x������3 � ��_�����@2x�*3 �9�x� �� m�I342��x�9� �����92��������o� � �x�J? 2BA�� �zig� �x�|�J342��m�9�g3MA^�D�����O��� �^�D�B2��G3��F {�D� " B " h98 B ' f B � ��D��� �O�x�J? 2BA��;:=< �D���?>@< '+�x�|�J342��m�9� 3;A^�D�����|�uLFA�� ��2 �D�����D�x�b���9 {�D�*_����F��  � �F�z_
�9 K�; �F�x� ���G342x�*2BA����F�x�J^^��^F�� ��@2 N��D�������92�������� �F�x������342��m�9���j �@2BA 2BA������ � ��2x� � �D��� 2BA�������������BYo�m� �|�$LFA�� #�Y�� 0 �76+�BA���j��U2BA�� � �9 {�D�e�����92�������� ���	�I342����9?��F�x� ���G342x� �X^-N�2BA�� �F�z_�D m�9�9Ygj �@2BAd2BA���2BAF�x� �BA��9 m�F�e�D�'2BA��@�F������3����^�D K�D>��3�����@?P���-2x�|�� �x� �x���-2� @N �2�j ��2�N��	� �e�D� �x�9 {�D�e�����92��������P�F�42x�I342x�9�x�T�D>��m�B2|�

Z�� �9���m��3MA��4? �G3|�D _�F�42x�I342x�9�x��
Z � A����x���%�<�|���F�42x�I342x�9�x�|�
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LFA��#2 �D�BY<�42��m�P�D>��3�o�x� � 2x��2BA�� �x�9 {�D�������92���������:��}>�� �9����3 ���B2 �D���b�3�����m�����D�~2��@?P��y��2x���cjHAF�G3;A 2BA�� �q��3� m� ��2BA^��2fA^�|�<�P����2x��� �J342x� �)�D�x�P�D>}2�� �J342x� �����x���9Y�� �9���m��3MA��4? �G3|�D 
2x�I3MAF�F�GRg��� � �D��� 3 �9�F�-2x� � ^-N2�� m�I342��x�9� 3|�D�92��F�x���F�I3|�IN����D� 2BA�� �g��3� m� �q2BA��4?P�x�� ��<� �|�
1 ��� � A����x���%�<�|� �F�42x�I342x�9�H2BA���3;A^�D�BY<� �  m���92x�9�����F�x�q����3 � �	^�N+�����92�������� ����2x��� �J342��m�9����4? �@2 � A����x���%�<�N�  ��@Y]A�2ejHAF�� m� �^�9�x�����9Y*2BAF�x�9�9Y]A�2BA�� �F�42x�I342x�9�|��LFAF�m�s ��@Y]A�2��m�s�x�I3 �9�x�F� �
^�N �9A��J2x�J? �F @2����F ��m���U2��9^3� �HjHAF�G3MA �F�x������3 � �D���� m�I342����G3|�D K�F�F m�x�o�9LFAF�m�m2x�I3;AF�F�GRq����A^�9�
2BA�� �9���9�D��2 ��Y<�f2x�k?����<� ��� � �D�C� �x�|�D �2��@?P� �F�42x�I342x�9���2BA^��2mYo���<� �������x�I342��m�9�^�D  ����� �9� Z
?���2��m�9� � � A����x���%�<�|�� ��@Y]A�2��D � m��j��T���<���-2T�x�I3 �9���B2�����342��m�9� ��	�D��� �9�d2BA�� � �J342H2BA^��2m2BA���x�I3 �9�� ^�� m�I342��x�9� ���m�B2����@^F�92��m�9�kYo���<� � ����� �9�B?���2��m�9� ��^	�9�92 2BA�� ����3��m�F����2t�����92�������� �������BY]N���3�I342����9?��

hT�m�B2x�9���G3|�D � @N z2BA��"#��x�B2s�D>��3�����@?P���-2F2BA^��2 Yg� �<� ���q�m�F����3 �T� �9�s� �F� #�3��@2s����2BA����x�9 {�D������92��������f:��}>gj �9�s2BA��Uh��J?P� �B2 ���<�T�D>��3�����@?P���-2�q�F�x�9�	�o� � �g^-N � �-T@� ���m�C�D��� �B2 �D�B2x� ��9�3��� ��2����9Y �O�x�J? 0 E K C����P�UY<�9 m�*? �����s���!#7�|�9� g���9�92BAgT@���<�J2 ���]LFAF�m���D>��3�����@?P���-2�j �9�� �9 � m��j � ��^�N �J2BA���� �D>��	�����@?P����2x� � � �D � m�D> �����Y<�T�D��� ��8 Q � ��LFA������t�x� ���F @2x� ���9Y]Y<� �B2x� �
2x�	b �B�\�9�-2x�I3 �9���<��2BA�� �m�F�|� �D��2BA�� �x�9 {�D� �����92�������� �o�;3��� � {��2��m�9� �9A������J?P���^���V�T � �2BA��
3��@2x� ���D>��3�����@?P���-2x� �D�x� ^^�9�x� ���9�#2BA��@� �9���m�z3;A��4? �G3|�D u2x�I3;AF�F�GRq��� �|�

LFA��DC �$pq��I���FE� �D>��3�����@?P���-2#?P�|�9���F�x� � 2BA��d�x�9 {�D� �����92�������� :��}>$�������9Y 2BA��
� : B � >�G�? h ' + B � > !IH �x�|�J342��m�9� 9 O �C(�E ; �9LFAF�m�s�x�|�J342��m�9��A^�9�e��2BAF�x� �;A��9 m� �D�'\��7C 0 <
_ � �/�D��� �m�T�x�������@2����<�f2x��2BA��J:4b*�D���K>Dbs�c3MA^�D�����|��LFA��c2x�J2 �D K�F�x� ���G342x� ��� ��2x�@���d2BA��
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In this figure it is possible to see the predictions of the Standard Solar Model

concerning the neutrino flux from the Sun as function of the � energy. On the top of the spectrum
the bars show the range of the neutrino spectrum investigated by some experiments.
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Comparison between the experimental results of solar neutrino experiments and

the SSM prediction.
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Flux of solar ��� and ��� neutrinos vs. flux of ��� deduced from the three neutrino

reactions in SNO. The diagonal bands show the total
�
B flux as predicted by the SSM (dashed

lines) and the one measured with the NC reaction (solid band).
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In both figures the � flux is shown as function of the zenith angles. The dots rep-

resent the experimental data, the symmetric black line represents the no–oscillation expected
flux while the gray line is the expected flux in presence of oscillation.

LFA�� � *��x� �x�F @2 �J^92 �D����� ���������9Y|2BAF�m� �D�^�D @N����m� �m�$��& \�� K S]6 � \��7\ 0 E � \��7\]S 0 � �9� ���9^zi� ���0���<����2x���D��� � & \�� K]K}0 � \��7\]5�< � \��7\ O Ed�������9Y�2BA��	3 �9 � m�I342x� � ? �F @2�� Z � ��� ���<����2x�|�
LFAF�m�#3 �9�F m�Y�������G3|��2x���D�Y����3��x�|�9�x� �D� �� m�I342��x�9� �����92��������o���9� ���F�I3��x�|�9� � �D��? ���9������92��������o�|�
���F�B2BA����B?P�9�x� 7�9���3�9���-2x� � �9�92T���X2BA�� �F�x�����m�9���T�x�I342��m�9��V� *&�m� ��^F m�c2x�k?P�|�9���F�x������92����������������BY]Nb�D���������x�I342��m�9�7�VLFAF�m�����<���-2P�x�I3 �9���B2�����342��m�9�p�m�*?P�9�x��� "k3��m���-2P� �9�

AF�@Y]A �������BY]N �����92��������o�|� ���9�H2BAF�m���x�|�9�x�9��� * �m�T��^F m��2x� �B2����}NW2BA��c�W:��}> �9�T� �O�F��3DZ
2��m�9� �D� 2BA��ey|���F�@2BA �D�9Yo m����^	�42 jC� ���W2BA�� �<���B2��G3|�D  �(y|���F�@2BA �C�D����2BA��~� �����x�I342��m�9�7�q���
j �@2BA�� W ���F3 �J?P� � �O�x�J?&��^3�|�<�1� �F�Pj �zi-Y<�9���9Y�� �\�y��2x��� 2�� � �<�� � ����9Y � ���m�;2 �D��3 � �D��#��
6]\ ��? �(2BA�����2B?P�o���9A����x�U2BAF�G3 ����� �x�������f�gj �@2BA�� W P � � � �x�|�J3MA�� �s2BA����F�42x�I342x�9�C�O�x�J?
^3�� m��j2�O�F�zi-Y<�9���9Yq� � �y�(2x���*2�� �|�<�� � ����9Y�2BA���jHA��9 m� �|�D�B2BA j �@2BA #�� 0 5]\]\]\ �z?�� �T� Z���9? ���9Yk2BA^��2e2BA���3 �o�B? �G3@� ��N��e�D�x� �m� �J2��x�9�F�G3 ��O�x�J?0� �D���x��� �H2BA�� �9�x�4?0��2x�9�zi-^3�J2B2x�J?�BNz?�?P�42��BN �m� �D>��3�I342x� �V�wLFAF�m�c3 �J? �^�D���m� �9���m� � �3��jC��� � �F �2x� �;2�^	�I3|�D���x� �@2@�m�c?P�q�F�� �����F���3�����F���-2|��LFA�� �x� ���F @2x���D��2BAF�m�e�B2����}N �D�x�@�BA��Pj ����� #�Y�� 0 �7S�jHA����x��2BA��@�D>��	�I342x� ��BNz?�?P�42��BN�� �9�*2BA��#� : :��}> �O���@Y]A�2�� �D���b� �F� #�3��@2P�D� � _ :��}>��O�x�J? 2BA��	2x�9���F�42x�I3DZ
2x�9� �����x�I342��m�9� �O m� ��2��@�D�x�gAF�@Y]AF ��@Y]A�2x� �V� 1 � �J2BA����fj �9�x�F� �9�F @N�2BA�� � �D�B2BA�� �B2 �F�x������3 � �
� _ 3MA^�D�9Y<�	2BA�������:B� �<�9�|�VLFAF�m� �x� ���F @2 �m�  m� �x� �����m�F���-2 �w���x�9^zi�� � �����<���-2x���D�x� ���x� �
^3�I3|�D���x�g2BA��������x�I342��m�9������� �9�B?���2��m�9� �m�f?P�9�x������"k3��F @2�2x� �J3;AF�m���<��� �9�f2BA��4?���LFA�� �x�
y|���F�@2BAd�D�^�D @N����m�e�x� ���F @2x� �������G3|��2x�f2BA^��2m2BA�� �� m�I342��x�9�������92����������F��� �����J2e�o�;3��� � {��2x�@� �9�



� & ���������	��
������
������������������������� �!�#"
2BA�� �x� �������BYo�m� �C�D��� ���m�;2 �D��3 � ��JjHA����x�|�9� ����2BA�� � ��?P�H3 �9�����@2��m�9����? ���9�P�����92��������o�t�o� Z
3��� � {��2x�����-2x��2 �D� �9� �B2x������ m�e�����92��������o�N�zLFA�� � ���x� ���F @2x� �D�x�m3 �9� #��B?P� �W^�Ng2BA��U_ � � �eQ�D>��3�����@?P���-2 ��2k2BA��d��� �D�*���9�x�x�q8 ��2��m�9�^�D  #_��^	�9� ��2x�9�BN � 1 2 �D @N)� ��LFA���� ��2��m���D�c2BA���g�9?�^	���x� �D�s�J^��x�����<� �|2x� �D>��3�I342x� �d���<���-2x��^3�����9Y + ��� � ��+�� ��� W � E �4M � � E P E+� �9� �F�}Z
j �D�x�d2BAF�x�9�9Y]Azi-Y<�9���9Y�? ���9�����D����= 0 6 PI�]� �@� � 976]C ; � � �����9Y��J3I3 �� m��� ��2x�9�������92���������D>��3�����@?P���-2x�s�@2C�m�t�3�o�x���@^F m�m2x� ����� ��� 2BA^��2s2BA��T�o�;3��� � {��2��m�9��� _ h � ��
 �����
	
� A^�D�F�3����� j �@2BA� �<���BN  m�Pjp�F�x�J^^��^F�� ��@2 N<�F�F2 E]\ , � � # ��2BA��T�o�;3��� � {��2��m�9� �^�D� ��?P�42x���x���D�x�T���k2BA��T� �D�9Y<� �

P E  'KdPI� + ��� 2 c � � E E ""KdPI� + � ' � � N�>�? � MjO� � E "�M � 0 � <-\ �
��� ����� � � ��&)� &)"�! * � " !�$�� "�&1! � *�� " $.&)(.*�",+�$'� &F0�23&1" +�45&)$6*�7

1 ��2BA�� �9,+,-�&(-���}������  )V-�J��pq��$��� g�@�����92���������^	�|��? j �@2BA � �F� #���� �g:B�|�<�9�C�m� 3��x�DZ��2x� ���D���  ��2 �|3 ���B2 �D�������m�B2 �D��3 � � �2BA�� �D�F�	�|�D� �D��3 � �D�T�����92��������o��j �@2BA���� �3���x����2
:B� �<�9�e�9�e�  {�J3�� �D��� �����92��������*^	�|��?.� � �J342��m�9� �m� �x�|�D�;3;A�� � � �9�|�}LVN��F�G3|�D � @NW2BA�� �J3I3 ��  Z��� ��2x�9�x�t�F�x������3 � � ? ���9� �����92��������f^3�|��?P�V2BA^��2s�D�x�e�����x�I342x� � �9�k2BA��T�F�42x�I342x�9�sjHAF�G3MA�m�@�F���<�J2x� ��2x� �� m�I342��x�9� �9� 2 �D� �����92��������o�@�m�F���-2�� #�3|��2��m�9�7�wL�jC� �x�� m���o�D�-2 �J3I3 �� m��� ��2x�9��D>��3�����@?P���-2x�mj �� � w^3�@�F� �;3����@^	� ���9���D>F��? �F m� �T�D�u2BAF�m�T�D�F�F�x�<�J3;A7�� 2 �D�P�����92�������� �D�F�	�|�D� �D��3 ���D>��	�����@?P����2�g�^��?P� � 1 � � � � ��+A^�9�V^3� �����F�x�9�3�o�x� �976]E ; � 1 �X2BAF�m���D>��3�����@?P���-2�	�F�x�J2x�9���J3I3 �� m��� ��2x�9�x� �F�x�|���m�F� � �x� ���-2��{�D � @Nd? ���9�d�����92��������
^	�|��?P���O�x�J? 2BA�� �F�I3|�IN �D�3��� � �D���!*!� ��D�F�x�q����3 � ��jHA�����2BA�� �D>}2�� �J342x� � �F�x�J2x�9�g^3�|��?
AF�@2x�@�k2 �D�BY<�42|� LFA�� �D�F�3�|�D� �D��3 � �D�s2 �D� �9�@�� m�I342��x�9�d�����92��������o� j �� � '^	� �x�|�D�;3;A�� ��� �9����k2BA�� �F���F���BYo�x�9�F���W8 ��2��m�9�^�D  #K��^3�9� ��2x�9�BNP�D�_��� �D� ���9�x� � jHA����x�T�@���4j i-Y<������� ��2��m�9�
K \]\Pi-2x�9�g^F�9^9^F m�H3;A^��?�^	���C�F�42x�I342x�9�V?P�q���F m�+�O {�D�BY<�s ��GRq�F�m� �T�BY<�9�*L � � �uj �� � }^	�s�x���9������B2 �D � m� � �9�e�$#��x�;2��B2x���#2x��js�D�x�F�e2BA�� #��^�D K�x�42 Z �F�7�9LFA�� �F�42x�I342x�9�T�D � m��j��m2BA�� 2BAF�x� � i���@?P�������m�9�^�D K�x�I3 �9���;2�����342��m�9� �D� 2BA��@�����92������������-2x��� �J342��m�9���~j �@2BA�Y<���q� �@?���Yo���9Y �D����������BY]N��x� �x�9 ��92��m�9�7� LFA�� �D�@?��D�V2BA�� �F�x��` �I342��m�m2x� �F�42x�I342�- �^�D�B2��G3� m� ��B��� �^�D�B2��G3��F {�D�����2BA���Y<�9 m�F��� - h ' 3;A^�D�F����  e�D���%���m�;2����9Yo�F�m�BA�2BA��4? �O�x�J? ^^�J3���Yo�x�9�F���V�mLFAF�m�
�q����� �D�s�D>��3�����@?P���-2 �m� �^��?P� � �  m�9�9Y�^^�9�x�� ������ �D>��	�����@?P����2 � �&#wb$# � ^	�I3|�D���x� �D� 2BA�� m�9�9Y����m�B2 �D��3 �%� O 5]6 �z? �s^3�42�jC� ���d2BA��@�F�x�q����342��m�9� �D���	2BA��@�F�42x�I342��m�9� �3�9���-2x���D�'2BA�������92��������g^3�|��?��

LFA�� #_�z8~Tp�D>��3�����@?P���-2C��2'2BA�� #7�o���T {��?P�o� _�� � �9� �VA-N����G3 � �^�J3��� ��@2 N �&#7�~_ � �'��
8T�4j _ �D>��G3 �" � ��� wjs�9� �9���@Yo���^�D � @N��F� ���@Yo��� ��2x��� �|�D�;3;A)� �9�*� _ h � : �o�;3��� � {��2��m�9����������9Y � _ � �x�J? + f �F�I3|�IN ��2 �x� �B2 ��T�� � � ��LFAF�m� �m� � �BA��9�B2c^^�9�x� ig ������ �D>��	�����@?P����2|�
1 � 0 E]E]S #_�z8~T*�x���3�9�B2x� � �D� �D>93 � �x�C�D�\�� m�I342��x�9�zig �� �<�@���<���-2x����^3�|�<�~^^�J3 �zYo�x�9�F�����D���
Yg� �<�e�D� ����2x�����F�x�42 ��2��m�9� �D�$2BA^��2��x� ���F @2����*2x���B?P� �D�B�����92�������� �o�M3��� � {��2��m�9��� 975]\(+5 0 +5]6 ; �
LFA�� #_�z8UT �F�42x�I342x�9��j �9� �D���D�F�F�x��>��@?���2x�� @N�34Nq ����������G3|�D  2 �D�%� � C��75k?  m�9�9Y)�S�� O ?���{��?P�42x������7 m�z3|��2x� ��5]\W? �F�Pj ���B2��x�|��? �O�x�J? 2BA�� �����92����������x�9�F�;3 ���D��� #� � m� � j �@2BA
0�K+O 2x�9��� �D�H? ������� �D  �9�� t�F�9�	� �qj �@2BA �;3����-2��� � {��2x�9�|�ubs�I3|�D���x�P�D�H2BA��  m�Pj/�;3����-2��� � {��2x�9�
3 �9��3 ���-2�� ��2��m�9�� ^3�J2BA��;3�����2��� � {��2��m�9� �D��� � A����x���%�<�N�  ��@Y]A-2 3 �9�F m�X^	� �F�42x�I342x� �d^�N�2BA��
0 6]6]\@�9A��J2x�ai-? �F @2����F ��m��� �����;2 �D � m� ���9�g2BA�� �����x�m�F�e���F� � �J3 � �D��2BA��H2 �D�%�	��LFA�� �m�F���-2�� #�3|�aZ
2��m�9� �D�V� : ���<���-2x�e����#_�z8~T1�m�H^^�9�x� ���9�#2BA�� �F�42x�I342��m�9� �D�'Rq�^�9��� iq�� {�9�B2��G3 �;3|��2B2x�������9Y��

� : B " h ' f B � � 0 � < 0 �
� �9 � m�PjC� �d^-N	2BA��@�����92��x�9�d3|�D�92��F�x� �F�x��3 � �x�N�

� B " h ��B ]gDFM E M  ���G � 0 � <-6 �



����� 	���� �.�	��� �.
P�V� � 
m�	��0
�������	��
���P����� �����M�.����� �R����� 
�� ���

�F�x�J? �k2�j � �����92����������D�^�D @N��x�m���D�s2BA�� ����2 �($2BA���^	� �;2 i #�2��o�D ���� � �D��2BA�� �o�;3��� � {��2��m�9��^�D� ��?P�42x���x� �D�x� 2 � �N � I�� % P E Ml' � � ) N�>�? � MjO N � I�� % E�KdPI� + � � 0 � <-5 �
1 � �9�x�F���H2x� �F� �;3����@^	�@��2B?P�o���9A������G3 ^�x�9 {�D�e�D��� #_�z8~T �D>��	�����@?P����2��x� ���F @2x����@2 �m�s���I3DZ� �x� �D�BN�2x� �9�x���9?P�F2BA^��2 ��2t m�|�9�B2t�9�����B2x������ m�������92�������� �D>��m�B2x�����+�9�F���@2��m�9��2x��2BA��H2BAF�x� ��J342����<�������92��������o�|�}h���jC���<�������� ���F�@2x���D�w2BA�� �9�F���@2��m�9�^�D V�F�4Yo�x� � �D�V� �x� � �F�J? q�;3MA��4?P� �
j �@2BA � �9�F� �����92��������o� �F�����J2 #�2uj �� � 92BA��s����2 ���]LFA��s�x� ���F @2x���D��2BA�� #_�z8~Tp�D>��3�����@?P���-2�x�IRq�F���x�  A���j ���<�����3 �9� #��B?���2��m�9�7��LFA���_����F�Gbs�q�]8~=%�D>��	�����@?P����2 ��2 �����B? �� {��^��2BA^��2�B2 �D�B2x� ���x�I3 ���-2� @N B�D�@?P����2e3;A��I3��q���9Y�2BA��+#_�z8~T �x� ���F @2x�|�

1 � ����,-&(-�9�k��-�9,+�����W� )V�����pqz�$��� �D���� m�I342��x�9���D��2��������92��������k^3�|��? j �@2BA� m� �x�
2BA^�D� 0 \�_ � ���m�P�F�x������3 � �V� LFA�� � : �m���F�42x�I342x� �p�q�{��2BA��d3|�D�92��F�x���x�|�J342��m�9� � : B" h '�f B � �9L�jC���x�I3 ���-2e m�9�9YJZ ^^�9� �� ������ �D>��	�����@?P����2x��F�^��?P� � � h Q�Q�� �D��� �B� #�Q
� =��mT = �^^�9�x� �Y�9� 2BAF�m�+�m�F�|��A^� �<�XYo���<���Y��� �����m�F����3 ��� �9�P�����92��������)�o�;3��� � {��2��m�9���975]5"w5�<)�5]S ; ��LFA������-�*�^�D� ��?P�42x��� �m� 6 P���? �D����2BA������ �����92��������#:��}> �������BY]N 6 E
_ � � ��LFA�� � h�Q�Q��d�D>93� ����F� � �x�4Yo�m�9�d3|�D��^3�@�D>��F�x� � �x� ���9�|�2 � ��� ��K PI� + � � � � �D��� N�>�? � MjO � � E PI� � 0 � <]<0�
�T���J2BA����@�@? �3�9�B2 �D�-2 �x�|�J342x�9� �D>��	�����@?P����2 ����2BA�� �����92�������� �o�;3��� � {��2��m�9� �F�9yIy  m� �m�

* ��?%#7�~8~T �&* ��? �m� �o� #V�GRq�F�m���;3�����2��� � {��2x�9���e��2�� i�8T���92���������T �42x�I342x�9��� 975 K V5 O ; � 1 2�m�P�����m� �D�F�3�|�D� �D��3 ���D>��3�����@?P���-2�?��9�F� ���b�D�2�F���F���BYo�x�9�F���� {��^3�9� ��2x�9�BN ��� @ �D�^�D���F�x� �x����2� @N���� �9�3��� ��2��m�9�7� * ��?%#7�U8~T ?P�|�9���F�x� � 2BA���:��}> �D�C�� m�I342��x�9� �D��2��������92��������o���2s��3 ���B2 �D��� ���m�;2 �D��3 � � 6 0 C]\*��? � �O�x�J? 2BA��e�g��3� m�|�D� �x�|�J342x�9�x�|�-LFA��T�F�42x�I342x�9��/a2 �D�BY<�42�m� 0 ��2x�9� �D�^�F @2�� �Pig�F�F�x�� ��GRg�F�m� �;3�����2��� � {��2x�9�V3 �9�-2 �D����� � ���P� 0 5Pi-?�iq���{��?P�42x���t���9A������G3|�D 
^^�D � m���9� �x�F���x�9�F���F� �g^-N �9A��J2x�J? �F @2����F ��m���x�|�9LFA���� ��2��m� �D�w2BA��e?P�|�9���F�x� �g:��}>+�D���g2BA���9����j �@2BA��9�92����m� �D�F�3�|�D� �D��3 � �m�e� E  P�P � � E � � ��� �B2 ��2�� � � E � 8 P � �BN��;2��t� �9� � : �������BYo�m� �� E E 8 _ � � ��LFA��X^	� �;2 #�2+�D�1* ��?%#K�U8~T �x� ���F @2x�	3|�D�"^	���D>��F�x� �x� � �$���"2BA��d2 jC������92��������+�o�;3��� � {��2��m�9��?P���F�� _�9�|�2�� � �  E "'KdPI� +�� ��� � �D��� N >�? � MjO W P E � � 0 � <-S �

LFA�� �o�;3��� � {��2��m�9���D>��F {�D�^��2��m�9���D�'2BA�� ���m� �D�F�3�|�D� �D��3 � �D� ��2B?P�o���9A������G3c? ���9� �����}Z
2��������o�XA^�9�d^3� ��� 3 �9� #��B?P� � ��� 2BA��  m�9�9Y�i-^^�9�x�� ������)�J3I3 �� m��� ��2x�9�
*c6 * �D>��3�����@?P���-2975]C"s5]E ; � 1 � 2BAF�m�k3|�9�x�d? ���9�$�����92��������o� �D�x� �F�x������3 � � ^�N��F�m�9�$�F�I3|�IN<� LFA���*c6 *�D>��	�����@?P����2f?P�|�9���F�x� ��S K ���<���-2x� �����B2x�|�9���D�F2BA��P�D>��3�I342x� � C]\�� 0 f � 2 �+�� 2 � ��� ��^��x����3 �+�D��o�;3��� � {��2��m�9���� j �@2BA ���F�x�J^^��^F�� ��@2�Nd�B?��D � m����2BA^�D� 0�, 2BA^��2~2BA�� ���F�F�F�x� � ���m�9�d�m��������2x��B2 ��2��m�;2��G3|�D }:���342��^��2��m�9���|�]LFA��F^	� �;2 #�2 �3�9���-2����*2BA�� �9A-N����G3|�D F�x�4Yo�m�9� �D��2BA��s�o�;3��� � {��2��m�9��^�D� ��?P�42x�������^�J3 �@�m�s� �9�F���	2x��^3�2�� � W M E � KdPI� + � ��� � �D��� N >�? � MjO W P E � � 0 � < K �
�\�@Y�� 0 � K �BA��Pj��f2BA�� �D � m��jC� �)�x�4Yo�m�9���x� ���F @2����9Y�� �x�J? �d3 �J?f^F����� � #�2 �D�H2BA�� � *��2B?P�o���9A������G3 ����2 �P�D��� *c6 *&����2 ���

��������� � �'&?$'&)(�*�",+-$.�5� 7 �F+��-� ! *�+ � $ ",&)7 ('� *�7
	 7 ( 4 4 !#"��

LFA��t�����92��������T�o�;3��� � {��2��m�9� �D>��	�����@?P����2x�K�F�x�N�q�m�F� ���q�m�F����3 � � �9��:B� �<�9� �o�;3��� � {��2��m�9����^	�J2BA��� �x�9 {�D� �D�������+��2B?P�o���9A������G3T�����92��������o�|��LFA�� * ��?%#7�~8UT*�D>��3�����@?P���-2F3 �9� #��B?P��2BA��



� � ���������	��
������
������������������������� �!�#"

� �
�

�	� 
	�������� � �
Region allowed by a combined fit of the SK atmospheric data and K2K data.
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90% C.L. allowed regions of oscillation parameters from Super–Kamiokande (thick

line), Kamiokande (thick broken line), Soudan–2 (thin line) and MACRO (thin broken line). Two
flavor oscillations are assumed.

! hT�Pj{?��D��Nb�����92��������q:B�|�<�9�x��s�J342����<� �D���Y�B2x������ m� C�D�x�X2BA����x�P�|=VRq�F���9�D m����2� @N 
A���j ?��D��N �����92��������g?��9�x�����@Y<�����;2 ��2x� �T�D�x� 2BA����x�P�

! � A^��2e�D�x�c2BA���?��9�x�x� ���� U F�D�u2BA���?��9� �����@Y<�����B2 ��2x� �U� U �
! 1 ���|�J3MAg?��9�x�����<�s�����92�������� � _ �a`��9� �D�^���^�D�B2��G3� m�1� � U & � U ��o�9�t� T���� �J3s�^�D�B2��G3� m�

� � U��W � U �B�

! T �q� �U2BA���^	�4A^�|�q�m�9�@�D�t�����92��������o��	��� �o�;3��� � {��2��m�9���D���d�J2BA�����3 �9�-2x�D>}2x��	�q�m�9 {��2x�
� �b���q�9�D���{�D��3 �P�

! � A^��2e�D�x�c2BA��@ ��w� �42��@?P� �e�D�u2BA��@�����92��������o�D�
L_���F�x�N�q�m�F�d��?P�9�x��3 �J? �F m�42x���^�D���9� ��?����9�p�����92����������9A-N����G3 ��V2BA��������92������������� �9�B?���2��m�9�b�J^92 �D����� �2�������9Yd�����x�I342k��i-?��9�x� �D>��3�����@?P���-2x�P�D��� 2BA�� �B2��x�9�9Y<� �B2�3 �o� Z

?P�9 m�JYo�G3|�D  3 �9���B2�� �D���-2x��j �� �  ^	� �x���3�9�B2x� � ���q2BA�� ���D>}2 �x�I342��m�9���|� 1 ��2BA��  {�9�;2@�^�D�B2 �D�
2BA���3;A^�D�92x�����2BA��@�x�9 m�@�F {�IN<� �X^-N#T �9�9^F m�fbs�42 ��T �I3|��N ��T~bFT+�s�D>��	�����@?P����2x�mj �� � �^	��D>��F {�D����� �V� 1 �+�^�D�B2��G3��F {�D� T bFT>�D>��	�����@?P����2x�F3|�D�kYo���<�T����� �9�B?���2��m�9� �9�k2BA��T�����92���������^��2��F�x� �D���#2BA��@�����92��������g?��9� ���;3|�D m� F� � �o���9�#2BA�� ��^��x�9 ��92x� �o�D ����@�D�������92��������g?��9�x����@Y<���q�9�D ���� �|�



n � ���������	��
������
������������������������� �!�#"

0.2 0.3 0.4 0.510
-5

10
-4

10
-3

∆m
2 21

/e
V

2

0.2 0.3 0.4 0.5

sin
2θ12

0.2 0.3 0.4 0.5

Cl + Ga + Sk spec 
+ SNO (D

2
O)

Cl + Ga + SK spec
+ SNO (salt)

Cl + Ga + Sk spec 
+ SNO (D

2
O)

+ SNO (salt)+ KamLAND + KamLAND
+ KamLAND

�	� 
 �� � � � � �
The 90%, 95%, 99% and 99.73% C.L. regions allowed by solar and KamLAND

data.
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Nuclear mass as function of the proton number.
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Feynman diagrams for double beta decay with two neutrinos (left) and with no

neutrino emission (right). In this second case, an antineutrino is produced at vertex 1 and a
neutrino is absorbed at vertex 2. This process is allowed only for Majorana neutrinos.
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 �� � � � � � �
Schematic representation of the spectrum of the sum of the energy of the electrons

for DDB2 � (dashed line) and DDB0 � (solid line). In the inset the relative intensity of the two
neutrinos decay is overestimated in order to underline its contribution to the DDB0 � background.
All spectra are obtained with the convolution of a 5% energy resolution that is common to many
experiments.
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Plot of the effective mass ���
	�� as a function of the lightest neutrino mass (on a

log-log scale) [56]. In the left side direct mass hierarchy has been supposed while on the right
the inverse one. Both curves have been evaluated for the LMA solution with ��
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while dashed line uses the latest limit obtained from the CHOOZ and Palo Verde experiments:
$ % �'&

'
$
0
�*�+� ����� [34, 60].
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The possibility to distinguish between the three neutrino mass hierarchies depends

on the allowed values of $,���
	-�.$ in each case. The acronyms NH, IH and QD stands for normal
hierarchy, inverse hierarchy and quasi–degenerate. The left hand plot uses the best fit values
while the right hand one uses 90% of confidence level [61].
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����� � � � � �
� � DBD nuclear factors of merit F � for

$ '
�
Te according to different evaluation meth-

ods (QRPA: Quasi Random Phase Approximation, SM: Shell Model and OEM: Operator Ex-
pansion Method) and authors. The foreseen � � DBD half-lifetime for

$ '
�
Te ( $ � 	 $ =1 eV) is also

reported.
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Analysis of measured spectrum of HM experiment. The total data taken time is of

54.9813kg y. The probability that a line is located at 2039.0 keV is 86%.
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Expected sensitivities (90% C.L.) for the NEMO–3 experiment after 5 years.
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Scheme of a bolometric detector.
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Monolithic thermal model. Here the detector is modeled as a unique system weakly
coupled to the heat sink.
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Athermal phonon thermalization model
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Resistance of a W TES thermistor as a function of the temperature.
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Schematic representation of hopping conduction mechanism.
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Electric scheme of the bias current circuit used for the read-out of a bolometer. R �

is the load resistance
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Typical current–voltage characteristics of a semiconductor thermistor: load curve.
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Typical P-R characteristics of a semiconductor thermistor.
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Comparison of the natural isotopic abundance of the candidates to ��� DBD sources.

It is possible to observe that the 	�
 �
Te has the highest value.

