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OVERVIEW

1. H source (Reza)

2. Decelerators (Colin)

3. Benders (Colin)

1200 m/s →300 m/s

300 m/s →20 m/s

4. Control Electronics (Tony)

5. H Detection via LyA (Reza)
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OVERVIEW

1. H Source Pure H2 or H2 in Ne or He supersonic expansion

Pulsed gas valve  (20 - 100 us opening) : beam length 2 - 8 cm　 at 800 m/s

 Supersonic beam 30 % H2 in Ne at 100 K, 10 bar : 830 m/s  ± 15 m/s H2 density

"skimmer"  12 mm at 30 cm
<latexit sha1_base64="vsT5m4rKHpxUDepSbzS2NCe8u3Y=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQmoi0roRim5cVrAPaEKYTCft0JkkzEyKJWTnxl9x40IRt/6CO//GaZuFtp7LhcM59zJzjx8zKpVlfRuFpeWV1bXiemljc2t7x9zda8koEZg0ccQi0fGRJIyGpKmoYqQTC4K4z0jbH95M/PaICEmj8F6NY+Jy1A9pQDFSWvLMw5GXxkTEp5Cjh+zKrkFHV+oIDvmZzDyzbFWsKeAisXNSBjkanvnl9CKccBIqzJCUXduKlZsioShmJCs5iSQxwkPUJ11NQ8SJdNPpHRk81koPBpHQHSo4VX9vpIhLOea+nuRIDeS8NxH/87qJCi7dlIZxokiIZw8FCYMqgpNQYI8KghUba4KwoPqvEA+QQFjp6Eo6BHv+5EXSOq/Y1Ur17qJcv87jKIIDcAROgA1qoA5uQQM0AQaP4Bm8gjfjyXgx3o2P2WjByHf2wR8Ynz/w/5gX</latexit>

vperp,max = 17 m/s

30 % H2 in He at 30 K, 10 bar :  670 m/s  ± 10 m/s H2 density
<latexit sha1_base64="verynHSJIC+jl0wCfBIs0hF9Is0=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFc1USluiy6cVnBPqCJZTKdtENnkjBzI5SQlRt/xY0LRdz6De78G6ePhbaeYeBwzr3ce0+QCK7Bcb6thcWl5ZXVwlpxfWNza9ve2W3oOFWU1WksYtUKiGaCR6wOHARrJYoRGQjWDAbXI7/5wJTmcXQHw4T5kvQiHnJKwEgd+6DiAZdMY9e5z9yzHHvmZZ6S+ITSvGOXnLIzBp4n7pSU0BS1jv3ldWOaShYBFUTrtusk4GdEAaeC5UUv1SwhdEB6rG1oRMxoPxufkeMjo3RxGCvzI8Bj9XdHRqTWQxmYSkmgr2e9kfif104hvPQzHiUpsIhOBoWpwBDjUSa4yxWjIIaGEKq42RXTPlGEgkmuaEJwZ0+eJ43TslspV27PS9WraRwFtI8O0TFy0QWqohtUQ3VE0SN6Rq/ozXqyXqx362NSumBNe/bQH1ifP1f2lyc=</latexit>

6⇥ 1013 /cc

<latexit sha1_base64="jlzd0affZh1QGoPQVLPGQ+XSRWU=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqs5UqS6LblxWsA/ojCWTZtrQJDMkGaEMs3Ljr7hxoYhbv8Gdf2PazkJbTwgczrmXe+8JYkaVdpxvq7C0vLK6VlwvbWxube/Yu3stFSUSkyaOWCQ7AVKEUUGammpGOrEkiAeMtIPR9cRvPxCpaCTu9DgmPkcDQUOKkTZSzz6seppyoqDr3KfuWQY981JPcniKcdazy07FmQIuEjcnZZCj0bO/vH6EE06Exgwp1XWdWPspkppiRrKSlygSIzxCA9I1VCAz2k+nZ2Tw2Ch9GEbSfKHhVP3dkSKu1JgHppIjPVTz3kT8z+smOrz0UyriRBOBZ4PChEEdwUkmsE8lwZqNDUFYUrMrxEMkEdYmuZIJwZ0/eZG0qhW3VqndnpfrV3kcRXAAjsAJcMEFqIMb0ABNgMEjeAav4M16sl6sd+tjVlqw8p598AfW5w9Rdpcj</latexit>

2⇥ 1013 /cc

<latexit sha1_base64="Higle+J4aVOO2oheifFkdwKrUNg=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0URhJIUqS6LbrKsYB/QhDCZTtuhk0yYmSgl9A/c+CtuXCji1q07/8ZJmoW2nsuFwzn3MnNPEDMqlWV9G6WV1bX1jfJmZWt7Z3fP3D/oSJ4ITNqYMy56AZKE0Yi0FVWM9GJBUBgw0g0mN5nfvSdCUh7dqWlMvBCNIjqkGCkt+eZp6ooQQuj4dehmJehorJAQ/AHmggPPoTPzzapVs3LAZWIXpAoKtHzzyx1wnIQkUpghKfu2FSsvRUJRzMis4iaSxAhP0Ij0NY1QSKSX5vfM4IlWBnDIhe5IwVz9vZGiUMppGOjJEKmxXPQy8T+vn6jhlZfSKE4UifD8oWHCoOIwCwcOqCBYsakmCAuq/wrxGAmElY6wokOwF09eJp16zW7UGrcX1eZ1EUcZHIFjcAZscAmawAEt0AYYPIJn8ArejCfjxXg3PuajJaPYOQR/YHz+ABmUmY4=</latexit>

