
���������
	���
������
�����

��������� �"!$#&%'�(�*)�+,�-)�%.�
/0%')�132(�4��56��78���:9<;>= ��?(%&9,@�5A2�%
B 1C7D@E@�9�5A)�%'?"!F)���+HG&��5I?�9

JHKMLNKMOCPEQ�RSPITIUIVWV�X�TZY\[ ]_^IJHKZ`'acbdRfehg�^
ijKAk'KMO'lEanmobpV�XqT ] ^IJHKHk�X�rIanRsbptvu g

bdTIUxwsKHyCz{a|Rsz
t�V�V�XqT�g

]D}E~�ehz{TI~�z3��TIV���eh��PE��z�^AbpTIU
�'z{��b�t��vRsz{T���Xdm<��ahz{~��Wt�en~�bpa,��TE��enTEz
z{t_enTE�I^

wCTIec�dz
t�V�eh��l�X�m���~�z�acbdTIU
g �'z
��bpt���Rsz�T���X�m���r�l�V�e|~�V_^

�,enT�up�d�AenTE��wCTIeh�pz{t_VWec��lp^�}q�(z�UEz{T
Y ��PIRfeo�'rIe�K�enV

�p� K�}qz
����z�R3�Hz{t �p�p���

�

��%(@�5A2D;878+Z@A)42(%

���E� �D¡�¢�£�¤�¥�£¦¡d§v¨I©�ª�«\¬��
­�®��°¯I¡�±�¨�®²£�¤�³´§
©D§v³�¤�ª4«�¢��°¤µ­{£�®�¥�¬�§_¢²³°ª�¬�§�¶�ª¸·�ª�ªW¤8¡�¢²�°¡d��®²ª�­:¹
º §_®¼»�©�©�ª�«�¢²£�¥½·�£¦¡d�°¨c§_¢�¡p±�¨�®²£�¤{³
º ±�¤�£¦¡���¨c§_¢�¡p±{¨�®²£�¤�³
�¿¾À¤�£¦¡���¨h§v¢<¡�±�¨�®²£�¤�³D±{«�£¦¨¦£�Á�ªW®À§(¡���� ª�¢<®�±�¡�¡�¨Â»
�°¡dª�¢\§v«�£�¤�³´§v«<¨¦�W�ÄÃn��¢�Á�ª�¢²��Å,¡��W�,ª�¢<¨¦ª�¶°ª�¨�©��°®¼«<�°¯
«\¬�ª�«�£�©�ª½·�±{«�¡p±�¨�®²£�¤{³N«��´§�®²£¦³�¤{£�Æ�¥W§_¤�«�¨Â»C¬�£¦³�¬{ª�¢
¨¦ª�¶°ª�¨E¯n�°¢<§�®�¬���¢²«�¡�ª�¢²£��
­CªW§�¥\¬µ¥4»�¥4¨¦ª
º §�¬�£¦³�¬8ªW¤{ª�¢²³�»'¡p±{¨c®¼ª&ÃÈÇ�ÉËÊ�Ì�Í
Å��°¯I¨¦ªW¤{³�«\¬
ÎÐÏ�Ñ�Ò�Ó�Ñ�Ñ�Ô ®
º §(¢�ª�¡�ª4«\£Â«�£¦��¤C¯n¢²ªWÕ
±{ªW¤�¥4»'�°¯HÖ°×(¡p±�¨�®²ª�®�¡dª�¢
®¼ªW¥��°¤�­

��Ø�­{ªW¤�®²ª½¨¦�
¥W§_¨¦£¦Á�ª�­µ¡�¨c§�®�©N§
º ª�¨¦ªW¥4«�¢²��¤µ­�ª�¤�®²£Â«�»8Ù�Ú Î�ÓWÑ Y�Û ©'Ü g
�fÝfª¸¢²ª�¡��°¢¼«<��¤8£¦��¤
Þ�§�¥��°±�®¼«�£�¥½®²��¨�£Â«�§_¢¼»'��§�¶�ªW®�£�¤Ë§
±�¤{£¦¡��°¨c§v¢<¬�£¦³�¬8¡��W�,ª�¢�¡p±�¨�®²ª�­µ©N§_³�¤{ª�«�¢²��¤
®²¡�±{«²«�ª�¢²£�¤�³D­�£�®�¥�¬�§_¢²³°ª