� �8� �.� ���?�� ��6���! ¡� � �¯«r�6� �� ��� � ��� 	?�� ¡���6¢i� � ,!j * � ���

p . �0"��f #"���@U3 �q�0"��0?d64;! #?A@U35@A #6��B$Y 9$br�tAu2vLu $�89>�"�;B� %� 9$!K{_�89"b35$Z6� #?A;B�(K 9;: <  UK K0L�M �(K
: / Y �(K e/�f "!K , **$Nn8�K ,, L�< @eK ,!j * p �D #?A@ ,!T * _ @M,[' p . �GNn3Rjz #?A8�O("�89>�: .  9$^; . 8($��0? 6 . �,!j * p �h 9$<$�89>�"�;B�(KA$�8~6 . � $�89>�O . 6/_�89"G@��B;! B��35$

,!j * ) ®R° ,!j *�� ®4´ [ ® ¶ ´ [ t � B % bU'R&�,
p . �0"��  #"��ci( #"Z3589>A$�:�"�89:��0"Z6Z35�B$Q8#_ ,!j * p �c6 .  #6Q;B89?¡·A"ZF 6 . 35$Q 9$f O�8d8P@ ; . 8935;B� 8#_r�t�u�vLuw$�89>�"�;B�J¬

y Q ?m3RFb:q89"Z6� #?I6235$�$Z>A�^3R?Q6 . �J; . 8935;B�J8#_ 6 . �hr�t�u�v`uw$�89>�"�;B�h;! #?A@U35@A #6��J"��0OI #"�@�$3R6�$ �� ���� �� � �����	  �������� �  *� � ����������%� ' O ? _� 9;06!Ks=I�S>A$Z3R?�Of�$º�' &('*)(+UKk #?A@"��! 9$�89?M #=�j5�mi9 #jR>A�B$48#_26 . �Q�[xU:q�0"Z3RFD�0?I6� #j<:M #"� #FD�06��0"�$�K  9$~_�89"D�[x� #Fb:�j5�n c"� ��@U358� 9;06Z3Ri��<=M 9;�NPO("�89>�?A@Dj5�0i��0jMvl�$ºd>M #jA6�8D&G;�T N���V^T NPOdT ���! #"�$!KP #?4�0?A�0"ZO(�~"��B$�89jR>¡�6Z3589?�� ( ¾ &¹VJN���V]KA #?A@Q ]@��06��B;06�89"<�[g4;035�0?A;0�m�/�$ºd>M #j�6�8m&(KP6 . �0?\KU6�8D 9; . 35�0i��.  #j _ jR3 _��f$��0?A$Z3R6Z3Rid3R6Z35�B$ . 3RO . �0"�6 .  #? &¹V / L ���! #"�$43R6�35$Y?A�B;B�B$�$� #"Z� 6�8 $Z6Z>A@U�E #6j5�! 9$�6z�iF &¹V / K  9;06Z3Ri��<?d>A;0j5�03�_
89"L89?A�<���! #"!'P�A89"`6 . 35$`"��! 9$�89?\KP _�� - :q�0"`;B�0?d6`8#_?M #6Z>�"� #j 35$�896�89:�35;b #=�>�?A@A #?A;B�b #"��]>�?M 9;B;B�0:�6� #=�j5�('e��>�"Z6 . �0"ZFD89"��~6 . 35$235$2:M #"Z6Z35;%�>�jz #"ZjR��3RFb:q89"Z6� #?I6 3R?n�[xU:��0"Z3RFD�0?d6�$ -/. �0"�� 6 . �J�[xP:q�0"Z3RFD�0?I6� #jk$Z:M 9;B�^35$<jR3RFb3R6��B@eK 9$ 6 . ��;! 9$��B$ -/. �0"���;0"Z��89O��0?�35;2@��06��B;06�89"�$G #"��2>A$��B@e'P�A89"L6 . � ,!j * p � 6 . �2?M #6Z>�"� #j35$�896�89:�35;h #=�>�?A@A #?A;B� 35$/"� #6 . �0" . 3RO . KM #=�89>�6RbJbU'|Ir¸ �R&(&(&%��' Q ?A896 . �0"G:�8($�$Z3R=�3RjR3R6��6�8m89=�6� #3R? . 3RO . $��0?A$Z3R6Z3RiP3R6Z35�B$^35$^6�8 - 89"ZN - 3R6 . 35$�896�89:�35;D�0?�"Z35; . �B@ $�89>�"�;B�(Ke=�>�66 . �J>A$��]8#_76 . 35$26��B; . ?�3kºd>A�~35$ $�89FD�06Z3RFD�B$�3RFb:q8($�$Z3R=�j5�~ #?A@c #?I� -  B�c8#_
6��0?ni��0"Z��[xU:q�0?A$Z3Ri��('U�{3ROA'	bU'R&^$ . 8 - $G ];B89Fb:M #"Z35$�89?f8#_{6 . �2?M #6Z>�"� #j\35$�896�89:�35;� #=�>�?A@A #?A;B�8#_ 6 . ��i( #"Z3589>A$<;! #?A@U35@A #6��B$G6�84r�t�u�v`u $�89>�"�;B�B$�'
y Q $��B;B89?A@|"��! 9$�89?S6�8m; . 8P8($�� ,!j * p �D 9$^r�t�u�v`u $�89>�"�;B�b;B89?A;B�0"Z?A$h6 . � �"���������
��� ����  *�  *����� 8#_ 6 . �m@��B;! !� $��! #"�; . �B@l_�89"!K{6 .  #6b3R? 6 . ��;! 9$��m8#_�r�t�u�vLu 8#_



��3 � � �����;���;
��C&i�¡�C�$�¹
��	�;
 � �

,!j * p �Y35$~�$ºI>M #j`6�8|+J�(+JIU'|Ia½ &('|bfN��WV �R&(&!+���' O ? _W 9;06!Ks6 . � . 3RO . �0"~6 . ���0?A�0"ZO(�6Z"� #?A$Z3R6Z3589?�i( #jR>A�B$!K 6 . �mjz #"ZO��0"D6 . �Q: .  9$��m$Z:M 9;B��_�89"b6 . �Q@��B;! B��' p . 35$DFD�! #?A$6 .  #6 . 3RO . � {Ii( #jR>A�B$  #"��<:�"��[_
�0"Z"��B@4$Z3R?A;B�G6 . �0�D #"��< 9$�$�8d;03z #6��B@ - 3R6 .Y. 3RO . :�"�89=¡� #=�3RjR3R6Z35�B$7_�89"76 . � @��B;! B��'P��>�"Z6 . �0"ZFD89"��26 . � � {Ii( #jR>A�G35$73RFb:q89"Z6� #?I6 - 3R6 . "��B$�:��B;066�8 6 . �f?M #6Z>�"� #j "� 9@U358� 9;06Z3Ri��n=M 9;�NPO("�89>�?A@e' p . � ,!j * p � � {Ii( #jR>A�f35$4:�jz 9;B�B@E3R? f_
89"Z6Z>�?M #6���:q8($Z3R6Z3589? 8#_ 6 . ��?M #6Z>�"� #j/"� 9@U358� 9;06Z3Ri��m=M 9;�NPO("�89>�?A@eKH3R? _W 9;06]3R6~35$j58d;! #6��B@ 3R?  - 3R?A@�8 - 8#_<6 . �Y$�:��B;06Z"Z>�F ; .  #"� 9;06��0"Z3�}!�B@l=d� j58 - "� 9@U358� 9;06Z3RiP3R6��=��06 - �B�0?l6 . �4_�>�jRj`�0?A�0"ZO(�  #?A@ 6 . � < 89Fb:�6�89?l�B@UO��Y8#_G6 . ��+()U&¹�QN���V : . 896�89?:��! #NS% / * : p j\@U>A�^6�8b6 . � p . ; .  #3R?o,[Ko #?A@m89>�6 8#_k6 . � / 9;: Z =M 9;�NPO("�89>�?A@e'
y Q ?A896 . �0"Y3RFb:�89"Z6� #?d6Y"��! 9$�89?E6 .  #6�j5�! 9@�6�8 6 . �n; . 8935;B�|8#_ ,!j * p �n"��0OI #"�@�$46 . ���ª6 ¡� 	?�������.ª?�©«r�?��� ���	«r�!    �~�.  	6����«r����ª6���������	� ���
��
�� �������������������
� � �	!�"#��$%��"������ &'�("�)*���+�,���-) � �.���,�/�0���21����/����"3��!��4&�!��(���(!�!#��56�87�"9"����/5,�/�
���	�;:<!#"#� � �<��&�����!($=�+����"�� � ��� � �	�/���+��� �	"��/�>1�� ��1��;�+���?�@� � ���.��! � ���+!#� � �("A���
���	���+!+���	"��0�+�/���B�C� � �/�(�6)*�	� � ����!#� � �C5	���65���&D���	5	�(�>�.�'EF�;���/�D�+�	�("�� � ��� � �FG
�/���+��� �	"�<�.1��?"�&�!��.��5	"25	���H���I���	�;5���J'��!��(�>�A&D� "#"��/K��/� � �C5	�(�/"��MLN�	�H�+��K6�
O �QP � � �>�R���/�	"9�+�	�S�+����� !#�(�+� � �<�����T�/�01 ��"���� !�1���!#�/� �	" ��F
��
 � ���	5	��5<���+�("�$
����5U��� � ���VK'�?� K	"��(!#1���5V�+�<���2�+�	�W���	��� !#�(��� � ,!j * LX�?Y *+,.-0/ ��" � � � &<�Z�+�/K��/�
)*�0�+�B�+�	�9���-)[��!N���	��"(�

\ LN�	�]�^��"#�_!�����"����H��� � �	�C� "#�*���	� ,!j * L=�*�/" � � �	�	� � �+�(5;���3���	� � � �>�+!���5	� � �+��!#`
��"�"����3���=1���!#�/� �	"Ta ��� � �	� � � � ���6�cb�&D��!#� � ���>�+"*� � ,!j * Yed �	fg� � �/�	"#��1 � 
 ���	K	�/�
� �h�R� 
 � � �.`A��� !=���	�/"i�@� � �/��5	�T�<��"j���/!#�.��5F`AKD���(�4� K	"#��!#1���5S)*�����ka ��� � �	� � G
� � �����+� � �	�	�/l@�	�("*K	���N�+����!��9��!��"#� � ��5��/"+��a !��(� � ���>�+"����W�+�	��!#��"#�	����"���LN���
� �.��"#�	!��(5m1����/����"A)*�0�+�m���	�Wa �(� � ��� � � � ���[��&	&	!�� � � �n��� ! 
���
 �/�0���(�+� � �("
!����	a �k��!#� � o P�pAq rWs O.t / * ��� o qF�QP p t � O rWs Out /%, ` �.��!�"��8LN�	��"95	�/"���a !��(�hG
� ���>�B�<��"W"#��� � �	�/���+�(5v"#� � �w"�&D� � ���^�����/� �x���x�+�	�y&D� "#"��/K��/�/�0�g`U�+�<�Z�W�+�	�
)[�.��zB���>�+��!�� � ���/� � � � �	"{�R���>� � � �	��5 � �<���	a �9)*�����B�+� � ���FLN�	�3a ��� � �	� � � � ���
��� � �	�	��l@�	�B"�� � &	�0`|�/�	5	� � ������"2���	�W&	!#��"#��� � �����*���	� o 7A$~}%�9q r3�C� � �/�(�	"4�/�
���	�k"+� � &	��� � � �>�R�����	�/�	a o 72$Q}%re���	5 � � ���/5�KD�4��J'� � ����5,K>`wK	��5	��`�z@�	�u)*�
"{`F"{�+� � ����� � �(!�!���!�"��<7e���hbF&	�/��!+�����/� �B���X�+���3!����	a �����=���	��"#�A!#��"������+"*�	"#�/�	a
�45	�0JM�(!����>�e��&	&�!��>� � �I�/"����	��!#�(��� !#�9�	� � ��"�"���!#`��

� ��� �8� ���6�  ��?���. ¡��� �¯«r�?����ª?���r� � ��� ��� ������� �4¢i� � �R��� / �
` ?A;B�~3R6 -  9$h@��B;035@��B@c6�8Y>A$�� ,!j * p �D 9$  �r�t�u�v`u $�89>�"�;B�(Kq6 . �^Nn3Rjz #?A8�O("�89>�:c; . 8($��p ��` / ;0"Z�U$Z6� #j5$7 9$ �0?A�0"ZO(�] #=A$�89"Z=��0"�$!' p . 35$H; . 8935;B� -  9$H@��06��0"ZFb3R?A�B@~=I�J6 . � :�"�89:q�0"Z6Z35�B$8#_ 6 . � p ��` / ;0"Z�P$Z6� #j5$�¬

y 6 . �b$Z6Z"� #3RO . 6�_�89" -  #"�@ $�89jR>�6Z3589? - 89>�j5@S=��]:�>�"��b6��0jRjR>�"Z3R>�F =�>�6 ;0"Z�P$Z6� #j5$ O("�8 - ?- 3R6 . 6 . 35$^F4 #6��0"Z3z #j �0iP35@��0?A;B�B@S:q8d89"^FD�B; .  #?�35;! #j :�"�89:q�0"Z6Z35�B$h #?A@S6 . �0�|=�"��! #N _�6��0"  �_
� - 6 . �0"ZF4 #j�;0�P;0j5�B$�'�` ?D6 . �G;B89?I6Z"� #"Z� - 3R6 . p ��` / 	��� ��� �� �� �0	����
��� �+�
���	�� - 3R6 . �[x�;B�0jRj5�0?I6<:�"�89:q�0"Z6Z35�B$ �
���� � ��� ��� � }

y _�>�"Z6 . �0"ZFD89"��(K 6 . �H� � � �0� ��� 	 � ���� � ����� 8#_ p ��` / 35$ . 3RO . �0"Y6 .  #?E6 .  #6�8#_:�>�"�� p �J #?A@Q$�8�KA #6/6 . � $� #FD� 6��0Fb:��0"� #6Z>�"��(KM6 . � p ��` / ;0"Z�U$Z6� #j5$ .  !i��h ]j58 - �0"$Z:q�B;03 ·M; . �! #6  #?A@m6 . �0? . 3RO . �0"G:�>�j5$��B$G;! #?Q=q�  9; . 35�0i��B@e}



� � ���%��
 #����!�¹
 �����	��
�����¹��� �;�µ�R�4� ��� ,!j * ����� ���	�H�	���^�	�¹�����¿����
��#^�m�$# �	�	�	�	� �

��� � 	�
]u4x�w 
Ry
Example of TeO � crystal used in the Milano group. The crystals are produced by

Shanghai Institute of Ceramics (Shanghai, China).
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Resistance of a NTD-Ge thermistor of the Milano-Como group as a function of

temperature.
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Example of bolometric detector. It is possible to see the copper frame (heat bath),

the PTFE pieces (mechanical and main thermal connections) and the gold wires (electrical and
thermal connections).
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Scheme of the cryogenic set-up.
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Scheme of the electrical read–out set–up.
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Example of bidimensional representation: the rise time vs. the pulse amplitude.
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Example of bidimensional representation: the TV left parameter vs. the pulse am-

plitude.
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Coincidences between adjacent crystal detectors.
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Percentage variation of heater signal amplitude as function of percentage variation

of the detector temperature.
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Calibration spectrum obtained with a � 
 ���
	 source. The dashed line is the spec-

trum without stabilization whereas the continuous is stabilized.
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Percentage deviation of the linearity versus the energy.
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Design of the tower detector used in MiDBD–I.
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Performances of the MiDBD detectors obtained in the sixth run, with the experiment
in the first configuration.
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Detector performance, it is possible note the spreads in the detector parameters.
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Behavior of the energy resolution with the energy for the 20 bolometric detectors
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Background spectra, in the 3 region, obtained with 63000 hours 4 crystal of mea-

surements of MiDBD–I experiment
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Background spectra, in the = region, obtained with 63000 hours 4 crystal of mea-

surements of MiDBD–I experiment.
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Comparison between the pulse shapes obtained with enriched crystals and one

obtained with a natural crystal.
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Thermal characteristics and performances of the 4 enriched cristals.
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The final spectrum (63000 hours per detector of effective running time) in the

region of neutrinoless double beta decay.
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Example of a new module of MiDBD-II.
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Scheme of the new module of the MiDBD experiment seen from the top view.
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Comparison the old and new experimental configuration.
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Resolution and noise of the two sensors and of their analogic sum.
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frames cleaned with Milan or Legnaro procedure.
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(a)

(b)

7 Cm

Mixing Chamber

Steel spring

 Teflon damper

 OFHC copper wires 

Crystal holder 

Copper strips

��� ������� ��� ���
Comparison between the old and new connection of the tower to the cryogenic

set-up.
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Detail of the damping method used in the MiDBD-II experiment. It is possible to see

a part of the steel spring and of the damping Teflon ring.



��� � �� X"$ ��  ��D������������� ���'������������	���7�����	�����

+10

10

10

10 20 40

-2

-4

2

1

421

�������
	�������
�
��	�����������	����

�������
	����
	�����
�
��	�����������	����

�������
	����
	�����
�
��	�����������	����

� �
!"�
O
�#
8 $
%

�&������	���	��������'
(�

)A#&!+* <"! ��A ' )-,/.�.

��� ������� � � 0 �
Noise spectra registred in Hall C in the same detector with different configurations.
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Pictures of the MiDBD-II tower detector. In figure: (a) tower closed with lateral

copper plates; (b) tower without copper plates
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Comparison among energy resolutions obtained during the calibration in two con-

figurations
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U+Th calibration: the line at 27 keV is due to the Te X–rays, with a FWHM resolution

of 1 keV. The continuous line represents the total spectrum, whereas the dashed one represents
the spectrum obtained with the anticoincidence analysis.
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Resolutions and 1 MeV pulse amplitudes obtained during the last MiDBD–II mea-

surement with natural crystals.
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Partial and total resolution of the MiDBD experiment.
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Thermal characteristics and performance of 4 enriched crystals. The mean values
corresponding to natural crystals are reported.
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�=����� � � � � �
Half lifetime limits (90 % C.L.) on lepton violating and conserving channels deduced

from the MiDBD data analysis. E . is the energy at which T /10 ' was obtained whereas a.c. rep-
resents anticoincidence among different detectors.

��� ����� � ��� �32 �
Total difference spectrum between / � . Te and / '�4 Te detectors (no background sub-

traction). The solid curves represent the best fit (lowest curve) and the 90 % C.L. excluded
signal.
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Comparison between a background spectrum in hall A (continuous line) and a

corresponding one in hall C (dashed line).
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Comparison among crystals polished with radiopure powder (right) provided by the

Cuoricino collaboration and crystals polished following the usual SICCAS procedure (left).
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Calculated integral for two 5 � 5 � 5 cm � crystals B38 and B40, lapped in China with

large grain powder (11 � m).
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Mean pulses obtained in the same crystal before and after the etching procedure.
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Summary of detector performance obtained during the August data taking.
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Comparison among pulses measured in August 2001. B2, B4 and B5 crystal have

been cleaned through the procedure described in sec. 4.3.
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Summary of detector performance obtained in November during tests using Berkeley

cleaning procedure. Resistances are measured at the working point. In the second column the
presence of cracks in crystals is reported.
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Detail of a TeO ' crystal received from China. It is possible to see the deep scratches

on the surface.