H2 ! H+H (expected efficiency  > 10 %) H density (target) 
<latexit sha1_base64="RijSdz/FX/O8AQK0Xs1emAd81FA=">AAACBnicbVDLSgMxFM34rPU16lKEYBFc1UmR6rLoxmUF+4DOWDJppg1NMkOSEcrQlRt/xY0LRdz6De78G9N2Ftp6QuBwzr3ce0+YcKaN5307S8srq2vrhY3i5tb2zq67t9/UcaoIbZCYx6odYk05k7RhmOG0nSiKRchpKxxeT/zWA1WaxfLOjBIaCNyXLGIEGyt13SPkGyaohsi7z1BlDH37Ml8JeEbIuOuWvLI3BVwkKCclkKPedb/8XkxSQaUhHGvdQV5iggwrwwin46KfappgMsR92rFUYjs6yKZnjOGJVXowipX90sCp+rsjw0LrkQhtpcBmoOe9ifif10lNdBlkTCapoZLMBkUphyaGk0xgjylKDB9ZgolidldIBlhhYmxyRRsCmj95kTQrZVQtV2/PS7WrPI4COATH4BQgcAFq4AbUQQMQ8AiewSt4c56cF+fd+ZiVLjl5zwH4A+fzB05DlyE=</latexit>

1⇥ 1012 /cc

H generation: plate discharge  at >2.5 kV 

<latexit sha1_base64="80oegN3+XwB3eu7eQsIppf3jzv0=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlKhwsBQwcJYJPqQmihyXKe1ajuR7VRUUQcWfoWFAYRY+Qg2/ga3zQAt5+pKR+fcK/ueMGFUacf5tlZW19Y3Ngtbxe2d3b19++CwpeJUYtLEMYtlJ0SKMCpIU1PNSCeRBPGQkXY4vJn67RGRisbiXo8T4nPUFzSiGGkjBXZpFGTogSI2uYJVB3qmMk9yyM/UJLDLTsWZAS4TNydlkKMR2F9eL8YpJ0JjhpTquk6i/QxJTTEjk6KXKpIgPER90jVUIE6Un82OmMATo/RgFEvTQsOZ+nsjQ1ypMQ/NJEd6oBa9qfif1011dOlnVCSpJgLPH4pSBnUMp4nAHpUEazY2BGFJzV8hHiCJsDa5FU0I7uLJy6RVrbi1Su3uvFy/zuMogBI4BqfABRegDm5BAzQBBo/gGbyCN+vJerHerY/56IqV7xyBP7A+fwCsSJbY</latexit>

vaxial < 20 m/s

3



Supersonic beam

nozzle skimmer

Adiabatic expansion: conservation of total enthalpy

directed mass flow maximum velocity
<latexit sha1_base64="ihJhW8896B+1fjZlrXZsOFu0Spg=">AAACI3icbZDLSsNAFIYn9VbrrerSzWAR6qYkRaoIQrGbLiv0Bk0Jk+mkHTqTxJlJsYS8ixtfxY0Lpbhx4bs4TbvQ1gMDP/93DmfO74aMSmWaX0ZmY3Nreye7m9vbPzg8yh+ftGUQCUxaOGCB6LpIEkZ90lJUMdINBUHcZaTjjmtz3pkQIWngN9U0JH2Ohj71KEZKW07+duLEHD0ld7Z8FCq2PYFwXK4Xm455mcQ8WQE1J4QapcTJF8ySmRZcF9ZSFMCyGk5+Zg8CHHHiK8yQlD3LDFU/RkJRzEiSsyNJQoTHaEh6WvqIE9mP0xsTeKGdAfQCoZ+vYOr+nogRl3LKXd3JkRrJVTY3/2O9SHk3/Zj6YaSIjxeLvIhBFcB5YHBABcGKTbVAWFD9V4hHSKehdKw5HYK1evK6aJdLVqVUebgqVO+XcWTBGTgHRWCBa1AFddAALYDBM3gF7+DDeDHejJnxuWjNGMuZU/CnjO8fcnelYg==</latexit>

vmax =

r
2H(T0)

m
=

r
2CpT0

m

<latexit sha1_base64="hvYFsFr5p8IwsEIgPbyCY9qmg0Q=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1WPRi8cK9gPapWTTbBuaZEOSLZalP8KLB0W8+nu8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bJkk1oQ2S8ES3I2woZ5I2LLOctpWmWESctqLR3cxvjak2LJGPdqJoKPBAspgRbJ3UGvcygZ+mvVLZr/hzoFUS5KQMOeq90le3n5BUUGkJx8Z0Al/ZMMPaMsLptNhNDVWYjPCAdhyVWFATZvNzp+jcKX0UJ9qVtGiu/p7IsDBmIiLXKbAdmmVvJv7ndVIb34QZkyq1VJLFojjlyCZo9jvqM02J5RNHMNHM3YrIEGtMrEuo6EIIll9eJc3LSlCtVB+uyrXbPI4CnMIZXEAA11CDe6hDAwiM4Ble4c1T3ov37n0sWte8fOYE/sD7/AHDhI/e</latexit>vmax