ß

B 2���)\@I��5E#áàâ��ã�9��

−200
0

200
400

600

4

6

8

10

12

0

1

2

3

4

5

ä�åæç
èhéê
ë ì í êé ê
îïð
ì í ñ
ò

óCô ¥�©(õ ö ô Ô ®¼õ
ÃÈ§�Å÷Ê�©����°¢²¢

−200
0

200
400

600

4

6

8

10

12

0

2

4

6

ä åæç
èhéê
ë ì í êé ê
îïð
ì í ñ
ò

óCô ¥�©(õ ö ô Ô ®¼õ
Ãn·�Å,Ì°×�©����°¢²¢

ø

B 2���)\@I��5E#áàâ��ã�9��

����¬�ª¸ª�¨¦ªW¥�«\¢²�°¤Ë®\§�«�±{¢\§v«�£¦��¤C¥�±�¢²¢²ªW¤�«Wùp©�ªW§�®�±{¢�ª�­C·�»
§�úA§_¤�³°©(±�£¦¢<¡�¢²�°·�ª�ùp§�®<§�¯|±�¤�¥4«�£¦��¤8��¯�«�£c©�ª½¯n¢²��©
¡p±{¨�®²ª½£�¤{£¦«�£c§v«�£¦��¤Ë§�¤�­8¡d��®²£Â«�£¦��¤C·dª�¨¦���û«\¬�ª�«�§_¢²³°ª4«
����¬�ª�§_¢²³°�°¤8¡�¢²ªW®²®�±�¢²ª¸��§�®(ÃÈ§°ÅÀÊ½©����°¢²¢À§_¤�­fÃn·�Å
Ì°×(©N���°¢²¢�üM��¬�ªÀ«�§_¢²³°ª4«<©D§�­{ª��°¯E«�£Â«�§�¤�£�±�©8ù�¡�±�¨�®²ª
¨¦ªW¤{³�«\¬8��§�® Îûý�Ñ�Ô ®�ùp§�¤�­8¡p±{¨�®²ª½ª�¤�ª�¢�³_»µþ�Í
����¬�ª¸¡�ª�§vÿ&ª�¨¦ª�¥4«�¢²��¤Ë­{ªW¤�®²£Â« »'£�®�£�¤'«�¬{ª¸¢\§�¤{³°ª¸�°¯
Ó�Ñ Y � Ò�ÓWÑ Y�Û ©'Ü g Ã���±�­�©(±�¤�­�®�®²�°¤'ª4«À§_¨Èü�ùdÌ�×°×
Ê°ù
Ì°×�×°Ì°Å
��Ø «÷¬�£¦³�¬{ª�¢�¡�¢²ª�®�®�±�¢²ª�®(Ã�� ÊW×�©N����¢�¢�Å�§�®²ªW¥4��¤�­
¡�ªW§_ÿ&£�®<§_¡�¡p§_¢²ªW¤°«Wùp¬
±�¤�­{¢�ª�­�®,�°¯A©�£�¥4¢��°®²ªW¥4��¤�­�®
§_¯c«\ª�¢�«\¬�ª¸¡�±�¨�®²ª¸£c®�®¼��£¦«\¥\¬�ªW­C���

�



B 2���)\@I��5E#áàâ��ã�9��

0 50 100 150 200
0

2

4

6

8

10

12

14

16

p = 1 mtorr
p = 5 mtorr
p = 20 mtorr

�è��
�ò

ö ô Ô ®¼õ
����¬�ª�«\¢\§��¼ªW¥�«\��¢²£�ª�®��°¯�«\¬�ª¸¡�ªW§_ÿ{®
��� §�¥\¬C¡dª�§_ÿD«\¢\§�¶�ª�¨�®���£¦«\¬Ë§�Æ	�{ª�­'¶�ª�¨��
¥�£Â«�»
��Ø ¨¦ªW§�®¼«÷®�Õ
±�§_¢²ªW®�Æ�«<®�¬��W�÷®,«\¬p§�«À§�«Àþ�ÍN«\¬{ª
¡�ªW§_ÿ
®,«\¢\§�¶�ª�¨q�<£Â«\¬8¶�ª�¨¦�{¥�£Â«�»C��¯ Ï	
���
sÓ�Ñ g ©��_®<§v«
Ê½©N����¢²¢Wù Ó�
 ý�
sÓWÑ g ©��v®÷§v«÷Ö�©N���°¢²¢�ùd§_¤�­
� 
���
sÓ�Ñ ] ©��_®<§v«÷Ì°×�©N���°¢²¢
����¬�ª�¶�ª�¨¦�
¥�£Â«�»C�°¯�«\¬{ª¸¡�ªW§_ÿ{®�£�¤�¥�¢²ª�§_®²ªW®���£Â«\¬
­�ª�¥�¢²ª�§_®²£�¤�³D¡�¢�ª�®�®�±{¢�ª½·�±{«�£�®�¢��°±�³°¬�¨Â»C¥4��¤�®¼«�§�¤�«
��£¦«\¬'¶°§v¢²»
£�¤�³D¡p±{¨�®²ª¸ªW¤{ª�¢²³�»