� � ������� � � 0 �
Picture of a polished crystal. It is possible to see the big internal fracture.
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Picture of the four crystal module tested in November 2001 in Hall C. All the crystals

have been used to test the Berkeley polishing procedure.
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Comparison among pulses measured in November 2001.
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Summary of the detector performance obtained during the test of December on the
cleaning procedure. Resistances reported are measured at the working point. In the second
column the presence of cracks in the crystals is reported.
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Comparison among pulses measured in December 2001.
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Counting rate in an energy region between 3 and 5 MeV obtained through mea-
surements performed in December 2001 using crystals lapped in Como after the suggestion of
SICCAS people. In the brackets, integral counts are reported.
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3� � � � �� �� � �� �� �

; <=> ? @A BC Final lapping procedure carried out by the Cuoricino collaboration for the detector crystals. Three operators are always involved during this procedure.
The first one works on the lapping machine that uses the ULTRA–PAD cloth, the second one minds the polishing machine that uses the LAM 450 cloth and the
third one assists them. The different operations every person has to do are reported in the second column.
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Measurement of the radon and humidity performed into the anti-radon box.
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Picture of the anti-radon box placed in the white room of Hall A at LNGS. The

silicon tubes flux pure nitrogen in the chamber.
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e Y Ygf Y%Y_h f%f%Z h�Y aJ\%Z a%aJZ Z-:if_j
e Y !B9�C���Dk#�l \�f m�a nJm oJ\%Z jJaJZ
e f Ygf nJn Y Z�h n%n j�Y Z a�j�Z Z-:pY \
e f !B9�C���Dk#�l mJm f�Z \%Z YgoJm�Z Y%Y aJZ
e j Ygf j�a h_a n%o YJYgf�Z h_\JZ Z-:im�a
e j !B9�C���Dk#�l m%a a%\ h�Y \J\%Z m�nJZ

q-r�s_t 6 8$: uU>
Results obtained in August using 3 crystals with two thermistors each. These ther-

mistors are coupled to the crystal using either 12 glue spots (“12” in the second column) or a
small pure Ge crystal (“standoff” in the second column).

��� �"!B#J$ &('*)�+-,�.0/%1 2X3d5-7p8v9g: 9�.0; <0= 9�>?=A@ 9�> =A@ 7p�?HkFIHJ7�K-�
L #JK-5-7M: N OQPSR TEUVF_Ow�AU Y Z�[]\JZ�^ \JZ_[`Y Z�^ \%Z�[]aJZ�^ C%365"7b:

N 3�!cR N 3d!BR N 3�!cR $`C_9�8�#
e Y \ \ a�h o%j h_a YIf�a%Z o%oJZ Z-: j�f
e Y \ 9`C�x-7p�zy�7�� H a�m f�h nJf YJY \%Z Y Z%ZJZ
e f�Z \ YIf�o YJY n mJh n�h_Z aJf%Z Z-:im%f
e f�Z 9`C�x-7p�zy�7�� H m%n o"Y hIj Y jJZ%Z j�h�Z

q-r�s_t 6 8!: {�>
Results obtained in November using 2 crystals with two thermistors each. The ther-

mistors are coupled to the crystal using either 9 glue spots (“9” in the second column) or ther-
mistors cut in such a way to replace the small Ge–crystal used in tests of August (“table–leg” in
the second column).
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Comparison between the standoff–signal and 12–spots–signal obtained with B1

crystal detector.
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Comparison between the table–leg signal and 9–spots signal obtained with the

B20 crystal detector.
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? @AB C DE FG Results obtained in different runs performed to test sensors and in particular their coupling to the energy absorber. Here only the coupling realized by
using glue spots is taken into account. In the first column the month when the test was made is obtained.
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The tool used in the MiDBD experiment to attach the sensor to the energy absorber

with glue spots.

(b)

(c)

central part

external
ring indentation for the sensor

indentation for the wires

pins
tool for the

(a)

1$2 3$4)5 6"8$: �"& >
The tool produced in Como to obtain fast and reproducible sensor–absorber cou-

pling. In fig. (a) the main component of the gluing tool is represented, in fig. (b) a detail of the
gluing tool upper side is shown. It is possible to see the indentation for the sensor and the one
for its gold wires. In fig. (c) the “tip”, where the pins are held, is shown.
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Schematic drawing of the way the gluing tool works.

1$2 3!4)576U8!: � �?>
Example of glue spots obtained with the new method developed in Como. Glue

spots are visible through the crystal.



����� � -��P)� ���a�������
	.�$#��"�)��� #�-�� �	��.�$# &!� �9&!��� #�-���-��=&�#"������� �����

� . �9�K�ª�\��� . � *]��0 � . � 0 �\��� .-8 �/¦ ( �/§ 0 �3� ��8 �:�Y� . �9�Y§G¦ 8 �Y�)� . �:� 4 �\�:�K� 6C� � � �\�:�\� (F¢ � ,©0OP,�� �z� 0 ¦ .-0 � ;aX$6 �3�:� 0 ¦ .-0 � 4 �\�:���/� .-0C��0 ¦ P«,D8 ��� .�� �:� � �\� (M. � 0 �\� 4 �3�\�¨� 6 ��§G¦ 8 � � � ,� 6 � 6�8 � (M,D( � P�( ��� 6 � � ��� (+* � �-,/. � 0^.J2 � 6�8 � (M,D( � P � 6C� � 6C� � 0 �3�\�©�/� .],D8 �3� ,©0�P � 6 �8 ¦F�)� � � .-8 � ,?0C� � 6«8 �:� , � . �\¦M� � �?� 6 ��� ( ��� �  �:�\�c� � � 6 §G¦ 8/( �/§ . �^�\� � � (M. � ;
� b�� ehg�i j>l��Znao[q:sZt u�i7w¥xyiLips wYgZi�j�� ����wr��or�¨��s�� wYgZi gZi7� w

� q:s
	
=p��� .-( �O�:� ,�.-8 � ( �5�ª�3� ;� �;  �,D8 � ( �/§�� 6 � A �:�)��� 8 � .� � ( T�� T ( � 4 � � ( �K� . �:� (F0 ¦M�Z� .�9� � � 8 �:� , �\�:�3�\� . �¥� ( §G� � ¦M� 0 �3� ��8 �:� .� � 6 � 6/( § 65N](F0 � � � (M. � � ¦ � .-( �ª� ;�D�. ��� 6/( �p�:� � � . �� 6 � � ��� (+*�N](F0 � � � (M. � � ¦¥�9�\� 6�.O,�, �\� ��( ¦M� ,�( � �:�3� ;[ �;   4 � � ( ���)� .],D8 �3� ,<;7H � . � , �\��� .�\¦ � � (VSP � 6 �¥� ��8 �ª�3� .� � 6/( �c� U �3�\�J� ,D(VU �\�:�\�O�7�:�3�)�:� 6C�JN � 0 �3�\���1�\� S. �)�9� ,( � 6C� ¦F¦ O � �
� £ ¤�� ;OH �K� � �)� ( � 8 ¦ � � ( � 4 � �[� . �r�\¦M� � � (V � 6/( �W�/� .-0 ¦M�\� 4 � � ,D8 �7� . � 6 �c� .],D(VA � � � (M. �.� � 6 �¥�9�3� 6C� � ( � � ¦T� .-8 �/¦ ( �/§ 0 �\� 4 �3�\�?� 6 �>�\� P �)� � ¦ � � , � 6 �>� . �/�1�\�  � � �9� ;

S D ( �:�)� .�Y� ¦F¦p� 4[. � .],D8 ¦M�3�J� 8 � ( �/§ X � XC. � � ( �3�3�3�Q� . 6�. ¦ , � 6 �5�\� P �)� � ¦ � 4 �\�:��:�3�)�:� ,«47( � 6�.-8 �p� 6 �Z�)�/� ( �/§ ;�� �3� ��8 �:��� 6 �3�:��� .O,D8 ¦M�3� 4 �\�:���:�3�)�:� ,�,D8 � ( �/§�� 6 ��/�:� NO(M.-8 �T� 8 � � � � . �K� � � ( � . � 0 �\� 4 �3�\�9�:�3� 8 ¦F�:� �:�3� . � , � ,K47( � 6�� � ,Y47( � 6�.-8 �W� 6 �� ��� (+*�N](F0 � � � (M. � � ¦L� P �)�:�\� 4 � �K� �-, � ; Ma�3� 8 ¦F�:� .-0 � ��( ��� ,�47( � 6�.-8 �K� 6 ���)�/� ( �/§� 6�.J4 � , � 6C� �c� 6 � N](F0 � � � (M. � � ¦ � .-( �:� . ��� 6 � , �\�:�3�\� . � 4 � �c� .Y6/( § 6 � 6C� � ( � 4 � �( �K� . �ª� (F0 ¦M��� . �1�\� S. �)���9� � � 8 �:�\�9�\�O�:� ;
S Tp8 � ( �/§Q� 6 �Z�:�3� . � , �:�3�)�LV ( ��� �JP H IGIDE$W � 4[.�. � 6 �\�p� .],D8 ¦M�3� 4 �\�:�Z�9� � � 8 �:� ,( � 6C� ¦F¦�O ; X$6 � ��( � .� � 6 �3�:� �9� � � 8 �:�\�9�\�O�:� 4$� �T� . �)� 8�,DP � 6 �$� . �:� (F0/( ¦ ( � P � 6C� �� 6 � N](F0 � � � (M. � � ¦1� .-( �:� . �Q� 6 �a�\� P �)� � ¦ , �\�^�\� , � ,Q. ��� 6 � 6�. ¦ ,D( �/§Y� P �:�:�\� 8 �:� ,<;
D�. �p� 6/( �a�:� � � . �¨� 6 � A �:�)�p� .O,D8 ¦M� 4 � ��� . �K� . �:� ,¨0�P« �B1�rB1�rB �\� ¡ �\� P �)� � ¦M�6 �\¦ ,�0OP � 6 �� ( T�� TL*OH:H * �)� P ¦M� X � XC. � � ( �3�3�3�@� 476 �\�:� � �Y� 6 �Q�:�3� . � , . ��� 4 � �� . �K� . �ª� ,�0OP9 ZB1�rB1�[B �\� ¡ �\� P �)� � ¦M� 6 �\¦ ,�47( � 6 � 6 � X � XC. �� � �z�D�?V � � ( �\� 8 �:�.� �\� P �:� � ¦M� 6 �\¦ ,�47( � 6 �:� XC. ��� � �z� ( ���:�\� . �)�:� ,�( � A § ;TBD; H ��W"; X$6/( �Z� 8 � 4 � ��^�\� _. �)�9� ,�� § ��( � 47( � 6�.-8 �Y� 6 ���)�/� ( �/§ ; H ��� 6/( �Z� � �:�9� .]. � � 6 ��� .-( �:� 4 � ��� .O.6/( § 6?. � 01. � 6 � .O,D8 ¦M�3� ;

S X . � . �K�/¦M�\�:��� 6 �¥�:�3�)�:�7� . � . ¦ N �¥� 6/( �7�/� .-0 ¦M�\�«� ( ��� 8 ���PH IGIDE � 6 �>� � �9� � �)� �3P4 � �T�9� � � 8 �:� ,Y47( � 6 � 6 � � �O� (+*�NO(F0 � � � (M. � � ¦C� P �)�:�\� ; Ma�3� 8 ¦F�:� 6C�3N � 0 �3�\� � ¦F�:� �-,DP�/�:�3�:�\���:� ,©( ��� ��0 ; BD; � ;RX$6 � P � 6�.@4 � 6C� �¥� 6 � NO(F0 � � � (M. � � ¦W�/� .-0 ¦M�\� ( ��� ��( �/¦ P� � ( ���)� ( ��� ( �  � � � 8 �:� .� � 6 � , �\�:�3�\� . ��� .],D8 ¦M�9� 6C� ��� . �O� ��( ���Z� . �:�K� 6C� � . ����\� P �:� � ¦ ;\X$6 �\�:� S. �:��� 6 �9� ��( ��� .-8 �:�3� .� � 6/( �>� .-( �:� ,/. �3��� . � , �\�1�\� ,©. ��� 6 �
X � XC. � 6�. ¦ ,D( �/§Q� P �)�:�\� ;

X$6 � , �3� ( §G� .� � 6 � �EXUD � � ( �3�3�3� ( � � � .-8 �:�3� .�W( �)�:�\�/� .],D8 � (F0/( ¦ ( � P5.� � 6 ��� ( T���TL*H:Hp� ���:�\� � �z�¬� ,�( �©�:�3� ;1 �;A@D;<H � _� �\�¥� 6 � ( �¥� 6 �\�)� � ¦r� . �O�)� � �\� (M. ��� 4 . �z� ( � . �/� . � ( �:�,D( �:�3�\� (M. ��� .� � 6 � ( �a�\¦ � �)� ( ��� . ���)� � �\� (M. ��� ;aD�. �L� 6/( �L�:� � � . � , �\�:�3�\� . �:�p� .-8 ¦ ,«0 �¥� . �:��:�\��� ( � (FN ��� . � 6 � N](F0 � � � (M. � � ¦ � .-( �:�G�D� ( ���3���\� P �)� � ¦M�7� .-8 ¦ , §¬�\�$¦ .O. �:� � �$¦ .J4 �:�\�K�1�\� � F� 8 �:�3� ;H � � �\�/�:�\� 0 �\� H IGI H � ��� 4�, �3� ( §G� .� � 6 � �EXUD � � ( �3�3�3� 6C� � 0 �3�\� , � N �\¦ . �1� ,<;WH �A § ;1BD; H   � ( �\� 8 �:�3� .� ��� 4 � � ,¨. ¦ , � XUD � � ( �3�3�3� � �:���:�\� . �)�:� ,<;�X$6 �>� .@N �\¦F� P¨( �L� 6 �� .],D(VA � � � (M. � .� � 6 � X � XC. � � ( �3�3�3��� . � 6C� �Q� 6 � ( �� 6 �\�)� � ¦�� . �O�)� � �\� (M. ��� ( ���\�:� � �:�



� d � �����
	���������������������������������! "�
#�	
��$#���	%�'&!���()�
�*�
#�	
��$#����
�+#,�),-.�.��/����0�

1$2 3!4)576 8$: � ��>
Picture of the 4 cristals held with the Teflon mask instead of the Teflon pieces.

(a) (b)

old

new

old

new
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Comparison of new and old PTFE pieces that hold TeO � crystals.
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Comparison between the holding method of old (a) and new (B) PTFE pieces.
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copper strips

Cuoricino tower
(upper part)Cuoricino top plate

5 mK plate

spring
stainless−steel

50 mK point
(b)(a)

1$2 3!4)576 8!: � � >
(a) Suspension system of the Cuoricino tower. (b) Detail of the Cuoricino tower

top side having a thermal link provided by four copper strips.
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1$2 3!4)576 8$: �guE>
Cuoricino tower opened (A) and closed (B). In picture A it is possible to see two of

9 crystal modules. In figure B it is possible to notice the upper roman lead shield and above the
themalization stage on the Mixing Chamber.
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1$2 3$4)5 6"8$: �g{ >
Cuoricino modules. In the left picture a 4 crystal module is shown and in the right

one a 9 crystal module is reported.
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The first Cuoricino pulse obtained in January 2003 and recorded by using an oscil-

loscope.
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Distribution of the base temperatures of the 5x5x5 cm � Cuoricino detectors during

the first not optimized run.
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Example of a signal obtained in a detector whose working point is placed after the

inversion point of the load curve.
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Summary of the detectors performance obtained with the 5 � 5 � 5 cm � in the first step

of the Cuoricino experiment. Note: (1) pulse has triangular shape - (2) pulse shows cross–talk
on heater
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Example of signal obtained in a detector whose working point is placed after the

load curve inversion point. The signal has a triangular shape.
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Summary of the detector performance obtained with 3 � 3 � 6 cm � bolometers in the

first step of the Cuoricino experiment.
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Example of spurious noise square signal.
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Number of events as a function of time. It is clearly seen that there are periods

characterized by high rates.
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Number of events as a function of time for two detectors: the rates increase due to

the helium present in the IVC.
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Example of the experimental load curve for a 5 � 5 � 5 cm � detector.
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Example of the variation of the pulse amplitude as function of the voltage on the
thermistor, the signals are obtained dissipating fixed power on the Si heater. This curve was
experimentally obtained using the same 5 � 5 � 5 cm � detector of fig 6.8.
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The load curves and the Amplitude Optimization (AO) ones for the 5 � 5 � 5 cm �

Cuoricino detectors are presented respectively in blue and in green.
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In blue the load curves and in the green the amplitude optimization curves of

5 � 5 � 5 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

5 � 5 � 5 cm � Cuoricino detectors.



�-����� -��P�.�$#,�)$#,�
	 	%�0�
��� # �?&�#U#�-��P� � #���� ��� � �
	 � �����W�"�
���a# � ���

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0.2

 0  1  2  3  4  5  6  7  8  9

Ib
ol

 [n
A

]

Vbol [mV]

b37

��������	��
� �����$���%����������*��

 210

 215

 220

 225

 230

 235

 240

 0.6  0.8  1  1.2  1.4  1.6  1.8  2  2.2

S
ig

na
l A

m
pl

itu
de

 [m
V

]

Vtot [V]

Rload = 10.9 GOhmb37

�"!-����	��
�� �����$���%�������&��*��

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5

Ib
ol

 [n
A

]

Vbol [mV]

b60

�"�(�����	��
� �%���������������� ���

 200

 220

 240

 260

 280

 300

 320

 340

 360

 1  2  3  4  5  6  7  8  9  10

S
ig

na
l A

m
pl

itu
de

 [m
V

]

Vtot [V]

Rload = 54 GOhm

b60

��,����	��
�� �����$���%�������&� ���

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.08

 0.09

 6  8  10  12  14  16  18  20  22  24

Ib
ol

 [n
A

]

Vbol [mV]

b53

�"�(�����	��
� �%�������������������*

 840

 860

 880

 900

 920

 940

 960

 1.5  2  2.5  3  3.5  4

S
ig

na
l A

m
pl

itu
de

 [m
V

]

Vtot [V]

Rload = 54 GOhmb53

�32�����	��
� �����$���%�������&�'��*

1$2 3$4)5 6 �$:<; � >
In blue the load curves and in the green the amplitude optimization curves of

5 � 5 � 5 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

5 � 5 � 5 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

5 � 5 � 5 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

5 � 5 � 5 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

5 � 5 � 5 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

5 � 5 � 5 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

5 � 5 � 5 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

3 � 3 � 6 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

3 � 3 � 6 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

3 � 3 � 6 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

3 � 3 � 6 cm � Cuoricino detectors.
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In blue the load curves and in the green the amplitude optimization curves of

3 � 3 � 6 cm � Cuoricino enriched detectors.
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In blue the load curves and in the green the amplitude optimization curves of

3 � 3 � 6 cm � Cuoricino enriched detectors.
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In blue the load curves and in the green the amplitude optimization curves of

5 � 5 � 5 cm � Cuoricino detectors.
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Summary of detector performance obtained with the Cuoricino experiment 5 � 5 � 5

cm � crystals between April and July.
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Summary of detector performance obtained with the Cuoricino experiment 3 � 3 � 6

cm � crystals between April and July. (*) Crystal 14 has no heater.

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Column S

Column T

100     200      300      400      500      µV/MeV

nu
m

be
r 

of
 d

et
ec

to
rs

3x3x6 cm3 crystals
5x5x5 cm3 crystals

1$2 3$4)5 6 �!: �gu >
The histogram contains the signal amplitude normalized to a 1 MeV deposited

energy for the Cuoricino big and small size detectors. The detector energy responses are nor-
malized to 1 kg of TeO � .
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Summary of detectors relative fall time indexes. The relative fall time index gives an

idea of the existence of a second decay slope in the pulse.
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The histogram contains the energy resolutions for the Cuoricino big and small size

detectors.
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Summary of the Cuoricino array large size detectors time constants. The rise time

is calculated as the 10-90% of the pulse amplitude and is reported in the first column, whereas
the 90-30% decay time and the 90-10% are reported in the second column and in the third one.
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Comparison between a “normal pulse” and a “pulse with tail”; both have been

obtained with the Cuoricino detectors. The pulses are normalized.
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Summary of Cuoricino array small size detectors time constants. The data in the

upper part of the table correspond to the natural crystals whereas the last 4 rows correspond to
the enriched ones. Again the rise time is calculated as the 10-90% of the pulse amplitude and
is reported in the first column, whereas the 90-30% decay time and the 90-10% are reported in
the second column and in the third one.
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Comparison between a “normal pulse” obtained with the historical B1 detector

operated in hall C and a “normal pulse” obtained in the Cuoricino experiment with detector B26.
The pulses are normalized.
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Pulse of detector B57 plotted in semi-logarithmic scale. The two slopes of the

decay pulse phase are fitted with exponentials in order to obtain their decay time constants.
The relative fall time index of this pulse is equal to 0.8854.
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Scheme of the Cuoricino tower. The blue color indicates detectors characterized

by long tail signals; the red color indicates not acquirable detectors.
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Typical 5 � 5 � 5 cm � Cuoricino bolometers pulses.
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Typical 5 � 5 � 5 cm � Cuoricino bolometers pulses.
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Typical 5 � 5 � 5 cm � Cuoricino bolometers pulses.
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Typical 5 � 5 � 5 cm � Cuoricino bolometers pulses.
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Typical 5 � 5 � 5 cm � Cuoricino bolometers pulses.
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Typical 5 � 5 � 5 cm � Cuoricino bolometers pulses.
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Pulses obtained with the 3 � 3 � 6 cm � crystal detectors of Cuoricino.
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Pulses obtained with the 3 � 3 � 6 cm � crystal detectors of Cuoricino.
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Pulses obtained with the 3 � 3 � 6 cm � enriched crystal detectors of Cuoricino.
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Summed calibration spectra from all the operating 5 � 5 � 5 cm � and 3 � 3 � 6 cm �

crystal detectors.
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gamma region.



�-����� &  � ��	%� �����C�����Y��� �?&!��� �����
	����������	%�0�$��� # � � ���

Energy [keV]
2000 3000 4000 5000 6000 7000

[C
ou

nt
s/

ke
V

/k
g/

y]

10
-2

10
-1

1

10
5x5x5 detectors

3x3x6 nat. detectors

1$2 3$4)5 6 �$: �%8 >
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Estimate of the weight of the different sources responsible for the background mea-

sured in Cuoricino.
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� GM�:�G�dGF��GM�$�^TG�:�4GLY/¦M���XT � � � ¦��]�4GM� � ¦F¦���XT-¦ � �������ZU �O� � �.GM�]Y^� � ��� GfT-�:��Y ��� � �bGF�/§9�XT-�9�� �/�/�XT � GF� � �4GfT-����� X ����� �/¦M�:�3�(T_Y/� � GF���VU � � � ¦��]�4GM� � ¦F¦�� � �:�[GF�©§cTbTbU � §G�:�3�\�9�\��� � GF��������¥� �/�9�\�4GM� � ¦>T-���3���
��������� ���:�)�r� � �)� T  ����GM�$��� � �/�:�\�J� � �VT-�K�/¦M�\�:�a�����\�)� � ¦1�[TWU/�\¦ �������a�)B � � �4GfT-�Q� �]�)�:�\���� � �ZU/�3�:�\�4GLY1�3� GF�:���)� � �4GM� � �=U¨�����(U �]� � �.GM�kY^� � ��� GfT-� � �=U������ � �/�/�XT � GF� � �:�VU � � � F¦��]�4GM� � ¦ �XT-¦ �/�4GfT-�+T  U �]� � �.GM�¥�/�XT_Y/¦M�\�«� � GF¦F¦ Y1�ZU/�\� � GF¦M�VU �
���������>�:�3�VT-�=U�� � �)�eT  �����¥� � � �/�:�\�L�����>�4GF� �/¦ � �4GfT-�?�:�3���/¦F�:� � GF¦F¦ Y^���/�:�3�ª�\���:�VU �
����T-�XU/�\�a�XT9�1�\�  T-�)� �����#T-�/�4GF�.G ¢@� �4GfT-��T  �����#U/�\�:�3�\�XT-�L� � � � �9�\�:�\�:�@� � �\�4GF�:�\�4GfT-�¨�XT

 | �



��� � � -�� �����
	��������� ����������� �����������! U#�-���	�� &!�J�����.���

�VT-�K� � �:�\UdG��<�\�:�\���mU/�\�:�3�\�XT-�Z�^�\�  T-�)� � ���3�3�#GM�kU/�3�:�\�4GLY1�VU � X �����:�3���/¦F�:�(T  �����\T-�/�4G F�.G ¢@� �4GfT-� � T-�z� � �:�>�:�\�NT-�)�:�VU`GF�«�ª�3� ��|��  H��
�R���:�3� ��|�� J�Q� �=U
|�� �� �������VT-�K� � �4GM�XT-�,Y^�\� � �3�\�5�������XGF� �/¦ � �:�VU � �=U«�����LO �=T-�4GM�KGF�=T� � �1�\�4GF�9�\��� � ¦��:�3���/¦F�:� � �:��U/�3�:�\�4GLY1�VU � X ���c�VT-�K� � �4GM� T-�ET  �����7�:� � �4GM��Y^� � ��� GfT-� GM�r� � �GF
GM�  � �\�XT-��� � ���\�:� � �r�:�\§ � �XUdGF�/§Z����� U �]� � �.GM�eT-���G�������\�:� � �:�L�[T-�:�c�/�XT_Y/¦M�\�9��� �R�\T-�XU/�\��XT�XT-¦ � �������3�ª���/�XT_Y/¦M�\�9�@����� � � �O�^T-�����3�:�3� � ��� �kY1�3�\�5� � U/� � �=U � �VT-�)�:�3�)�^T-�=UdGF�/§�VT-�)�:�3�\�4GfT-��T  �����«�����\�)� � ¦��[TWU/�\¦�� � �EY1�3�\���^�\�  T-�)�9�VU � X ���¨�VT-�)�:�3�\�:�VU������\�)� � ¦�[TWU/�\¦ GM�7�/�:�3�:�\���:�VU+GF�«�:�3� ��|�� 
@ �
�R�?�����¥¦ � �)�c�:�3�\�4GfT-� � � �/�:�\¦LGF�.GF� � ���+U/�\�:�3�\�XT-� T-�/�4GF�.G ¢@� �4GfT-��� � U/�]Y
� ���4GF�/§������>�VT-�GF�:�3�\�:�VU������\�)� � ¦��[TWU/�\¦ GM�W�/�:�3�:�\�O�:�VU � e T � � � �\�iGF�[� ���)�iY^�c�:�\� � �z�¬�VU���� � �J� � ¦F���=T��/§ ������Q�:�3���/¦F�:�Z�:�\�NT-�)�:�VUlGF� ����GM�K��� � �/�:�\�Y§JG � � �-� ¦ � � Y/¦M��GF�=UdGM� � �4GfT-���mY^T-��� T-� �����SU/�=F�:�3�\�XT-�7�VT-�K�/�:� ���\���4GfT-� � �=UST-������� Y^T-¦fT-�9�\�:�\� T-�/�4GF�.G ¢@� �4GfT-� � � �[T-�:�gU/�\� � GF¦M�VU � T-�z�
GM�7���3�VU/�VU<��GF��� � �)�4GM� �/¦ � �eGF�������¥�VT-�K� � �4GM�XT-�+Y1�\� � �3�\�¨�4GF� �/¦ � �:�VU � �=U«� � �^�\�4GF�9�\�O� � ¦
U � � � �
� �QP � 	Q����� �7w�� w����a�Z�����y� 	�� ���
X T � ����GM� � � � �[T-�:���VT-�K�/¦M�\�:�������\�)� � ¦ �[TbU/�\¦ GF�8GM�7���3�3�3�ª� � �����XTK� � �¬�ZGF�O�XT � �3�VT��/�������� ��� � �L� � � � �KGF�4GM�3� T  ����� �-� �4GfT����c�VT-�K�^T-���\���:� T  �����]U/�\�:�3�\�XT-�:� � �=U������>�����\�)� � ¦�VT-�=U����\� � ���3�aY1�\� � �3�\�}�����\� � �=U �XT � � �XU/������� ��� � �[Y � ����� D �/�)�����\�)�[T-�:�G�[�\¦M�3�\�)�4GM��NT � �\�:� � �:�mUdGM�:�XGF� � �:�VU,T-���XT-�9�kT  �����3�ª�������\�)� � ¦W���D�)�:�\�9��� X ���3�:�Z�^T � �\�:��� T � GF�����������\�)� � ¦c�=TbU/�3� � �=U � �)�4G � � � �K����� ��� � �.Y � ���h���/�XT��/§ �h����������\�)� � ¦L¦LGF�E�]��� ��4GF�K�/¦M�K�����\�)� � ¦[�[TWU/�\¦ GM���:�\�/�:�3�:�\���:�VU�GF� ��§ �S|��  �����ZGM�>�VT-���)�4GF���/�:�VU1Y � H������\�)� � ¦���D�)�:�\�9� Q �����p�\���\�)§�� � Y��XT-�4Y1�\� � � �=U��������:�\��� T-� � � ��� GF�/§ ��� � �7� � � � �KGF�4GM�3��O � � �=U
O
	>�:�3�:�^�3�\�4G � �\¦�� � X �����\���\�)§�� � Y��XT-�4Y1�\�]GM���VT-�/���3�\�:�VU��XT������ ��� � �(Y � ����Y � � �VT-��F
U����\� � ���3� ¤ ��$� �=U������a� � TK���D�)�:�\�9� � �:�p�����\�)� � ¦F¦����VT-�/���3�\�:�VUSY
�������p�VT-�=U����\� � ���3�¤ � 	 � X ��� ��� � � Y � ����� � � � �:�\�K�^�\� � ���/�:� X � ��� � � GM� � �O�^T-�����3�4G ¢ �VU¨�XT[Y1���VT-���)� � �O���
X ���Y�:�\�K�^�\� � ���/�:�3�ZT  �����Y�\���\�)§�� � Y��XT-�4Y1�\� � �=U�T  �����Y�:�\���XT-� � �:�kGF�=UdGM� � �:�VU � GF���
X � � �=U X 	 �:�3�)�1�3�\�4G � �\¦�� �

� ���\�)§�� �eY��XT-�4Y1�\�

ea� � ��7� ���

� �\���XT-�
�� ����� ��� �� 	 ��� 	 �

� �

� ��� � � 	

1$2 3$4)576}u!:<;">
Simple scheme of a bolometric detector composed by 2 stages.
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Complete thermal model of a bolometric detector.
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A thermal power ����� flows following the laws of thermodynamics between two

systems having temperatures 	 � and 	 � , with 	 ��
 	 � connected by � .
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Three system thermal model. The temperature values are unknown and also the

directions of the flowing powers.
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Electrical scheme of the bias circuit for the voltage read-out of the sensor. The elec-

tric parasitic capacitance is represented by ��� in parallel with the resistance � of the detector.
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Parameters used to simulate large and small size detectors.
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Simulated (I,V) e (P,R) curves of a small size bolometer for different values of the

heat sink temperature.
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Simulated (I,V) e (P,R) curves of a large size bolometer for different values of the

heat sink temperature.
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Typical pulses produced releasing 1 MeV in a 3x3x6 cm � absorber. The pulse is

expressed as voltage (upper plot) and temperature (bottom plot) change. In the temperature
plot, the time evolution of the absorbing crystal temperature is shown.
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Pulses obtained for different values of the parasitic capacitance in the bias circuit.
The slight increase of the rise times can be noticed.
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Evolution of the thermal system starting from non equilibrium condition. It can be
noted that at the asymptotical thermal equilibrium, the electron temperature is higher than the
other two ones, that are almost the same. A simple reason for that exists: electrons are not
directly coupled with the heat bath and a constant Joule power is dissipated in it. Moreover the
presence of a constant background power in the absorber maks its temperature higher that the
one of the heat bath.
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Comparison between the pulse given by the analytical calculation (dashed line)

and the numerical simulation program. The thermal parameter for both methods are the same.
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Example of the comparison between different detectors using their A-R curves.
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Example of an A-R curve obtained with the “historical” detector B1. These data

are collected in the Cuoricino test. It can be noticed that the A-R curve is reasonably close to a
straight line in a log-log scale. The fit parameters are reported in the legend.
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Distribution of the DFM obtained in Cuoricino tests.
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A-R curves obtained with the simulation of different detectors characterized by

different numbers of glue spots between the energy absorber and the thermistor.
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Trend of the DFM at 100 M � of thermistor resistance as a function of the glue spot

number that couple the sensor to the absorbing crystal.
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Trend of the DFM at 100 M � of thermistor resistance as a function of the sensor

volume (log–log scale).
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Experimental load curve obtained with a 3x3x6 cm � bolometer (a) and several

5x5x5 cm � (b). All measurements are from the Cuoricino experiment. In both cases, a sim-
ulated load curve is superimposed. The simulation parameter are those from tab.7.1 and no
optimization work has been performed.
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Comparison of the load curves for different values of the electron–phonon con-

ductance (a) and of the glue spots number (b). Note that a 20% variation of the � el-ph is enough
to produce a substantial modification of the load curve. On the contrary, the load curve is al-
most independent of the � glue value. The other parameters used here have been extracted from
tab. 7.1.
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Comparison between the experimental (points) and the simulated (continuous

line) load curve of a 3x3x6 cm � bolometer (a) and a 5x5x5 cm � one (b). The upper load curve
corresponds to detector 9 while the bottom one corresponds to detector B57, both measured in
the Cuoricino experiment.
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Parameters obtained in the static behavior simulation of the 3x3x3 and 5x5x5 cm �

crystal detectors.
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Comparison between the simulated and the experimental thermal pulse obtained

in the Cuoricino experiment.