<latexit sha1_base64="3hwplwCPHNeW0ZtVwg3eNVEcUNA=">AAAB/3icbZDLSgMxFIbP1Futt1HBjZtgEeqmzIhUN0LRjRuhgr1AO5RMmmlDMxeSTLGMXfgqblwo4tbXcOfbmGlnoa0HEj7+/xxy8rsRZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvYYMY0FonYQ8FC0XS8pZQOuKKU5bkaDYdzltusPr1G+OqJAsDO7VOKKOj/sB8xjBSktd8+C29HBy2fEEJslI4yTB6d01i1bZmhZaBDuDImRV65pfnV5IYp8GinAsZdu2IuUkWChGOJ0UOrGkESZD3KdtjQH2qXSS6f4TdKyVHvJCoU+g0FT9PZFgX8qx7+pOH6uBnPdS8T+vHSvvwklYEMWKBmT2kBdzpEKUhoF6TFCi+FgDJoLpXREZYJ2F0pEVdAj2/JcXoXFativlyt1ZsXqVxZGHQziCEthwDlW4gRrUgcAjPMMrvBlPxovxbnzMWnNGNrMPf8r4/AGXp5U2</latexit>

M(x) =
v(x)

a(x)

Mach number

<latexit sha1_base64="oIik1v8ZsYSCROfL9jiV5Uh8rm8=">AAACCXicbVA9SwNBEN3zM8avqKXNYhBiE+5Eoo0QtLGMki/IhTC32UuW7N6du3tCOK618a/YWChi6z+w89+4Sa7QxAcDj/dmmJnnRZwpbdvf1tLyyuraem4jv7m1vbNb2NtvqjCWhDZIyEPZ9kBRzgLa0Exz2o4kBeFx2vJG1xO/9UClYmFQ1+OIdgUMAuYzAtpIvQKGUv3k0lX3UieuL4Ek7gCEAHyH62ki0rRXKNplewq8SJyMFFGGWq/w5fZDEgsaaMJBqY5jR7qbgNSMcJrm3VjRCMgIBrRjaACCqm4y/STFx0bpYz+UpgKNp+rviQSEUmPhmU4BeqjmvYn4n9eJtX/RTVgQxZoGZLbIjznWIZ7EgvtMUqL52BAgkplbMRmCyUOb8PImBGf+5UXSPC07lXLl9qxYvcriyKFDdIRKyEHnqIpuUA01EEGP6Bm9ojfryXqx3q2PWeuSlc0coD+wPn8ABTqZ8Q==</latexit>

a(T ) =

r
�RT

m

Speed of sound

Terminal Mach number
<latexit sha1_base64="/a0UnyIL9llMCf097JG6Ne+APkI="></latexit>

MT = G(
p
2�⇢0D✏)

��1
�

<latexit sha1_base64="tdy5cBUx22e49sInllEMc7AaEZY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn/GPLg==</latexit>� effective cross section
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>� heat capacity ratio

<latexit sha1_base64="WXL/N+uZ4pa1foqln113pUKyBmI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5r7jNM=</latexit>

D nozzle orfice diameter
<latexit sha1_base64="op3cxAPgh/uW6C5iz9nDG7iuGX8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1enqk+n6/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MbXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia1Kq1+8tK/SaPowgncArnEMAV1OEOGtAEAo/wDK/w5invxXv3PhatBS+fOYY/8D5/AEmIjvU=</latexit>⇢0 stagnation density

<latexit sha1_base64="w9hvxVEtH0CwHtdl/UDboK03PwY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBQY5Ar</latexit>✏
<latexit sha1_base64="8DsWlPjpfee24a6GpeHlh2caBls=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUq5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5+HjNY=</latexit>

G

collision efficiency

<latexit sha1_base64="XCvHw8dRcEAKf2INpStUs9lVmMg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EiHlBsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbmd+6wmV5rGsm3GCfkQHkoecUWOlx/tevVcsuWV3DrJKvIyUIEOtV/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0L8pepVx5uCxVb7I48nACp3AOHlxBFe6gBg1gMIBneIU3RzgvzrvzsWjNOdnMMfyB8/kDAsyNow==</latexit>

MT
<latexit sha1_base64="MTzG7Ffmhixz6gKX3OHkTY/ix0Y=">AAACBXicbVDLSsNAFJ34rPUVdamLYBEqYkmKVDdC0Y0boYJ9QBPLZDpph85MwsxELCEbN/6KGxeKuPUf3Pk3TtsstPXAhcM593LvPX5EiVS2/W3MzS8sLi3nVvKra+sbm+bWdkOGsUC4jkIaipYPJaaE47oiiuJWJDBkPsVNf3A58pv3WEgS8ls1jLDHYI+TgCCotNQx95rnzpEbCIgStwcZg8dOmpTT6+LD4V25Yxbskj2GNUucjBRAhlrH/HK7IYoZ5gpRKGXbsSPlJVAogihO824scQTRAPZwW1MOGZZeMv4itQ600rWCUOjiyhqrvycSyKQcMl93Mqj6ctobif957VgFZ15CeBQrzNFkURBTS4XWKBKrSwRGig41gUgQfauF+lBHonRweR2CM/3yLGmUS06lVLk5KVQvsjhyYBfsgyJwwCmogitQA3WAwCN4Bq/gzXgyXox342PSOmdkMzvgD4zPH19Ulzs=</latexit>

W = 1 +
� � 1

2
M(x)2

<latexit sha1_base64="eFrHk+Y+LQvj1hvzU93fJTaQGDs=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbAaDEAvDrki0EYI2lhHygmQNs5PZZMjsg5lZMSzb+Cs2ForY+hl2/o2TZAtNPHDhcM693HuPG3EmlWV9G7ml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPRdrGknAW0oZjitB0Jin2X05Y7upn4rQcqJAuDuhpH1PHxIGAeI1hpqWcedD2BSVIvPZ6kSb1npVet++TUTntm0SpbU6BFYmekCBlqPfOr2w9J7NNAEY6l7NhWpJwEC8UIp2mhG0saYTLCA9rRNMA+lU4yfSBFx1rpIy8UugKFpurviQT7Uo59V3f6WA3lvDcR//M6sfIunYQFUaxoQGaLvJgjFaJJGqjPBCWKjzXBRDB9KyJDrBNROrOCDsGef3mRNM/KdqVcuTsvVq+zOPJwCEdQAhsuoAq3UIMGEEjhGV7hzXgyXox342PWmjOymX34A+PzB6Cxlcw=</latexit>

T (x)

T0
= W�1

<latexit sha1_base64="27EyejSXEvD0gPr/2CbkkEVgakE=">AAACF3icbZDLSsNAFIYn9VbrLerSTbAIddGQiFQ3QtGNywr2Ak0Mk+mkHTqThJmJWELewo2v4saFIm5159s4TbPQ1gMDH/9/DmfO78eUCGlZ31ppaXllda28XtnY3Nre0Xf3OiJKOMJtFNGI93woMCUhbksiKe7FHEPmU9z1x1dTv3uPuSBReCsnMXYZHIYkIAhKJXm66QQcotTho6j2cJzl4FnZRfcurc8sW4lDyBis21nm6VXLtPIyFsEuoAqKann6lzOIUMJwKBGFQvRtK5ZuCrkkiOKs4iQCxxCN4RD3FYaQYeGm+V2ZcaSUgRFEXL1QGrn6eyKFTIgJ81Ung3Ik5r2p+J/XT2Rw7qYkjBOJQzRbFCTUkJExDckYEI6RpBMFEHGi/mqgEVRpSBVlRYVgz5+8CJ0T026YjZvTavOyiKMMDsAhqAEbnIEmuAYt0AYIPIJn8AretCftRXvXPmatJa2Y2Qd/Svv8ATmRn/k=</latexit>

⇢(x)

⇢0
= W� 1

��1

sound 
velocity  at 
the nozzle 
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max 
velocity 
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skimmerM
ach 
number

skimmer 
temp/K

skimmer 
density /m^3

skimmer 
velocity 
deviation ~ 
sqrt(kT/2m}  
m/s

300 K, 2bar
He 1019.13 1765.19 394.91 5.77E-03 4.13E+18 2.45
Ne 453.91 786.20 394.91 5.77E-03 4.13E+18 1.09
H2 1316.23 2943.17 64.85 3.56E-01 2.38E+18 27.11

100K, 10 bar

30% H2 in Ne 827.51 3.70E-02 1.66E+18 18.97
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FIG. 2. Velocity distributions obtained for 4He expansions from a reservoir at 300 K, 
normalized to a peak value of unity. The Maxwell-Boltzmann distribution of atomic 
speeds in the reservoir is labeled MB, the distribution of velocities along the centerline of 
an effusive source is labeled ES, and the velocity distributions along the centerline of an 
expansion attaining Mach numbers of 2, 5, 10, 20, and 30 are indicated by the 
designations M = 2, M = 5, etc. 

some point in the expansion, however, the collision frequency drops to such a 
low level that a particular degree of freedom may fall out of equilibrium. This is 
the beginning of the transition from continuum flow to free molecular flow, 
which ultimately leads to gas phase molecules isolated in a (nearly) collision-free 
environment. Generally, rotational relaxation occurs more readily than vibra- 
tional relaxation, and translational energy exchange occurs even more easily than 
rotational relaxation. For these reasons, it is typically the vibrational degrees of 
freedom which fall out o f  equilibrium first, followed by the rotational degrees o f  
freedom. Finally, collisions become so infrequent that translational equilibration 
ceases, and the continuum model becomes invalid. 

Knowing the distribution of velocities, P(o),  and the density, p, at various 
positions downstream, and making some simple assumptions concerning the 
effectiveness of collisional energy transfer, it can be shown that a real supersonic 
expansion will reach a terminal Mach number, MT,  beyond which no hrther 
cooling occurs [ 101. MT has been shown to depend on a constant depending only 
on y (given by G, and listed in Table I), LdD, and a collisional effectiveness 
parameter, E ,  which denotes the maximum fractional change in the mean random 
velocity per collision, giving [ 10, 131 

(2.12) 

1 st Mach disk

Thermal beam

supersonic beam
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Scope 
Generate H beam with > 1012 particles/cc at <900 m/s velocity


Progress 
Confirmed that He and Ne gas discharges would work for H generation.

Optimization is still underway.  Limited cooling test due to the size of the current test 

chamber.


Outlook 
Refrigerated large source chamber ready to test January 2024. 

Test of higher voltage discharge in January 2023

Finalize the nozzle condition by February.


Risks 
Optimization is still underway. Difficult to predict final achievable density. 

Long term stability of the discharge nozzle is unknown

Need to improve laser frequency stability and calibration.

H Source Summary

6



OVERVIEW

2. Decelerator Moving trap decelerator

HAICU design  
1st Decelerator:   12 mm diameter, 2 *4 and 4* 4,  24 AWG
2nd Decelerator:   10 mm diameter, 2 *4 and 4* 4,  26 AWG
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OVERVIEW

3. Bender 1 Halbach array permanent magnets
Page 2 of 9 Eur. Phys. J. D (2016) 70: 19

Fig. 1. Schematic representation of a combined Zeeman
decelerator-ion trap experiment including a bent magnetic
guide; not to scale. A mu-metal cup may be required to shield
the trapped ions from stray magnetic fields (indicated aperture
between ion trap and guide).

may be used to isolate the decelerated particles from the
undecelerated part of the beam. If the different velocity
components are not well-separated after deceleration, as
in the case of a short 12-stage Zeeman decelerator for H
atoms [13,14], a bent magnetic guide represents another
possible way forward. It would both block the precursor
and carrier gas particles and act as a low-pass velocity
filter for the decelerated particles. A possible setup for a
combined Zeeman decelerator-ion trap experiment is illus-
trated in Figure 1.

An expression for the maximum guidable beam veloc-
ity in a curved guide, vz,m, can be obtained by setting the
transverse magnetic force equal to the centripetal force,

vz,m =

√
µR

m

dB(r)
dr

, (1)

where R is the bend radius and dB(r)/dr is the magnetic
field gradient in the transverse direction. Equation (1)
shows that, for a given atom or molecule with a magnetic-
moment-to-mass ratio µ/m, the maximum guidable ve-
locity can be varied by either changing the bend radius
or the transverse magnetic field gradient. The first option
is not practical for a decelerator-ion-trap arrangement, as
it would require a gradual change in the ion trap posi-
tion and laser alignment to ensure that the guided beam
is aimed at the centre of the ion trap (Fig. 1). A magnetic
guide made from current-carrying wires does allow for a
change in the transverse magnetic field gradient, but this
change is too small to enable the manipulation of beams
in the supersonic flow regime unless very high currents
are used. On the other hand, permanent magnets, e.g. in
a hexapole configuration, provide large magnetic field gra-
dients but the magnetic field is not tunable.

There have been various approaches to achieve mag-
netic guiding, either using wire geometries [4,15–20] or
permanent-magnet assemblies [21–26]. However, these
designs did not aim at a variation of the maximum
guidable velocity which is required for the use of
Zeeman-decelerated supersonic beams (typical velocities
between 100–500 m/s in the case of H atoms [13,14]) in
collision-energy-dependent reaction studies in ion traps.

Recently, we were involved in a proposal for a syn-
chrotron for H atoms based on hybrid magnetic lenses
made of both permanent magnets and current-carrying
wires in order to study cold collisions between stored H
atoms and supersonic molecular beams [27]. In the fol-
lowing, we propose a scheme for a bent hybrid magnetic

ri

lh

ro

S N (a) (b)

Fig. 2. (a) Schematic drawing of a Halbach array in hexapole
configuration. (b) Photograph of a mounted Halbach array
built for magnetic guiding and to study particle focusing into a
Zeeman decelerator. The dimensions of the Halbach array and
its aluminium housing are matched to the size of the deceler-
ation coils and the coil blocks in our Zeeman decelerator [14],
respectively.

guide which allows for both high magnetic field strengths
and magnetic field tunability, such that an efficient mag-
netic guiding of H atoms from zero up to the velocity of the
initial supersonic beam (≈500 m/s) can be achieved. The
guide will act as a strong filter for carrier and precursor
gas atoms and H atoms at other, unwanted velocities. As
a magnetic counterpart to an electrostatic velocity filter,
such a guide can also provide an access route to produc-
ing slow beams of paramagnetic atoms and molecules from
supersonic or effusive beam sources.

2 Magnetic field of a hexapole in Halbach
configuration

Hexapole magnets have been used in atomic physics since
the 1950s. The first designs were based on six conduct-
ing wires with currents in alternating directions [28,29]
or electromagnets with iron pole tips [30,31]. In the
1980s, multi-segment, permanent magnet multipole de-
signs were developed to reduce chromatic aberrations af-
fecting the experimental performance of a standard mul-
tipole magnet [32,33]. Magnetic hexapole focusing with
these so-called Halbach arrays has been used in vari-
ous experiments [34–41], and recently, even a magnetic
deflector based on a Halbach configuration has been
demonstrated [42].

The number of segments in a Halbach array is given by
S = m (2n), where n denotes the multipole order and m ∈
N>0 [32]. For our hexapole setup (n = 3), we chose m = 2
yielding a total number of S = 12 segments. Figure 2
shows a schematic representation of such a Halbach array
in hexapole configuration and a photograph of an array
that has been built by Arnold Magnetic Technologies for
our use.

The magnetic field of the Halbach array was mod-
elled using the Radia 4.29 program [43–45] which allows
for three-dimensional magnetostatics simulations, so that
it was possible to estimate the influence of fringe fields
at the end of the multipole magnets as compared to the
two-dimensional, analytical treatment by Halbach [32,33].
The output was fitted to the multipole expansion of the
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dB

dR
⇠ µB

dB

dR
<latexit sha1_base64="12+snhiQmQIhnIE58kIXguFGrHU=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclaT42gilblzWYh/QxDKZTNqhM0mYmRRKyN6Nv+LGhSJu/QF3/o3TNgttPXDhcM693HuPFzMqlWV9Gyura+sbm4Wt4vbO7t6+eXDYllEiMGnhiEWi6yFJGA1JS1HFSDcWBHGPkY43upn6nTERkkbhvZrExOVoENKAYqS01DdLTiAQTjkcP1SztJldOzzp1+eiX89Sv5n1zbJVsWaAy8TOSRnkaPTNL8ePcMJJqDBDUvZsK1ZuioSimJGs6CSSxAiP0ID0NA0RJ9JNZ79k8EQrPgwioStUcKb+nkgRl3LCPd3JkRrKRW8q/uf1EhVcuSkN40SREM8XBQmDKoLTYKBPBcGKTTRBWFB9K8RDpHNQOr6iDsFefHmZtKsV+6JyfndWrtXzOArgGJTAKbDBJaiBW9AALYDBI3gGr+DNeDJejHfjY966YuQzR+APjM8fQyWbNg==</latexit>

mv2

R
= µB

dB

dR
Maximum velocity

<latexit sha1_base64="M0HRD42tfisEgV5pK/ZjUr6CO3c=">AAACD3icbZC7TsMwFIadcivlFmBkiahATFWCuC1IVVkYS0UvUhNFjuO0Vm0n2E6lKsobsPAqLAwgxMrKxtvgXgZo+SVLn/5zjo7PHySUSGXb30ZhaXllda24XtrY3NreMXf3WjJOBcJNFNNYdAIoMSUcNxVRFHcSgSELKG4Hg5txvT3EQpKY36tRgj0Ge5xEBEGlLd88Hl678kGozGWpX3MjAVHWyDOWTzGs5VnYyHPfLNsVeyJrEZwZlMFMdd/8csMYpQxzhSiUsuvYifIyKBRBFOclN5U4gWgAe7irkUOGpZdN7smtI+2EVhQL/biyJu7viQwyKUcs0J0Mqr6cr43N/2rdVEVXXkZ4kirM0XRRlFJLxdY4HCskAiNFRxogEkT/1UJ9qINQOsKSDsGZP3kRWqcV56JyfndWrtZmcRTBATgEJ8ABl6AKbkEdNAECj+AZvII348l4Md6Nj2lrwZjN7IM/Mj5/AM5Cncw=</latexit>

v =

r
µB

R

m

dB

dR

<latexit sha1_base64="n3rajPs6vfr/6IvPkDTi9NAmRfA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4ColU60YodeOyFvuAJpTJZNIOnUzizEQoIeDGX3HjQhG3/oQ7/8bpY6GtBy4czrmXe+/xE0alsu1vY2l5ZXVtvbBR3Nza3tk19/ZbMk4FJk0cs1h0fCQJo5w0FVWMdBJBUOQz0vaH12O//UCEpDG/U6OEeBHqcxpSjJSWeubhVaVsVVx5L1TWcEOBcBbU8ixo5HnPLNmWPQFcJM6MlMAM9Z755QYxTiPCFWZIyq5jJ8rLkFAUM5IX3VSSBOEh6pOuphxFRHrZ5IccnmglgGEsdHEFJ+rviQxFUo4iX3dGSA3kvDcW//O6qQovvYzyJFWE4+miMGVQxXAcCAyoIFixkSYIC6pvhXiAdBBKx1bUITjzLy+S1pnlXFjnt+VStTaLowCOwDE4BQ6ogCq4AXXQBBg8gmfwCt6MJ+PFeDc+pq1LxmzmAPyB8fkDgbeXeg==</latexit>

= 74.7

r
R
dB

dR

for
<latexit sha1_base64="5gQK2x6QZQ3qs5tFIVaZAB2slZ0=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCXjxGNAskQ+jp9CRNehm6e4Qw5BO8eFDEq1/kzb+xk8xBow8KHu9VUVUvSjgz1ve/vMLS8srqWnG9tLG5tb1T3t1rGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVJtmJIPdpzQUOCBZDEj2DrpXlwFvXLFr/ozoL8kyEkFctR75c9uX5FUUGkJx8Z0Aj+xYYa1ZYTTSambGppgMsID2nFUYkFNmM1OnaAjp/RRrLQradFM/TmRYWHMWESuU2A7NIveVPzP66Q2vgwzJpPUUknmi+KUI6vQ9G/UZ5oSy8eOYKKZuxWRIdaYWJdOyYUQLL78lzRPqsF59ezutFK7zuMowgEcwjEEcAE1uIU6NIDAAJ7gBV497j17b977vLXg5TP78AvexzfKdY19</latexit>

m = 1
<latexit sha1_base64="YamSoswm5FttwWUwZt9pJvVkpN4=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVBKECmNVFsaC+pKaqnIcp7VqO5HtIFVRvoCFX2FhACFWZjb+BrfNAC3n6kpH59wr+x4/ZlRpx/m2CmvrG5tbxe3Szu7e/oF9eNRRUSIxaeOIRbLnI0UYFaStqWakF0uCuM9I15/czPzuA5GKRqKlpzEZcDQSNKQYaSMN7YoXSoTToJGlwX3mjQh0XQdCz1TqSQ5b8BzybGiXnaozB1wlbk7KIEdzaH95QYQTToTGDCnVd51YD1IkNcWMZCUvUSRGeIJGpG+oQJyoQTo/J4MVowQwjKRpoeFc/b2RIq7UlPtmkiM9VsveTPzP6yc6vB6kVMSJJgIvHgoTBnUEZ9nAgEqCNZsagrCk5q8Qj5HJR5sESyYEd/nkVdK5qLq1au3uslxv5HEUwQk4BWfABVegDm5BE7QBBo/gGbyCN+vJerHerY/FaMHKd47BH1ifP8AumgE=</latexit>

dB

dR
� 110 T/m <latexit sha1_base64="DLYQkdwM3IyUwmbfCE/NQgETms4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiYq1YWLohuXFewDklAm00k7dGYSZiaFEOqvuHGhiFs/xJ1/47TNQqsHLhzOuZd77wkTRpV2nC+rtLK6tr5R3qxsbe/s7tn7Bx0VpxKTNo5ZLHshUoRRQdqaakZ6iSSIh4x0w/HtzO9OiFQ0Fg86S0jA0VDQiGKkjdS3q5NreN5wfJj7kkOPn6pg2rdrTt2ZA/4lbkFqoECrb3/6gxinnAiNGVLKc51EBzmSmmJGphU/VSRBeIyGxDNUIE5UkM+Pn8JjowxgFEtTQsO5+nMiR1ypjIemkyM9UsveTPzP81IdXQU5FUmqicCLRVHKoI7hLAk4oJJgzTJDEJbU3ArxCEmEtcmrYkJwl1/+SzpndbdRb9xf1Jo3RRxlcAiOwAlwwSVogjvQAm2AQQaewAt4tR6tZ+vNel+0lqxipgp+wfr4BpCHk3U=</latexit>

v < 360 [m/s] at
<latexit sha1_base64="e880e9pNDEqT+xu9/SxDWWZbOYM=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUmKVDdC0Y3LKvYBTSiT6bQdOpOEmYlYQn7FjQtF3Poj7vwbp20W2nouFw7n3MvcOUHMmdKO820V1tY3NreK26Wd3b39A/uw3FZRIgltkYhHshtgRTkLaUszzWk3lhSLgNNOMLmZ+Z1HKhWLwgc9jakv8ChkQ0awNlLfLt9f1RwHeaZSTwokRNa3K07VmQOtEjcnFcjR7Ntf3iAiiaChJhwr1XOdWPsplpoRTrOSlygaYzLBI9ozNMSCKj+d356hU6MM0DCSpkON5urvjRQLpaYiMJMC67Fa9mbif14v0cNLP2VhnGgaksVDw4QjHaFZEGjAJCWaTw3BRDJzKyJjLDHRJq6SCcFd/vIqadeqbr1avzuvNK7zOIpwDCdwBi5cQANuoQktIPAEz/AKb1ZmvVjv1sditGDlO0fwB9bnD3a4ktA=</latexit>

R = 200 mm8



OVERVIEW

3. Bender 2 quadrupole
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<latexit sha1_base64="3zvVwRduvDKgR7pLvUnXXwXJ1xY=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVU2kPjZCqRuXVfqCJpTJZNIOnUnCzEQoIRs3/oobF4q49R/c+TdO2yy09cCFwzn3cu89XsyoVJb1bRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10OSMBqSlqKKkW4sCOIeIx1vdDPxOw9ESBqFTTWOicvRIKQBxUhpqW8eOoFAOPXrWerfZ9fVKkwdwaEDm6c865tlq2JNAReJnZMyyNHom1+OH+GEk1BhhqTs2Vas3BQJRTEjWclJJIkRHqEB6WkaIk6km06/yOCxVnwYREJXqOBU/T2RIi7lmHu6kyM1lPPeRPzP6yUquHJTGsaJIiGeLQoSBlUEJ5FAnwqCFRtrgrCg+laIh0jHonRwJR2CPf/yImmfVeyLyvldtVyr53EUwQE4AifABpegBm5BA7QABo/gGbyCN+PJeDHejY9Za8HIZ/bBHxifP/M7l5U=</latexit>

dB

dR
= 44 T/m

<latexit sha1_base64="IeKFIGKpH/mQblFxqETlS9u9MZw=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVROx1YWLohuXFewDklAm00k7dGYSZiaFGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+YMKq043xbS8srq2vrhY3i5tb2zq69t99UcSoxaeCYxbIdIkUYFaShqWaknUiCeMhIKxzcTvzWkEhFY/GgRwkJOOoJGlGMtJE69uHwGrqVKvRh5ksOPX6mgnHHLjllZwq4SNyclECOesf+8rsxTjkRGjOklOc6iQ4yJDXFjIyLfqpIgvAA9YhnqECcqCCbXj+GJ0bpwiiWpoSGU/X3RIa4UiMemk6OdF/NexPxP89LdXQVZFQkqSYCzxZFKYM6hpMoYJdKgjUbGYKwpOZWiPtIIqxNYEUTgjv/8iJpnpfdarlyf1Gq3eRxFMAROAanwAWXoAbuQB00AAaP4Bm8gjfryXqx3q2PWeuSlc8cgD+wPn8A7ZiToQ==</latexit>

v < 156 [m/s]

<latexit sha1_base64="3iJu1WB1uKN9dFEbO0Cn91TF560=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUnE10YounFZxT6gCWUynbRDZ5IwMxFLyK+4caGIW3/EnX/jtM1CqwcuHM65l3vvCRLOlHacL6u0tLyyulZer2xsbm3v2LvVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8fXU7zxQqVgc3etJQn2BhxELGcHaSH27eocukes4KPOkQB4SIu/bNafuzID+ErcgNSjQ7Nuf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b3Z6jQ6MMUBhLU5FGM/XnRIaFUhMRmE6B9UgtelPxP6+X6vDCz1iUpJpGZL4oTDnSMZoGgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzFl/+S9nHdPauf3p7UGldFHGXYhwM4AhfOoQE30IQWEHiEJ3iBVyu3nq03633eWrKKmT34BevjGxgQkpI=</latexit>

R = 100 mm
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Scope 
The 1st decelerator 900 m/s →350 m/s,  and the 2nd decelerator 350 m/s →20 m/s.


Progress 
Finalized the decelerator and the bender design.  Confirmed that the trap moves smoothly.  

Ordered all necessary electrical components. Mechanical design almost completed


Outlook 
Finalize the mechanical design by January. Installation of all mechanical components in February.

Install and assemble all electrical components in February.

Deceleration test in early March. Optimization during the summer.

Benders will be tested in January (with CH3)


Risks 
No design risk.

A lot of man power will be needed in February for assembly.

The bender performance is not well characterized (until January).


Decelerator and Bender Summary
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OVERVIEW

4. Control Electronics
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Scope 
32 TuneBox Sets are required for 900 m/s (each Tunebox drives every 32nd trap). 

4 banks of discharge boards are needed to provide 32 busbar paths along the decelerator

4 FPGA based MLDs (72 output high speed digital pattern generators) drive tuneboxes and discharge 

boards.


Progress 
The 1st generation system is running in Momose Lab.

Parts for the 2nd generation are on order. TRIUMF group is migrating current FPGA firmware and PC 

Side code to Ethernet (currently using USB). 


Outlook 
Assembled and ready to test by March.


Risks 
FPGA firmware and PC software development has no set schedule or dedicated resources in the 

TRIUMF Electronics Development group.

Need to request >20% FTE of Bryerton between January and March to obtain the new program by the 

end of March.

How to combine with other controls


Electronics and System Control Summary
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Outlook 
Momose group  will test the deceleration and trapping during the summer time.


Risks 
Relocation from UBC to TRUMF requires a lots of man power.  When can we move our system to 

TRIUMF?  Likely Nov 2024, after the 2024 CERN beam time?


Summary
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