�

B 2���)\@I��5E#áàâ��ã�9��

���M¨¦ªW¥4«�¢²��¤µ®�§v«\±�¢\§v«�£¦��¤C¥�±{¢²¢�ª�¤�«À§v«�¶°§_¢²£¦��±�®
¥�¬�§�©�·dª�¢�¢�§_­�£�±�®¸Ê�×�¥�©-·dª�¨¦��� «\¬{ª¸«�§_¢²³�ª�«
����¬�ª½®²ªW¥4��¤�­'¡�ª�§vÿ8©���¶�ª�®<¥4¨��°®²ª�¢�«���«\¬�ª¸Æ�¢�®¼«���¤{ª
§�®,«\¬{ª�¥\¬p§�©½·�ª�¢�¢\§�­�£�±�®�£c®<­{ªW¥�¢²ªW§�®²ª�­

�

B 2���)\@I��5E#áàâ��ã�9��

����¬�ª¸£��°¤µ®�§v«\±�¢\§v«�£¦��¤C¥�±{¢²¢�ª�¤�«÷®�¬{���<®<®²£�©�£¦¨c§_¢
«�ªW©�¡d�°¢\§_¨:·�ª�¬p§�¶
£¦�°¢÷§�®,«\¬�ª¸ª�¨�ª�¥4«�¢²��¤µ¥�±�¢²¢²ªW¤°«
���A§(«�§_¢²³�ª�«÷£�¤µ§v¢²³°��¤C­�£�®�¥\¬p§v¢�³�ª(§v«ÀÌ�×�©N���°¢²¢÷§�¤�­
¡p±{¨�®²ª½ª�¤�ª�¢�³_»8��¯ Ê°Ê½Í
����¬�ª¸£��°¤µ®�§v«\±�¢\§v«�£¦��¤C¥�±{¢²¢�ª�¤�«���§�®�©�ª�§_®�±�¢²ªW­
��£¦«\¬µ§��d§�«<¡�¢²�°·�ª�§v«�Þ Ö°×��

�

B 2���)\@I��5E#áàâ��ã�9��

0.1 0.15 0.2 0.25
0

200

400

600

800

1000

M
i
−1/2  [amu−1/2 ]

t
r
e
f
l
e
c
t
i
o
n
 
[

µs
]

Kr

Ar

Ne

����¬�ª�¢²ª½£�®÷§(¨�£�¤{ª�§_¢<¢²ª�¨c§�«\£¦�°¤�®�¬{£�¡µ·�ª4« � ª�ª�¤
¢²ª���ªW¥4«�£¦��¤8«�£�©�ª(§_¤�­ Ó����  �!
��"3ªW§�®�±{¢�ª�­jÊW×�¥�©-·�¨�ª�¨¦�����A§(«�§_¢²³°ª4«<£c¤µ§_¢²³���¤
­�£�®�¥\¬p§v¢�³�ª(§v«÷Ì°×�©N���°¢²¢÷§�¤�­'¡�±�¨�®²ª¸ªW¤�ª�¢²³�»8�°¯ Ê�Ê
Í