* H V]ZOKG+Md BcI�&]Z)/O+4(NJ�L>&]ZNLABcITI5V G ZDEQI5VL+WV G ((d)(NV:L3+4*PI5JUZ G +4(NV 0 (NJ 0�0 G 0PJ�I +WK RPJ-(9/QI5K(I5V G 8S&I G�� L.L G J�ITL�L.Z.+�ZD+WV G &]Z G.G &:I
* H V]ZOKG+MdCZ.-:BcI�&]Z)/O+4(NJU(.0 G &:I2*PI G ITd G (NJ�L.+ML�V( G d)(NK�dR�-MI G I(- H J�I5RPJ-(O*P0:d�+FB�-MI ZOV*M(NV:I1+ML�L G +5-5-)06ZOJ 0 J-(NK &]Z)/O+WV�+�Z L Z G +ML10 ZNd G (NJ H I<;�R�-\ZOV]Z G +4(NV 8
b V G &:I a=0(NJ3+Md�+WV( I<;�RjI5J3+WK(I5V G ZDB](�0 G ) ��� (.0 G &:I � ; � ; � d5K H d5J H L G Z.-*PI G ITd G (NJ�L L3&(96R,0�-ML�I L3&]ZORjITLC6A+ G & G 6S(I*PITdCZ H G +WK(ITL>6A&:I5J�I G &:I�LUITd)(NV*5*PITdCZ H � d)(NV:L G ZOV G�� +ML -4(NV�+QI5J
G &]ZOV G &:I1(NV:I
(�B G ZD+WV:I)*5+WVHRPJ�I�/�+4(�0:L a=0(NJ3+Md�+WV( G ITL G L 8 G &,+ML�RPJ-(�B�-MI5K +ML�V( G RPJ�ITLUI5V G
+WV * ; * ;!:�d5K H d5J H L G Z.-,B](3-4(NK(I G I5J�L 8 G &,+ML[KgZ H BjIaI<;�R�-\ZD+WV:I)*�ZNLeZ�d)(NV:L�I+*�0:I5V:dTIC(.0 G &:IL30PJ106ZNdTIYR�(3-F+ML-& 8Db V*PITI)* ` G &:I * ; * ;!:.d5K H d5J H L G Z.-ML_&]Z9/QI'BjITI5VR+AJ-(96aV^(NV(ZOV(Z�;P+ML *P+a`cI5J dI5V G 0J-(NK G &:I � ; � ; � d5K H (NV:ITL ZOV* G &,+MLYdCZD0:L�ITL Z
*P+a`cI5J�I5V G J-(�0�+ &PV:ITLUL=(.0 G &:I_d5J H L G Z.-L30PJ106ZNdTITL�Z�0 G I5J G &:IiR](3-F+ML3& 8 f�V�0 (NJ G 0PV]Z G I(- H + G +MLaV( G R](AL�L3+FB�-MI G (gL3+WK
0�-\Z G I G &,+ML�R,0�-ML�IL3&]ZORcIG6A+ G & G ZD+5-ML
0:L3+WV�+ G &:I�L3+WK R�-MI G &:I5J�KgZ.-[K^(O*PI(-eRPJ�ITL�I5V G I)* +WV LUITd G +4(NV )O8 � `dB,0 G
6S(NJ3E^+ML +�(�+WV�+!(NVJ(NV G &,+ML[RPJ-(�B�-MI5K ZOV*I+ G KG+5+ & G BcIaR](AL�L3+FB�-MI G ( J�I5RPJ-(�*P0:dTI G &:I5K B H
+WV G J-(�*P0:d�+WV�+�K^(NJ�I d)(NK R�-F+MdCZ G I)* G &:I5J�KgZ.- V:I G 6S(NJ3ESLC`�6A&,+MdZ&@RPJ�ITL�I5V G L.ZOV Z�*,*P+ G +4(NV]Z.-6`
6YICZDEK- H d)(�0PR�-MI)* ` G &:I5J�KgZ.-]L H L G I5K 8 G &,+MLeV:I�6 L G Z.+QI�d)(�0�-4* BcIA*P0:I G ( Z�L H L G I5K (.0�+WK�d
R,0PJ3+ G +MITL�ZOV*ED(NJ.*PI?0 ITd G L�Z G�G &:I1*PI G ITd G (NJ�L30PJ10 ZNdTI 8 G &:I�V:I<; G L�ITd G +4(NVM6A+5-5- +WV G J-(O*P0:dTIZ d)(NJ�J�ITd G +4(NV (.0 G &:I G &:I5J�KgZ.-YK^(O*PI(- G &]Z G Z G�G I5K R G L G (L0PV*PI5J�L G ZOV* G &:II*P+a` I5J�I5V:dTI
BcI G 6YITI5V G &:I L3+WK
0�-\Z G I)* ZOV* G &:I I<;�RcI5J3+WK(I5V G Z.-	a=0(NJ3+Md�+WV( R,0�-MLUITL 0 J-(NK Z?*P+a` I5J�I5V GR](�+WV G (.0_/O+MI�6 8

V GaG &:IiI5V*5(.0 G &,+ML�L�ITd G +4(NV `P+ G +ML'0:LUI?0 0�- G ( J�I5KgZOJ3E G &]Z GaG &:I�V�0PK(I5J3+MdCZ.- K(I G &(�*
0:L�I)* 0�(NJ^* H V]ZOKG+MdYBcI�&]Z)/O+4(NJ�Z.-5-4(96�L G &:IHL3+WK20�-\Z G +4(NV (.0iL-(NK(I�R,0�-ML�I 0 ICZ G 0PJ�ITL G &]Z GdCZOVPV( G BcIC(�B G ZD+WV:I)*?6A+ G & G &:I�ZOV]Z.- H G +MdCZ.-cZORPRPJ-(9;O+WKgZ G I)* L-(3-F0 G +4(NV 8 P (NJaI<;:ZOK R�-MI G &:I
+WV G J-(�*P0:d G +4(NVL(.0 G &:I�R]ZOJUZNL3+ G +Md.dCZOR]ZNd�+ G ZOV:dTITLA*PITL�d5J3+FBjI)*J+WV�LUITd 8�)O8 :
&]Z�*�Z.-5-4(76 I)*�L3+WK�d



� ��� �������	� � � ��	 ��
 ���Y��
��� ��� ��� � � ��������� ����� � � ��� � �

-0.0001

 0

 0.0001

 0.0002

 0.0003

 0.0004

 0.0005

 0.0006

-0.5  0  0.5  1  1.5  2

’b53-1MeV-convx-off.sig’

-0.0001

 0

 0.0001

 0.0002

 0.0003

 0.0004

 0.0005

 0.0006

 0.0007

 0.0008

-0.5  0  0.5  1  1.5  2

’cp-150pF+off.dat’

Kink Kink

��� �$� � ! p�# � �'&
(Left) Pulse obtained with a Cuoricino detector. A kink in decay part the pulse is

indicated. (Right) Simulated pulse shape obtained introducing parasitic capacitance of 150 pF
in the thermal model. A similar kink appears.
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Simulated pulses obtained releasing a total energy of 1 MeV, and different val-

ues of � . The smaller pulse corresponds to the simulation obtained with only thermal phonon
component.
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Simulated pulses obtained releasing a total energy of 1 MeV, and different values

of the fraction of energy � absorbed by the sensor as athermal phonons.
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Semilogaritmic plot of pulses with a fraction of energy thermalized in sensor as

athermal phonons. It can be seen that there are two decay time constants.
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Comparison between an experimental pulse (green line) of a Cuoricino detector

and one obtained with simulation procedure (red line) considering the existence of a balistic
phonon component.
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�|t��VehnZn�T\[I¨µ[�{Sr,TVbf¨�eh[`r^RdgZ¥oY`WMT �l� YXejz�T\[s�Vehg�pM¥lcZ[�{SY`Rmehg&b`WMe z�g
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Drawing of the CUORE detector (left). iIt will be composed by 25 Cuoricino-like

tower (right) that will work at 10 mK. Each tower will contain 40 TeO
A

bolometers.
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Y`WMT%�����*),+7bXT\gMbXRdY`Rdi|RdYut � O�§°{S[`¥kT\[��_{h�X¤�¥l[XehcZgMU+�Vehg|Y`[`Rd�ZcZY`Rmehg:Rmb�WMejz�T\ikT\[}TQP�n�TV�\YXTVUx�
WMe z�T\ikT\[j�Mz�WMT\g�TQP�Y`[�{Sn�eh§°{SY`RdgZ¥,YXe4�����*),+7Y`WMT�b`cZ[¶¨{h�VTI�Vehg�Y`[`Rd�ZcZY`RmehgMb}r,Tj{hb`cZ[XTVUoRdg��cMeh[`Rm�\RdgMe �25 WMT�¥kek{S§�eS¨_Y`WMT6�����*),+-YXTV��WZgZRm�j{S§0)87 ® z�Rd§d§���T�Y`WMT�[XTVU�cM�\Y`Rmehg,eS¨M�_{h�X¤��
¥l[XehcZgMUo[�{SYXTfYXeyY`WMTf§mT\ikT\§´eS¨ ¡��³¡l¡ ]��VehcZg|YXb�^��µ¤kT`_ / ¤�¥ / t0"�{SY�Y`WMT�� �M®*�9® Y`[�{SgMb`RdY`Rmehg
T\gMT\[`¥ltk��{SgMUvYXe�& ¡��³¡ ]a�VehcZg|YXb�^��µ¤kT`_ / ¤�¥ / U3"9{SY¦Y`WMTIY`WZ[XTVb`WMeh§mU �
Ofbª¨{S[�{hb�Y`WMTfT\gMT\[`¥lt,[XTVbXeh§dcZY`Rmehgveh�ZY�{SRdgMTVUKRdgKY`WMT}UZehcZ�Z§mT}��T\Y�{sUZTV�j{jt,[XT\¥lRmehg´��il{S§dcMTVb
eS¨ ² � . ¤kT`_ {SY 129 ] � ¤kT`_�z�T\[XT�{h��WZRmT\ikTVU�Rdg£b�ehr,T,eS¨�Y`WMT,YXTVb`Y�r,Tj{hb`cZ[XT\r,T\g�YXb�r,T\g��
Y`RmehgMTVUyRdg^�XW_{Sn �k��� �}gyY`WMT9ehY`WMT\[�W_{SgMUx�h{�¸��:�}¤kT`_'{VikT\[�{S¥kT9il{S§dcMT�W_{hb¢��TVT\gyr,Tj{hb`cZ[XTVU
Rdg�Y`WMT6��cMeh[`Rm�\RdgMeI�j{S§dRd�Z[�{SY`Rmehg,b`n�TV�\Y`[�{ � OGn�elbXbXRd�Z§mT�T\gMT\[`¥lta[XTVb�eh§dcZY`Rmehg!Rdg|YXT\[`ih{S§ZeS¨ � ��] ¡
¤kT�_;�µY�{S¤�RdgZ¥yRdg�YXe,{h�V�VehcZg�Y=n�elbXbXRd�Z§mT}Rdr^nZ[Xe ikT\r,T\g�YXb=RdgoY`WMT=¨�eh[XTVbXTVT\g<�����*),+�)87 ® "
Rmb�Y`WMT\[XTQ¨�eh[XTs{hbXbXcZr,TVUv¨¬eh[8�����*),+ �
�fb`RdgZ¥�Y`WMT}T�� ��=��>1 {SgMU�Y`WMTf{S��ejikTI�VehgMb`RmUZT\[�{SY`RmehgMb �|Y`WMT=¨�eh§d§mejz�RdgZ¥^bX�VT\g_{S[`Rmelb¦{S[XT=¨¬eh[XT#�
bXTVT\g@?

ABC BD
g_{SY`cZ[�{S§��\[`t�bXY�{S§mb
�FE ¡��³¡ ]s�!^��µ¤kT`_ / ¤|¥ / tG" H F � (G IFI KKJ -ML�� /ON�P QT4IFR ¤kT�_

ABC BD
g_{SY`cZ[�{S§��\[`t�bXY�{S§mb
�FE ¡��³¡ ]s�!^��µ¤kT`_ / ¤|¥ / tG" H F � (G IFS K!R -ML�� /ON P QT4I L��h¤kT�_
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ABC BD
g_{SY`cZ[�{S§¢�\[`t�b`Y�{S§mb
� E ¡��³¡l¡ ]a�!^��µ¤kT�_ / ¤�¥ / t0" H F � (G I + K!I2S -ML�� /�! P QT4I R ¤kT`_
ABC BD
g_{SY`cZ[�{S§��\[`t�bXY�{S§mb
�FE ¡��³¡l¡ ]s�!^��µ¤kT`_ / ¤�¥ / tG" H F � (G I + K L -ML�� /�! P QT4I L��h¤kT�_

ABC BD
T\gZ[`Rm�XWMTVU��\[`t�bXY�{S§mb
� E ¡��³¡l¡ ]a�!^��µ¤kT�_ / ¤�¥ / t0" H F � (G I#" K%$ + -ML�� /�! P QT4I L��h¤kT`_

� Y�Rmb¦�\§mTj{S[�¨¬[Xehr Y`WMTs{S��ejikTa�j{hbXTVb¦Y`W_{SY¦Y`WMT )87 ® TQwxeh[`YXb�W_{VikTsYXey��T�UZT\ikehYXTVU:YXe
eh�ZY�{SRdg-[XT\nZ[Xe|U�cM�\Rd�Z§mTyb`RdgZ¥l§mT�UZT\YXTV�\YXeh[In�T\[¶¨�eh[`r�{SgM�VTl��{SgMU�YXeKRdr^nZ[XejikT�Y`WMT!bXRd¥lg_{S§ �YXe/�
gMehRmbXTª[�{SY`RmeZ� {SgMUa�ZcZYj� {S��ejikT�{S§d§�VYXe={h��WZRmT\ikT�{�U�[�{Sr�{SY`Rm��[XTVU�cM�\Y`Rmehg!eS¨ZY`WMT��_{h��¤|¥l[XehcZgMU
§mT\ikT\§ �

;=<'&)(+*,* H.-0/ 1
23-KL5476IH84=H:9;/:<=9

� gCbXTV� � =�� ]K{:ikT\[`t£�VehgMbXT\[`ih{SY`RdikT�UZTVb`Rd¥lgGeS¨¦Y`WMT �����*),+�UZT\YXTV�\YXeh[yz�{hb!nZ[XTVbXT\g�YXTVU �
> e z�T\ikT\[j��Y`WMT �����*),+7�Veh§d§°{S��eh[�{SY`RmehgoW_{hb�nZ[Xehn�elbXTVUo{sg�cZrs��T\[¦eS¨�RdgZgMe ih{SY`RdikTIr,e�U��
Rqp_�j{SY`RmehgMb�YXeoY`WMT,�_{hbXTKb`Y`[`cM�\Y`cZ[XTl�´RdgCeh[XUZT\[sYXeoRdr^nZ[Xe ikT�Y`WMT,UZT\YXTV�\YXeh[!n�T\[¶¨�eh[`r�{SgM�VT
{SgMUoY`WMT��_{h��¤|¥l[XehcZgMU��VehcZg�Y¦[�{SYXTl�Zg_{Sr,T\§dt�?

? YXeyRdg|Y`[Xe|U�cM�VT�{ybXT\[`RmTVb¦eS¨A@±nZcZ§mbXT�Y`cZ��TVbCBIRdgoY`WMT������*)8+��\[`tkeh¥kT\gZRm�sb�T\Y$�cZnED
? YXeyRdgM�\[XTj{hb�T�Y`WMT 5 T!�./s�\[`t�b`Y�{S§´bXR�FjT+D
? YXeacMbXT��\[`t�bXY�{S§�{S�MbXeh[`��T\[Xb��Vehg�Y�{SRdgZRdgZ¥yehY`WMT\[�Yut|n�T¦eS¨xRmbXehYXehn�T¦�j{SgMU�RmUM{SYXTVb9{SYªY`WMT� �M®*�9® D

? YXe^UZTVbXRd¥lg+gMT\z�Y±t�n�TVb¦eS¨~b�T\gMbXeh[$�u{S�MbXeh[`��T\[¦�VehcZnZ§dRdgZ¥kb�D
? YXe�bXY`cMU�t�gMT\z0Y±t�n�TVb�eS¨�YXT\r^n�T\[�{SY`cZ[XT=bXT\gMb�eh[Xb�YXe���T�cMbXTVUyRdgMb`YXTj{hUKeS¨�Y`WMTHG 5 ® �
I TIY`WMT\[`r^Rmb`YXeh[Xb�D

? YXe^UZT\ikT\§mehn:gMT\z�b`cZ[¶¨{h�VTabXT\gMb`RdY`RdikT 5 T!�./aT\§mT\r,T\g�YXb �
� g0{hUZU�RdY`Rmehg´�~r,e�U�Rqp_�j{SY`RmehgMb�eS¨fYXe-Y`WMTo�\[`t�bXY�{S§ �r,e|U�cZ§mT+bXY`[`cM�\Y`cZ[XTo�VehcZnZ§dRdgZ¥M��{SgMU�{
b`Y`cMU�toeS¨�Y`WMT�Y`WMT\[`r^Rmb`YXeh[=n_{S[�{Sr,T\YXT\[IehnZY`Rdr^R�F {SY`Rmehg
{S[XTab`cZ¥l¥kTVb`YXTVU � � goY`WMTa¨¬eh§d§me z�RdgZ¥
bXTV�\Y`RmehgMb¦Y`WMTsehcZY`§dRdgMTseS¨~Y`WMT�r�{SRdg:nZ[Xehn�elb�{S§mb�z�Rd§d§´��T�[XT\n�eh[`YXTVU � � Y¦rscMb`Y=��T�b`Y`[XTVb�bXTVU
Y`W_{SY!{S§d§ªY`WZRmb )*7 ® {h�\Y`Rdi|RdYut-�j{Sg���T^�j{S[`[`RmTVU&ehcZY�z�RdY`WMehcZY�{Sg�t-Rdg|YXT\[`[`cZnZY`RmehgCeS¨9Y`WMT
nZ[XTVbXT\g�Y`§dtC[`cZgZgZRdgZ¥ ��cMeh[`Rm�\RdgMe
TQP�n�T\[`Rdr,T\g|Yj��cMb`RdgZ¥-Y`WMT�W_{S§d§8� Rdg I [�{Sg�«�{hbXbXeZ��Y`WMT
� gMbXcZ�Z[`R°{^�\[`tkeh¥kT\gZRm�Vb¦§°{S��eh[�{SYXeh[`tk��{SgMUoY`WMT�ehY`WMT\[}�Veh§d§°{S��eh[�{SY`Rmehg�§°{S��eh[�{SYXeh[`RmTVb �
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� Y}z9{hb�{S§d[XTj{hU�t:[XT\r�{S[`¤kTVUx��Rdg�b�TV� ��²�� ¸K{SgMU-bXTV� �3.M� . ��Y`W_{SY�TQP�n�T\[`Rdr,T\g�YXbfcMb`RdgZ¥v�\[`tke/�
¥kT\gZRm�ab�T\Y$�cZnMb}{S[XTa{ wxTV�\YXTVUo��tvY`WMT\[`r�{S§´RdgMb`Y�{S�ZRd§dRdYutonZ[Xeh�Z§mT\r,b �5 WZRmbonZ[Xeh�Z§mT\r$Rmbvr�{SRdgZ§dt'U�cMT�YXeGY`WMT�ih{S[`R°{SY`Rmehg�eS¨�Y`WMT
�\[`tkeh¥kT\gZRm�-§dR ��cZRmUZbvRdg�Y`WMT
[XTQ¨¬[`Rd¥kT\[�{SYXeh[j��Rdg7n_{S[`Y`Rm�\cZ§°{S[veS¨�� > Tl��Rdg�Y`WMT+[XTQ¨µ[`Rd¥kT\[�{SYXeh[ � 5 e£[XTVU�cM�VT+Y`WZRmb,nZ[Xeh�Z§mT\r
{-b`Y�{S�ZRd§dR�F {SY`Rmehg0YXTV�XWZgZR �|cMToz�{hb^UZT\ikT\§mehn�TVUx��{hb^UZT\Y�{SRd§mTVU7Rdg7bXTV� �ª²�� ¸ � GfT\ikT\[`Y`WMT\§mTVbXbj�
YXe�e�[�{SnZRmU
�XW_{SgZ¥kTVbaeS¨9�\[`tkeh¥kT\gZRm�^§dR ��cZRmU-�VehgMU�RdY`RmehgMba�j{ScMb�T�¨�{hb`Yfr,e�U�Rqp_�j{SY`Rmehg�eS¨�Y`WMT
�Ve�eh§dRdgZ¥�n�ejz�T\[j��{SgMU7Y`WMT\g0eS¨IY`WMT+UZT\YXTV�\YXeh[KY`WMT\[`r�{S§=z�eh[`¤�RdgZ¥�n�ehRdg�Yj��§mTj{hU�RdgZ¥£YXe�{
UZTV�\[XTj{hbXTVU T����\RmT\gM�\t�eS¨�Y`WMT+b`Y�{S�ZRd§dR�F {SY`Rmehg YXTV�XWZgZR �|cMT � � Y,W_{hb���TVT\g eh�MbXT\[`ikTVU�Y`W_{SY
{��VehgMb`Y�{Sg�Y �¬eh[�ikT\[`t£b`§mejz�RdgZ¥-il{S[`t|RdgZ¥M��eS¨¦Y`WMT�eh[XUZT\[�eS¨s] � {+UM{jtG"s§mT\ikT\§9eS¨¦§dR ��cZRmU
WMT\§dRdcZr RdgoY`WMTfr�{SRdg+�_{SY`W+eS¨�Y`WMT��\[`tkelb`Y�{SY�WMT\§dnMb�Rdg+{h�XWZRmT\i�RdgZ¥K{yb`YXTj{hU�tK[XTVb`n�ehgMbXT�eS¨
Y`WMTaUZT\YXTV�\YXeh[Xb �5 eC[XTVU�cM�VT:Y`WMT-{S��e ikT:nZ[Xeh�Z§mT\r+��{Sg'{S§dYXT\[`g_{SY`RdikT��\[`tkeh¥kT\gZRm�-�Vehg�pM¥lcZ[�{SY`Rmehg�z�Rd§d§
��T�bXY`cMU�RmTVU {SY�Y`WMT )*7 ® §mT\ikT\§ �65 WZRmbK�Vehg�pM¥lcZ[�{SY`Rmehg��VehcZ§mU�{S§d§me z cMb�YXe&¤kTVT\n�Y`WMT. ·)b`Y�{S¥kTfYXT\r^n�T\[�{SY`cZ[XTa�VehgMb`Y�{Sg�Y¦¨¬eh[9Y`WMTfz�WMeh§mT�U�cZ[�{SY`Rmehg:eS¨¢Y`WMTITQP�n�T\[`Rdr,T\g|Y �05 WZRmb
bXeh§dcZY`RmehgKRmbª�_{hbXTVU�ehg�{IgMT\z0�Vehr^r,T\[X�\R°{S§�UZT\i�Rm�VT¦nZ[Xeji�RmUZTVU,�|t^Y`WMT�r,e�UZT\[`gK�\[`tkeh¥kT\gZRm�
YXTV��WZgMeh§meh¥lt ?ª{���cZ§mbXT 5 cZ��T��	� 5 "a�Ve�eh§mT\[ ��5 WMT�� 5 Rmb^{ogMejikT\§9Yut|n�TKeS¨¦r,TV��W_{SgZRm�j{S§
�Ve�eh§dRdgZ¥7b`t�bXYXT\r TQP�WZRd�ZRdY`RdgZ¥7{Sg'TQP�Y`[XT\r,T\§dt0§mejz i�Rd�Z[�{SY`Rmehg n�T\[¶¨�eh[`r�{SgM�VT�§mT\ikT\§��gMehY
[XTj{h��WMTVU&�|t£�Vehg�ikT\g|Y`Rmehg_{S§=�Ve|eh§mT\[Xb � � 5 �Ve|eh§mT\[Xb��VehgMb`Rmb`Y�eS¨}{+�Vehr^nZ[XTVbXb�eh[j��{+[XehY�{S[`t
il{S§dikTl�_{SgMU:{y�Veh§mUoWMTj{hU �35 WMT\Rd[}{hU�ih{Sg|Y�{S¥kTVbf{S[XT2?

? §mejz�r�{SRdg|YXT\g_{SgM�VTl��U�cMTaYXeyY`WMTs{S�MbXT\gM�VTaeS¨~r,eji�RdgZ¥�U�Rmb`nZ§°{h�VT\[Xbf{SgMU+�Veh§mU+bXTj{S§mb�D
? §mejz'gMehRmbXTl��U�cMTfYXe�Y`WMT=§°{h��¤KeS¨¢r,e i|RdgZ¥yn_{S[`YXb9RdgvY`WMTf�Veh§mUvWMTj{hUx�|z�WZRm��W:{hbXb`cZ[XTVb
{�ikT\[`t(�|cZRmT\Y=b`t�b`YXT\r D

? §mejz �Velb`Yj��U�cMT=YXeaRdYXb�b`Rdr^nZ§dRm�\RdY±tk�|z�WZRm�XWo{S§d§mejz¦b�Y`WMT�� 5 YXes��T�r�{Sg|c�¨�{h�\Y`cZ[XTVUo{SY
§mTVbXb��Velb`Y¦Y`W_{Sg��Vehr^r,ehg:�\[`tke/�[XTQ¨µ[`Rd¥kT\[�{SY`Rmehg-b`t�b`YXT\r,b �

��ehr^r,T\[X�\R°{S§�Yuz�e-b`Y�{S¥kT�� 5 % b�nZ[Xeji�RmUZTKYuz�e-�Veh§mU&n�ehRdg|YXbj��Y±t�nZRm�j{S§d§dt&{SY =l¡ · {SgMU .
·^�_z�RdY`W��Ve�eh§dRdgZ¥�n�ejz�T\[IeS¨�Y`WMTseh[XUZT\[IeS¨¦] 1 {SY . · � � g:Y`WZRmb�¨¬[�{Sr,T\z�eh[`¤���{,§dR ��cZRmU��
WMT\§dRdcZr'��¨¬[XTVT¦r,TVU�RdcZr'�n�ejz�T\[�U�Rd§dcZY`RmehgK[XTQ¨µ[`Rd¥kT\[�{SYXeh[ªz9{hbªRdgMb`Y�{S§d§mTVU,Rdg�«�T\nZYXT\rs��T\[ 1l¡l¡l²
{SYoY`WMT � gMb`cZ�Z[`R°{G�=gZRdikT\[XbXRdY±t � ��ehr,e " � 5 WZRmbo[XTQ¨µ[`Rd¥kT\[�{SYXeh[+UZe�TVbvgMehYocMbXT-�\[`tkeh¥kT\gZRm�
§dR �|cZRmUZbo{SYv{S§d§ ?9{�� 5 �Ve�eh§mb�Y`WMT =l¡ · {SgMU�Y`WMT . ·�b`WZRmT\§mUZb �ªz�WZRd§mT�Y`WMT � > T#� � > T
r^RqP�Y`cZ[XT�Rmb!�VehgMUZT\gMbXTVU£�|t�{��kehcZ§mT#� 5 WMehr^nMb�ehgCTQP�n_{SgMb`RmehgC{ ¨¬YXT\[sY`WMT\[`r�{S§dR�F {SY`Rmehg�{SY
Y`WMT . ·�b`Y�{S¥kT � � g�pM¥ � =��>1 {}nZRm�\Y`cZ[XT¦eS¨�Y`WMT�� 5 RdgMb`Y�{S§d§mTVUyRdg^Y`WMT � gMb`cZ�Z[`R°{ # {S��eh[�{SYXeh[`t
Rmb¦bXWMejz�g �5 WZRmb9[XTQ¨¬[`Rd¥kT\[�{SYXeh[¦z�Rd§d§x��TI{�il{S§dc_{S�Z§mTIYXTVb`Y$���T\gM�XWv¨�eh[�Y`WZRmb9gMT\z�YXTV�XWZgZR �|cMTl�ZRdgoYXT\[`r,b
eS¨s[XT\§dR°{S�ZRd§dRdYut'{SgMU�gMehRmbXT�§mT\ikT\§ � � g Y`WMT-T\ikT\g�YoeS¨!�Vehg�i�RdgM�\RdgZ¥Gn�T\[¶¨�eh[`r�{SgM�VT-eS¨sY`WZRmb
Y`WMT^b`t�b`YXT\r+�x{K[XTQ¨µ[`Rd¥kT\[�{SYXeh[a¨¬eh[%�����*),+�T��|cZRdnZn�TVU-z�RdY`W�{Sg£{S[`[�{Vt-eS¨�� 5 % b�z�Rd§d§~��T
UZTVb`Rd¥lgMTVU�z�RdY`W�Y`WMTv¥kek{S§¦YXe
b`YXehn�eh[^YXe-[XTVU�cM�VToY`WMT+r�{SRdg7�_{SY`W���ehRd§ �±eSw�eh[j�ª{hb�{Sg
TQP�Y`[XT\r,TybXeh§dcZY`Rmehg´��YXe�¥kT\YI[`RmU-eS¨��\[`tkeh¥kT\gZRm��3McZRmUZb��Vehr^nZ§mT\YXT\§dt �5 WZRmbIbXeh§dcZY`Rmehg
�VehcZ§mU
WMT\§dn+YXe�bXeh§dikTIY`WMTab`Y�{S�ZRd§dRdYut�nZ[Xeh�Z§mT\r {SY�Y`WMT�[Xe�ehY �
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* H - /�1 2`H * 9 2 * 1�
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Ofbs{Sg�Y`Rm�\Rdn_{SYXTVU�Rdg£bXTV� �@=��>1 ��Y`WMT\[XT�{S[XTyYuz�e+r�{SRdg�n�elbXbXRd�Z§mT!RdgZgMe ih{SY`RmehgMb��VehgM�VT\[`gZRdgZ¥
Y`WMTaUZT\YXTV�\YXeh[fT\gMT\[`¥ltv{S�Mb�eh[`��T\[ �
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Compressor
connections

Cool Head

80 K Stage

4 K Stage

��� �����	��
�� ��
Pulse Tube of the cryogenic liquid-free dilution refrigerator installed in the University

of Insubria Laboratory.
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? ��{S[`Y9eS¨�Y`WMT������*)8+ �ª[XeS�¶TV�\Y6)87 ® z�Rd§d§���T}UZT\ikehYXTVUKYXe!bXY`cMU�t^Y`WMT=n�elbXb`Rd�ZRd§dRdYut
eS¨¦RdgM�\[XTj{hb`RdgZ¥�Y`WMTK�\[`t�b`Y�{S§�bXR�FjT � � g�n_{S[`Y`Rm�\cZ§°{S[yY`WMT�RmUZTj{�eS¨¦Y`WMT(�����*),+)�Veh§ �
§°{S��eh[�{SY`RmehgvRmb9YXe!YXTVb`Y 9 - 9 - 9 �\r � 5 T!� / {S�MbXeh[`��T\[Xb ��5 WZRmb�r,e�U�Rqp_�j{SY`Rmehg+�VehcZ§mU
§mTj{hU:YXeo{�z�eh[XbXTyUZT\YXTV�\YXeh[�n�T\[¶¨¬eh[`r�{SgM�VTl�x{hb�{K�ZRd¥l¥kT\[��\[`t�b`Y�{S§�{S�MbXeh[`��T\[IRdg�Y`[Xe/�
U�cM�VTVb9WZRd¥lWMT\[�WMTj{SY¦�j{Sn_{h�\RdY`RmTVb={SgMUo�j{ScMbXTVb9§me z�T\[�nZcZ§mbXTa{Sr^nZ§dRdY`cMUZTVb � > ejz�T\ikT\[j�
{SY�nZ[XTVbXT\g|Yj��Y`WMT:T\gMT\[`¥lt�[XTVbXeh§dcZY`Rmehg�{SY 1��>9 ¯�T`_ARmbKWZRd¥lWMT\[K�|t0{�bXRd¥lgZRqp_�j{Sg�Y
¨�{h�\YXeh[ �µYut|nZRm�j{S§d§dt+{s¨�{h�\YXeh[8& � "ªY`W_{SgoY`W_{SY¦TQP�n�TV�\YXTVU�¨¬[Xehr Y`WMTIUZT\YXTV�\YXeh[¦gMehRmbXT �
«�e�RdY�Rmbyn�elbXb`Rd�Z§mTKY`W_{SY^Y`WMTvT\gMT\[`¥lt&[XTVb�eh§dcZY`Rmehg0{SY�Y`WMT � �Z®��9® [XT\¥lRmehg7z�ehgc% Y
UZT\YXT\[`Rmeh[�{SYXT � �}g�Y`WMT�ehY`WMT\[,W_{SgMUx��b�ehr,T+{hU�ih{Sg|Y�{S¥kTVbK�VehcZ§mU0��T+{h��WZRmT\ikTVU0�|t
cMb`RdgZ¥�{�§°{S[`¥kT\[Ir�{hbXb}��eh§mehr,T\YXT\[j�x{S§mbXeKT\ikT\g�Rq¨�Y`WMT!YXehY�{S§ ��� � 5 T!r�{hbXb=Rdg|ikeh§dikTVU
Rdg�Y`WMT������*),+�TQP�n�T\[`Rdr,T\g�Yo[XT\r�{SRdgMbv�VehgMb`Y�{Sg|Y � 5 WMT:r,elbXYKRdr^n�eh[`Y�{Sg�Y:{hU��
ih{Sg|Y�{S¥kT!�VehgMbXRmb`YXb¦Rdg�Y`WMTsUZTV�\[XTj{hbXT�eS¨�Y`WMT!bXcZ[¶¨�{h�VT#�YXe/�z�T\Rd¥lW�Y�[�{SY`Rme �35 WZRmbf[�{SY`Rme
RmbfRdr^n�eh[`Y�{Sg|Y	?xRq¨�Y`WMT��|c_{Sg�Y`RdY±t-eS¨ 5 T!� / �\[`t�b`Y�{S§�b`cZ[¶¨{h�VTVb�UZTV�\[XTj{hbXTVbj��Y`W_{Sg´�´{SY
§mTj{hb`YªRdgKnZ[`RdgM�\RdnZ§mTl��{S§mbXesY`WMT¦�_{h��¤|¥l[XehcZgMUK§mT\ikT\§�U�cMT=YXesb`cZ[¶¨{h�VT=�Vehg|Y�{Sr^Rdg_{SY`RmehgMb
�VehcZ§mU
UZTV�\[XTj{hbXT �5 WZRmbab`Y`[�{SYXT\¥lt�z�{hb!{S§d[XTj{hU�t�cMbXTVU-z�WZRd§mTyz�WMT\g
r,e i|RdgZ¥+¨µ[Xehr
Y`WMT}¯�R ®��9® YXesY`WMT ��cMeh[`Rm�\RdgMeyTQP�n�T\[`Rdr,T\g|Y � � g�Y`WZRmb��j{hb�T¦Y`WMTfRdr^nZ[XejikT\r,T\g|Y=eS¨
Y`WMT�b`cZ[¶¨{h�VT#�YXe/�z�T\Rd¥lW�Yf[�{SY`Rme,�Veh[`[XTVb`n�ehgMUZb¦YXeK{!¨�{h�\YXeh[=eS¨�] � ¸ 12=��
� Y�r!cMb`Ys��T^cZgMUZT\[`§dRdgMTVU&Y`W_{SYaY`WZRmbs�VehcZ§mU�Y`[�{SgMb`§°{SYXT,Rdg|YXe�{+[XTj{S§ªRdr^nZ[XejikT\r,T\g|Y
eS¨ªY`WMTa�_{h��¤|¥l[XehcZgMU-�VehcZg�Y`RdgZ¥v[�{SYXT�ehgZ§dtoRq¨ªY`WMT!bXcZ[¶¨�{h�VT!�Vehg�Y�{Sr^Rdg_{SY`RmehgMb�UZehr'�
Rdg_{SYXT�Y`WMTa�_{h��¤|¥l[XehcZgMU:r,Tj{hb`cZ[XT\r,T\g�YXb � 5 WMT!ehY`WMT\[f{hU�il{Sg�Y�{S¥kTVbI{S[XT�r�{SRdgZ§dt+eS¨
nZ[�{h�\Y`Rm�j{S§9{SgMUCTV�VehgMehr^Rm�j{S§9g_{SY`cZ[XT2?�Rq¨9Y`WMTKYXehY�{S§�r�{hbXbsRmb!¤kT\nZYy�VehgMb`Y�{Sg�Yj��§mTVbXb
T\§mTV�\Y`[XehgZRm�o�XW_{SgZgMT\§mb^z�Rd§d§���T�gMTV�VTVbXb�{S[`tk��[XTVb`cZ§dY`RdgZ¥
Rdg7b`WMeh[`YXT\[�{SgMUGTj{hb`RmT\[,{hb$�
bXT\rs�Z§dtvehn�T\[�{SY`RmehgMb �5 z�e,n�elbXb`Rd�Z§mT��Vehg�pM¥lcZ[�{SY`RmehgMbI{S[XT�Y�{S¤kT\g:Rdg|YXe,�VehgMb`RmUZT\[�{SY`Rmehg:YXeK{S[`[�{SgZ¥kTaY`WMTVbXT
�\[`t�bXY�{S§mb	?

��Y`WMT������*),+ UZT\YXTV�\YXeh[f�VehcZ§mU:��Ta�Vehr^n�elbXTVU�eS¨�] 9 YXejz�T\[XbI{S[`[�{SgZ¥kTVU�Rdg�{. - . r�{SY`[`RqP � +�{h��W+YXejz�T\[�z�Rd§d§x��TI�Vehr^n�elbXTVUveS¨ �!r,e�U�cZ§mTVb��Vehg�Y�{SRdgZRdgZ¥ .
§°{S[`¥kTab`R�FjT��\[`t�b`Y�{S§mb¦Tj{h��W ���Y`WMTvT\§mT\r,T\g�Y�{S[`tCr,e|U�cZ§mTVb^eS¨=Y`WMT �����*),+©TQP�n�T\[`Rdr,T\g|Y^z�Rd§d§9��Tv�VehgMb`Y`R �
Y`cZYXTVU���t�{�b`RdgZ¥l§mT^UZT\YXTV�\YXeh[ � +�{h�XW
YXejz�T\[az�Rd§d§~��Ty�Vehr^n�elbXTVU-eS¨6��b`RdgZ¥l§mT
�\[`t�bXY�{S§xr,e|U�cZ§mTVbf{SgMUvY`WMT�YXejz�T\[=z�Rd§d§´��Ta{S[`[�{SgZ¥kTVU+Rdg:{ = - = r�{SY`[`RqP �

� go��ehY`W:bXeh§dcZY`RmehgMb � � ¸ 9 RdgMb`YXTj{hU+eS¨¦] ¡l¡l¡ �\[`t�b`Y�{S§�UZT\YXTV�\YXeh[Xb=z�ehcZ§mU:��T�cMb�TVU � O
pMg_{S§�UZTV�\Rmb`Rmehgvehg�Y`WMT}�\[`t�bXY�{S§�b`R�FjT}b`WMehcZ§mU,��T�Y�{S¤kT\g�gMehY�§°{SYXT\[�Y`W_{Sg�] = r,ehg|Y`WMb
{ ¨µYXT\[������*),+�b`Y�{S[`YXb	?�Y`WZRmbab`WMehcZ§mU-§mTj{jikT,b`c ���\RmT\g�Y!Y`Rdr,T�¨¬eh[�Y`WMTynZ[Xe�U�cM�\Y`Rmehg
eS¨´Y`WMTI�\[`t�b`Y�{S§mb � 5 W_{SY9Rdr^nZ§dRmTVb9rscM��W )*7 ® z�eh[`¤Kehg 9 - 9 - 9�5 T!� / �\[`t�b`Y�{S§mb�Rdg
Y`WMTfpM[Xb`Y¦tkTj{S[¦z�Rd§d§x��TIgMTV�VTVbXb�{S[`t �

? O=gF)*7 ® z�eh[`¤ z�{hbvnZ[Xehn�elbXTVU'YXeGb`Y`cMU�t�Y`WMT�¨¬Tj{hb`Rd�ZRd§dRdYut0YXeGeS¨!cMbXRdgZ¥��\[`t�b$�
Y�{S§mb¦�Vehr^n�elbXTVUoeS¨�ehY`WMT\[ a,a��j{SgMU�RmUM{SYXTVb �35 WMTIr,elbXY={SnZn�Tj{S§dRdgZ¥��j{SgMU�RmUM{SYXTag�c��
�\§mT\R�¢¨µ[Xehr2Y`WMT�Y`WMT\[`r�{S§={SgMUGg�cM�\§mTj{S[�n�ehRdg|Y,eS¨=i|RmT\za�ª{S[XT�§dRmb`YXTVUGRdgGY�{S� � =�� ] �
��[Xeh�_{S�Z§dt�Y`WMT}��TVb`Y��j{SgMU�RmUM{SYXT}¨�eh[	� �M®*�9® Rmb"� N ��GfUx�|Y`W_{SgZ¤�b�YXe!RdYXb�WZRd¥lW�Y`[�{Sg��
b`RdY`Rmehg�nZ[Xeh�_{S�ZRd§dRdY±tk�xU�cMT���ehY`W�YXe�¨�{jikeh[�{S�Z§mT!g|cM�\§mTj{S[�r�{SY`[`RqP�T\§mT\r,T\g�YXb �´{SgMU:YXe
Y`WMTaWZRd¥lW�Y`[�{SgMb`RdY`Rmehg�T\gMT\[`¥lt � ²��³² ¸�¯�T`_ " � �}g�¨¬eh[`Y`cZg_{SYXT\§dtk��Y`WZRmb}�j{SgMU�RmUM{SYXT!W_{hb
{�§mejz g_{SY`cZ[�{S§=RmbXehYXehnZRm�:{S�ZcZgMUM{SgM�VTl��eS¨%& ���>9 � ��{SgMU7gMe�U�RmT\§mTV�\Y`[`Rm�:U�R°{Sr�{S¥ �
gMT\Y`Rm�¦�Vehr^n�ehcZgMU�eS¨EG}U^TQP�Rmb`YXb � � ¨�Y`WMT9pM[Xb`YªnZ[Xeh�Z§mT\r �VehcZ§mU,��T¦bXeh§dikTVU,bXY`cMU�t|RdgZ¥
Y`WMTvcMbXTveS¨}gMT\z YXTV��WZgZR ��cMTVb,¨¬eh[yRmbXehYXehnZRm�oT\gZ[`Rm��WZr,T\g�Yj��Y`WMTobXTV�VehgMUGehgMTvRmb,eS¨
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��ehr^n�ehcZgMU � bXehYXehnZRm�a{S�ZcZgMUM{SgM�VT�� � " 5 [�{SgMb`RdY`Rmehg�T\gMT\[`¥ltM�µ¤kT�_ "
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Most favorable ��� candidate nuclei.

r,eh[XTIU�R ���\cZ§dY=b�eh§dcZY`Rmehg � � gK¨�{h�\Yj�Z�\[`t�b`Y�{S§mb9�Vehg�Y�{SRdgZRdgZ¥ G}UKnZ[XTVbXT\g|Y}{!r�{S¥lgMT\Y`Rm�
eh[XUZT\[`RdgZ¥�Y`W_{SY=Rdr^nZ§dtoRdr^nZ§dRmTVb}RdgMT\i�RdY�{S�Z§dtoWZRd¥lW�b`n�TV�\Rqp_��WMTj{SY�{SY=§me z�YXT\r^n�T\[�{ �
Y`cZ[XTVb � > ejz�T\ikT\[IY`WMT!Y`WMT\[`r�{S§~r,e|UZT\§mb}cMbXTVU+YXeKY`[`toYXe�TQP�nZ§°{SRdg�Y`WMTa§°{S[`¥kT#�r�{hbXb
nZWMehgMehg��r,TVU�R°{SYXTVU&��eh§mehr,T\YXT\[s��T\W_{Vi�Rmeh[j�¢{S[XT,gMehY!�Vehr^nZ§mT\YXT\§dt��Vehg�i�RdgM�\RdgZ¥ � � g
n_{S[`Y`Rm�\cZ§°{S[j��Y`WMT\[XTI{S[XT=RdgMU�Rm�j{SY`RmehgMb�Y`W_{SY�{agMehg��Y`WMT\[`r�{S§x�Vehr^n�ehgMT\g�Y�eS¨´Y`WMTfb`Rd¥ �
g_{S§�xU�cMT,YXe:@±WZRd¥lW�B^T\gMT\[`¥lt�nZWMehgMehgMbj�xr�{jt-��TyRdr^n�eh[`Y�{Sg�Yj��{SgMU-RdYaRmbIn�elb�b`Rd�Z§mT
Y`W_{SY�Y`WMTsb`n�TV�\Rqp_�aWMTj{SY¦�VehcZ§mU+��Ta{ybX�j{S[X�VT\§dtK[XT\§mT\il{Sg�Y}n_{S[�{Sr,T\YXT\[ �
�_eh§d§mejz�RdgZ¥7Y`WMTVbXT-�VehgMb`RmUZT\[�{SY`RmehgMboRdYvz9{hboUZTV�\RmUZTVU'YXe�YXTVb`Y GfU�� � �\[`t�b`Y�{S§mb���{
n_{S[�{Sr�{S¥lgMT\Y`Rm��r�{SYXT\[`R°{S§�z�RdY`W�W�cZ¥kT,«��XWMehY`Y`¤�t+n�Tj{S¤�b}Rdg�Y`WMT!WMTj{SYI�j{Sn_{h�\RdY±t-{SY
{S��ehcZY}¸ ¡ r,·%"Q�_{SgMU+eS¨ GfU I {]� � �\[`t�b`Y�{S§mb��µz�WZRm�XW:nZ[XTVb�T\g�Y}{�r,eh[XT�nZ[Xehr^RmbXRdgZ¥
{Sg|Y`R ��¨¬T\[`[Xehr�{S¥lgMT\Y`Rm��eh[XUZT\[`RdgZ¥,��T\§mejz &^]f·%" � � ¨�Y`WMTVbXTIYXTVb`YXb�¥lRdikTI¥ke�e|Uv[XTVbXcZ§dYXbj�
Y`WMT¦n�elbXbXRd�ZRd§dRdY±tyYXe�[XT\nZ§°{h�VT¦n_{S[`Y�eS¨�Y`WMT 5 T!� / �\[`t�b`Y�{S§�{S�Mb�eh[`��T\[Xb�z�RdY`WKT\§mT\r,T\g�YXb
�Vehg|Y�{SRdgZRdgZ¥R� N ��G}U^z�Rd§d§���T=�VehgMb`RmUZT\[XTVU ��5 WZRmb�z�ehcZ§mU�{S§d§me z'Y`WMT*�����*),+CTQP�n�T\[$�
Rdr,T\g|Y¦YXe�{h��WZRmT\ikT!{Sg+ehcZYXb`Y�{SgMU�RdgZ¥�bXT\gMb`RdY`Rdi�RdY±t�Rdg+Y`WMT�� �Z®��9® p_T\§mU �

 �!��)(+*,* H.-0/ 1
2`H * 9 2 * 1 
!L59xL * 9xH:6 ��/�% 9xH:6$%IL 6�NaH�� 47<02 * �

O}b�n�ehRdg|YXTVUKehcZY�Rdg��XW_{Sn �����³² �kRdgKY`WMT*��cMeh[`Rm�\RdgMe )87 ® �lz�eh[`¤,W_{hbª��TVT\g�n�T\[¶¨¬eh[`r,TVU�Rdg
eh[XUZT\[¦YXe^b`Y`cMU�t�RdgZgMejil{SY`RdikTabXT\gMbXeh[$�u{S�Mb�eh[`��T\[=�VehcZnZ§dRdgZ¥kb �05 WMTa{SRdr eS¨�Y`WZRmb¦z�eh[`¤�Rmb�YXe
{h�XWZRmT\ikT^{,b { ¨¬T\[}r,TV�XW_{SgZRm�j{S§��VehgZgMTV�\Y`Rmehg
eS¨ªY`WMTVbXTaYuz�ev�Vehr^n�ehgMT\g|YXb�{SgMUx��{S��ejikTy{S§d§�
{�r,eh[XT�[XT\nZ[Xe�U�cM�\Rd�Z§mT�Y`WMT\[`r�{S§��VehgMU�cM�\Y�{SgM�VTa��T\Y±z�TVT\g:Y`WMT\r � � gv¨�{h�\Yj�M{hb9cZgMUZT\[`§dRdgMTVU
Rdg£bXTV� � ¸ � ] ¡ �xY`WMTynZcZ§mbXTK{Sr^nZ§dRdY`cMUZT�{SgMU£b`W_{Sn�TyeS¨�Y`WMTynZcZ§mbXTVb!{S[XT^ikT\[`t�b�T\gMb`RdY`RdikTyYXe
ih{S[`R°{SY`RmehgMb=eS¨�Y`WZRmb��VehcZnZ§dRdgZ¥,�VehgMU�cM�\Y�{SgM�VT �05 WMTIUZTV�\Rmb`Rmehg+eS¨�Y`WMT �����*),+7�Veh§d§°{S��eh[�{ �
Y`Rmehg,Rmb�YXea�Vehg|Y`Rdg�cMT}Y`WMT�YXTVb`YXbªehg�Y`WMT¦b`n�TV�\R°{S§�G 5 ® � I T�Y`WMT\[`r^RmbXYXeh[Xbªz�RdY`W
@±n�TVUZTVb`Y�{S§mbCB
{SgMU @±§mT\¥kbCB��lb`Y`cMU�t�RdgZ¥aU�Rqw�T\[XT\g|Y�¥kTVehr,T\Y`[`t � 5 WMT9RmUZTj{fRmb~YXeIr�{S¤kT9Y`WMT9¥l§dcZRdgZ¥aehn�T\[�{SY`Rmehg
§mTVbXbI�\[`RdY`Rm�j{S§ � � g�¨{h�\Y}cMbXRdgZ¥�Y`WZRmbIgMT\z)Y`WMT\[`r^Rmb`YXeh[Xb ��Y`WMTy¥l§dcMTyb`n�ehYXbfcMbXTVU�cZn�YXe�gMe z
z�Rd§d§���T,[XT\nZ§°{h�VTVU&��tC{o¥l§dcMTK§°{VtkT\[^{SgMU�Y`WMTKY`WMT\[`r�{S§��VehgMU�cM�\Y�{SgM�VT���T\Y±z�TVT\gGb�T\gMbXeh[
{SgMU
{S�MbXeh[`��T\[Iz�Rd§d§~��T!Y`cZgMTVU��|t�{hUS�¶cMb`Y`RdgZ¥vY`WMT!n�TVUZTVb`Y�{S§ª{S[XTj{KRdg��Vehg|Y�{h�\Yaz�RdY`W-Y`WMT
�\[`t�bXY�{S§�b`cZ[¶¨{h�VT�eh[���tvih{S[`t�RdgZ¥^Y`WMT�§mT\¥,g|cZrs��T\[}eS¨~§mT\¥kb �

¯�eh[XTVe ikT\[j��Y`WMT'�����*),+ �Veh§d§°{S��eh[�{SY`Rmehg-Rdg|YXT\gMUZbIYXe,YXTVb`YfT\cZYXTV�\Y`Rm���VehcZnZ§dRdgZ¥���T\Y±z�TVT\g
G 5 ® � I TvY`WMT\[`r^RmbXYXeh[Xb�{SgMU7T\gMT\[`¥ltC{S�MbXeh[`�ZRdgZ¥&�\[`t�b`Y�{S§��Rdg0{�Y`WZRdgGpM§dr2§°{S��eh[�{SYXeh[`t �5 WMT,r,elb`YsnZ[Xehr^Rmb`RdgZ¥��VehcZnZ§dRdgZ¥kb!z�Rd§d§���T^[XTj{S§dR�FjTVU£Rdg&b`r�{S§d§�bX�j{S§mT,nZ[XehYXehY±t�n�TKUZT\YXTV�#�
YXeh[Xbj�_{SgMUo�Vehr^n_{S[XTVU:z�RdY`W+Y`WMTab`Y�{SgMUM{S[XU<� �u{S[�{S§mU�t�YXT#�±b`n�ehY=�VehcZnZ§dRdgZ¥ �
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� g�Y`WMT:¯�R ®��6� {SgMU ��cMeh[`Rm�\RdgMe�TQP�n�T\[`Rdr,T\g�YXbj��Y`WMT+O}[�{S§mU�RdY�[�{SnZRmUx��T\n�eVP�tG¥l§dcMT+�|t��Rd�_{ I T\Rd¥lt �µgMejz Gfejil{S[`Y`Rmb "�T\n�eVP�t�¥l§dcMT�z�{hb^cMb�TVU � � YyW_{hby��TVT\g7UZTV�\RmUZTVUGYXe�YXTVb`Y
ehY`WMT\[�Y±t�n�TVbveS¨a¥l§dcMTVb � 5 WMT:r�{SRdg [XTj{hbXehg�¨¬eh[KY`WZRmbvUZTV�\Rmb`Rmehg�RmbKYXe&{h��WZRmT\ikT
{Sg�Rdr'�
nZ[Xe ikT\r,T\g�Y,eS¨¦Y`WMT�b�T\gMbXeh[$�u{S�MbXeh[`��T\[��VehcZnZ§dRdgZ¥M�¢Rdg&eh[XUZT\[�YXe:eh�ZY�{SRdgC��T\Y`YXT\[yUZT\YXTV�\YXeh[
n�T\[¶¨¬eh[`r�{SgM�VT � � g+n_{S[`Y`Rm�\cZ§°{S[j�_RdY=z�ehcZ§mU���T���T\gMTQp_�\R°{S§�Rq¨�{,¥l§dcMTaz�RdY`W�{^Y`WMT\[`r�{S§��Vehg��
Y`[�{h�\Y`Rmehg,�Ve�T����\RmT\g�Yª�\§melbXT�YXefY`WMT9�Ve|T����\RmT\g|YªeS¨_Y`WMT9UZT\YXTV�\YXeh[ª�Vehr^n�ehgMT\g|YXb,� 5 T!����{SgMU
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Example of thermal discharge at 25 mK.
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Model for a bolometer with only one active surface shield. In (a) an external structure

holds the shield while in (b) the shield is glued directly on the TeO � crystal.
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Thermal network representing a bolometer composite composed by a Cuoricino-like

TeO � main detector and a Ge bolometer.
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Searching for the optimal working point of a composite bolometer. Figure (a) corre-

sponds to the first point of the procedure described above, while (b) corresponds to the optimal
working point for the Ge bolometer. In figure (c) it is verified that the polarization on a bolometer
does not influence the optimal working point of the other one.



������� � � ��	����� ��� �1����	������ �2� � 	 ����	�� ��� � � ����� � ������ ��� �'	 � � �

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0  0.5  1  1.5  2  2.5

2.5 MeV on TeO2 @ 7.5 mK

TeO2 therm
Ge therm

5 @B2=0Qt :�w

� �
� �
��
���� 	
��

��
��

��� ����� � 
������ �
Signals collected by the two thermistors releasing 2.5 MeV in the TeO � energy
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