#



B 7'�*�*�½5�#

�fÝfª½­{ªW©��°¤�®¼«�¢\§v«�ª½¡�¢���¡d§v³�§v«�£¦��¤8�°¯I£¦�°¤Ë§_¥���±�®¼«�£�¥
��§�¶�ª�®÷§���§�»'¯n¢²��©Ä«\¬{ª½©D§_³°¤�ª4«\¢²�°¤8«4§v¢²³°ª�«
����¬�ª¸Æ�¢�®¼«�¡�ª�§vÿ´«�¢\§�¶�ª�¨�®��<£Â«\¬µ§�Æ �
ªW­'¶°ª�¨¦�{¥4£¦«�»
§���§�»'¯n¢²��© «\¬�ª�«4§v¢²³°ª�«WüM��¬�ª�¶�ª�¨��
¥�£Â«�»C��¯�«�¬{ª
��§�¶�ª�­{ª�¡dªW¤�­�®�ª�¤�«�£¦¢²ª�¨Â»C�°¤'«\¬�ª½­�£�®�¥�¬�§_¢²³°ª
¡�¢²ª�®�®�±�¢²ª¸·p±
«<£�®÷§v¨�©���®¼«<£�¤�­�ª�¡�ª�¤�­�ª�¤�«��°¯�«\¬�ª
¡p±{¨�®²ª½ª�¤�ª�¢�³_»
����¬�ª½®²ªW¥4��¤�­'¡�ª�§vÿ'£�®�­�£¦¢²ªW¥4«�¨Â»C£�¤	�p±�ª�¤�¥4ªW­8·�»&«\¬�ª
¥�¬�§�©�·dª�¢<®²£¦Á�ª(§�¤�­'«\¬�ª½©N§�®�®��°¯�«\¬�ª�� �°¢²ÿ�£c¤{³D³�§_®
®²¡dªW¥�£¦ª�®
�fÝfª½®²±�³°³�ªW®¼«�«\¬{£c®�®¼ªW¥��°¤�­8¡�ªW§_ÿ´«��N·�ª�§_¤8£¦��¤
§�¥4��±�®¼«�£c¥���§�¶°ª½¢²ª���ª�¥4«�£�¤�³D¯n¢²�°©Ä«\¬�ª½¥\¬p§_©�·�ª�¢
��§_¨¦¨�®

�

� +��D%'2�à6�49<;&?(� 9�%(@A�
��¬�£�®�� �°¢²ÿ´��§�®�¡d§_¢¼«�£c§_¨¦¨Â»C®�±�¡�¡���¢²«�ª�­8·�»´«\¬�ª����,ª�­�£�®�¬
� �°±�¤�­�§v«�£¦��¤8¯h�°¢���«�¢\§v«�ª�³�£c¥
	<ªW®²ªW§_¢�¥�¬qù�«\¬�ª
� ¥�ª�¨c§_¤�­�£�¥
	<ªW®²ªW§_¢�¥�¬ � ±�¤�­'¯n��¢ �À¢\§�­�±�§v«�ª���«�±�­�ª�¤�«\®�ù{«\¬�ª
¾À¤�£Â¶�ª�¢\®¼£¦«�»8�°¯�� ¥�ª�¨h§_¤�­
	<ªW®²ªW§_¢�¥�¬ � ±�¤�­µ§_¤�­&«\¬�ª
� ¥�ª�¨h§_¤�­{£c¥
	<ªW®²ªW§_¢�¥�¬�����±�¤�¥�£¦¨Èü���¬�ª½¥��°©�¡d§_¤�»
� ¬�ªW©�Æ�¨Â«�	���� £�®÷§�¥�ÿ{¤{����¨�ª�­�³�ªW­µ¯h�°¢,«�¬{ª�±�®²ª¸��¯
«\¬�ª¸¡d��� ª�¢<®�±�¡�¡�¨Â»�ü
�69��_9�5A9�%8+ 9��
��������� ����!"!"#��%$'&�(')*( $'+-, ./��01$2&�( $'./���43657, ��5789!"!"#��%$;:�(=<?>A@/@�B7CD(FE2G/#/, �IHJ0 #��K#ML

HONI5P57, 57QDHJ89#��R57�I5789S/TK� 0 !"HO8"0 U��IHJ0 #I�V.I���KHONI5XW , .M!O��.RW .M8".I�Y5ZH"5789!*0 �V.
W���, !"57�[��.MSI�I5ZHJ89#��\� 0 !JQDN�.M8"SM5/(F]_^I^ ` acb"dKe6f/g/h"a?iDhXj2bOk1k9bJlDhD$;mMn�o pAq�>Mm�rKpAqI>Ms�(

��������� ����!"!"#��%$'&�(')*( $'+-, ./��01$2&�( $'./���43657, ��5789!"!"#��%$;:�(=<?>A@/@/>MCD(Ft�W .MHJ0 ./,2./���
H"5A�PW #I8".M,2U�5AN�.ZG 0 #/8_#MLuHONI5XW , .A!D��.RW .M8J./�Y5ZH"5789!*0 �V.RW���, !"57�4�P.ASI�I5ZHJ8"#I�
� 0 !JQDN�.M89S/5/(-v w l?xDy/iDb\y7z;d�{6|7yMk a z�}AhV~2b"iDf/z;|/` |O}7gI$uBZ� BMo >Aq/s7r >M�M��(

�I�


