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I .. INTRODUCTION 
:· ,.: ,- , . , ·,, ;''' . •':·. ),,·, ,q, ,_·. ! ; •-:',,,·'\I J<~ ·,:'"{\'.,I" 'i .:._·; ·-~ ~: :-' f 

Due to the large energy release during rccombination'thc flux of hydrogen isotopes from 

a' di~sociaior' ~ be determfued' cai~rhnctrically. For'~wilp1c, ~ydibfen -~~ ~b~ to 

m_olecuies under' aii'eneigy rclem of 4:48cV/molechlci Thi~ ~gy is'cs'sc~lially:highcr diari. 
. ' . . 

both'thdr kinetic cricrgy of about 25 ineV/molccule (for :100 ic5ahd :thcir-su~liiriaui~·energf~f 

'/'·:~·., i·;.,·~·-•• 1.,'·;t:,-. , .• _;. · '1 -..,· ·,,·,' ;:.,1.~·•,,~.•.q ·,,•,;.,,_,c··~.-Y~t··:<::' .. ,•·~··•":)' 

' . 'In our apparaiu~'(sce: Fig.1] the hydrogen gas recombinei at a liquid-helium cooled 

. coppels~~:; Mter"losi~g i~ recorilb~tiori CllCJJY: in"fu.iltip~ l¥all 1~oi~i~-:~~~~~- . 
'' I •.,,· ·' '· • ' '•.·, ,'j J,, • . ' . · '".· •' •· .• > ,,,.., "/' ·' .•_' • ,/••;':'.;, , ; t)".{.~-•:t,·~ ' ,,•; 

hydrogen (HJ freezes· out at the surface. Thus by cryopumping the hydrogen vapor picssun: is·. 

. . . 
. . ·.~:··~ .~., .:.;-. ~~.-·:,,, ... ,.,. :· .• \. ::·,, .. ;_ .·, '. ,·:~ \,:·~•;•·:,·,, -. _;,,: .. •,; __ .,:,:; .. ,,f, •. ·t:'/.,':' .. 1'1~..: .. /;~, 

recombmanon energy tS 'determmed by measunng the increase of the He ev~on ra~ from _ 

the heliu~ . ba~ 'duririg 'the operation ~r° the cli~wr. : Without i~ '.~~t ~· 
'background' ~vaporation rate of the used He dewar is about 1 Vmiri ~~gu,I'hcat 

·- ' ~ -, I ' • J .' ' • t ; ' . • ' ; • . ' ; : ' " ' , . ' , . ' . . "' •. ·, : . '; " . ' ' ~. l '' . ... •. ," - . } . ' ' . ·, ' : '~ 

input of about 62 mW. With installed ciyostat this value increases to' 73:.92 mW depending on 

the:H~ level in the dewar. We expect iui'additional;hcai ~put P~~'by recombinlUi~ ~f H ·. 

atoms 

(1) 
.• ;. ·<r·.i f 

/ 

(2) 
, f ' .. ' ·,, ' ' ' '~ ; ._. l .- . , . C., , :, t ': " "; , ~- ' -,• ~, ., : • '\ .. , '. ,; • ',,.'.I l 

Here I;.= 4.48 eV/molecule is the specific rec:ombination energy, £ is the efficiency of the 

·, dissociation and the transport of atoms to the cryosurface, ~ is lhe "2 flow into the dissociator 

and CZ,.. is the atom flow to the cryosurface. E.g. for~= l ·1017,H/s F.q. (1) yields P8 =:= e · 72 

~ " ----· ---
{
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mW. Thus we expect changes of the He evaporation from the dewar in the range of the 

'background' evaporation rate for cl\u > 1017,HJs. 

<·,, '--1 ... •r'. 

IL THE EXPERIMENT AL AJ>PARATUS ,·, .. 
),:.;· :·~•.•!° .;,__' ., .'.•,~ ~ . ,.., • .... -- ~-,_,I ..; •'·· •··. 

\:",.,.'.'.., 

The schematic diagram of the apparatus is given in Fig.I. It is especially designed to 
\,:/,'' •• ~ ~. ' .1· '.... ~. • . < • "' ... -· ' ••• , ~ , • ' • ' ' 

detenninc the efficienq of a dissociator separately, i.e,, before. i~ ,employmenUn other · 
l' ;; ii: -~-'. ·· r'"i: - ' ,· · . : '· .. , . ,· . . · ' , -. . .. ',· . 

experiments. The <ijssociator is· instaJied at the top of the cryostat., for our measurements we have ., · r·•\;.t.·.:,,:~_,·.r .. ,~,:-··~.-··•-.1-.,,. , .. ~ ·. . . . . 

used two different dissociators. The 2.45 GHz microwave dissociator and the molecular hydrogen : 

feed system are descri~. \nm~ detail in JV .. Molcfµlar,hy~gen is supplied fr.Qm a calibrated 
: ~:."l' :(··. • i\;-~-·- •t :" -·. , .,:- , • ,• -- ,. • ,. , •• . ..• 

storage volume into the di!!(:hargc tube by an ~l.CC,~Il)~gnctj.c valve, Thc;flow, into the dissociator ; 
':1:s~\J. \ -~· :: ·~'.,/'• ~ ... · ~--. , .• _~ .... ; . _·.;,-.' .. ·, . , • 

is detennined by measuring the decrease of.the gill! pressure: Pm,.in the storage volume (V = 
•. :" -. / '! .. ·•._;- '••1: ~. •', f• • ' : > . . -··. ~ · . .' .· -,(' . - , • ' ' , • , 

3 1). The second used, water cooled rf dissociator is shown in Fig.2. This .dissociator was ,· 
;:~,i :_ .... -, :-r; !. : , .:· : ·- .i, : r... • . " •. - , , . .. . , ' ,-· . , '· , , , , , 

desi~ed after the construe.lion ,used by Luppov ct al. fll. .. It wor~ at a. frequency of 33, MHz. The ;:~1,·••:--,•~ ~ ;,-.~.'~~-·-~. , ... :· ~ ,· .. , ·.- ;. ·: ,:.·• •.,.. . - .'. ! 

rf coil is inductively coupled to. the generator. The. maximUQt rf power output of the used-", 
,,-': ".·:·~ -;.;.-· • '; -~.'·?.;'I~,, .. : . ._:1: - , ... ·:•, :•· . , ,, · ..... , , ·-.~. 

generator is about 300 w'. 
1,, .• ~ .,., ;,, \:'•·.·'"··~1 -.•·•:~; ,,. ~-·- ,.;, , _,, .;, fr, ; ' ·: · . ~ :-1, :· } ,··, • .1" < 

In each construction the dissociated, gas flows .. through.a orificc,into a teflon tube·(inner ·., 
1 ;''j;•-'~;•:~ .. :;··~,'.1:"· •. -.cl·" -~- · .. ·.,. ·-.:",,·: , -,~·, ,·".'···• . ~-- -.• ... · , •. _ .... , . .. . . 

diameter d = 2 : r = 0.9 <;m, length I :;: 80 cm) sen-ed .to gtlide,the gas to the cryogenic surface. 
~ f ! ?~- _.1 ,-' ... ,:,:,,0'~ ;.: ... ''\ . '. ,;··.,,.. . .' ) \ .• ·, .• ,. '.'~.I.·. ,.T ~·, ··- ' • "• . '.,, : 

To stabiliu the tcflon tube mechanically and to prevent thermal contact with the cryostat at low 

temperatures the teflon tube was inserted into a glass tube. This tube has ;1>nly . one thermal 
'!, ·; . . . . 

contacfto the cryostat ·at a point, where the wall temperature is about 100 K. In this way in all 

. experiments the temperature of the teflon tube was kept at a temperature higher ,than 95 K as 
: ·, :- • - ••• , ' ·, < 

me!lsured by- mca_ns of a thermometer at the Jow~ eµd of the teflon. tube. . 
:., \·•::~ ':,>. ~. ,-,•~~•-F~•,, •l,¥~ .:' ·: ,,•.:",.,.' ,-., ... ,.~~,• ,_::•, .~~-••,.~ •: ,.: '-,•;>\ '.'.,••,.> "''- ,,_ ."'':...~ 

i,t,• -..-.. ~· • ._n. ~.,-.--,,, }; :--- ~i•'·; f ;) ->~1: -. t ;,~,:,.~~~ ~.· 

. ~t~ ";':-'.,! . ; .. ~· ."r~· -~. ,:J ::;_ ..... ) .!<i•~-i n.-<n 
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Fo~ <Ila= l ·1018 H/s a maximum density of 2 · 1015 H/cm3 at the upper end of the teflon 

tube is estimated. At this density the mean free path of the H atoms is larger than the tube 

diameter. Under these conditions the transport of the gas can be described using a Knimdsen flow 

model /3/. This model also enables to estimate the recombination losses in the teflon' tube. H 

atoms may recombine in the transport tube due to volume recombination, first- and second-order 

surface recombination. At the above-mentioned density volume recombination and second-order 

surface· recombination can be neglected. The· first-order· recombination probability per w,all 

collision is y = 2 · 10·5 for temperatures higher than liquid-nitrogen temperature. The ratio a. of 
, ' ' 

the hydrogen flow out of the tube to the hydrogen flow into the· tube can be calculated by 

a. ::::: ~ •• ,d <llm =[ cosh (2 · y · NJ112 l 1 
· [3] 

with; 

NC = 3 . 12 
/ 8 . r2 . [4] 

Here N;, is the average number of wall collisions of hydrogen atbms. in the tube: The efficiency 

of the dissociator e~ is given by · 

Ed=C/a.. 
,, ,.,,, ,,. ·1· <' 

',·' .. [5] . 

: ' .• :, ,. . ., < , __ J._,c,·· , .,_r•· .. "" ,_ '· :·. ,._.• , 
In our case Nc = 1.2·HY' is calculated by Eq:[4]: Using Eq. [31 a.=. 0.8 is estimated. Therefore, 

c, is about a factor of 1.25 higlier llian the cfficien~y i~terinineit:iy recombination heating:' 

Bu,t it should be mentioned,'that the real fosscs due,to'i:ecombination ofhy~g~J iri'ili~: teflod 
, ' c ,·,, ,• , , . '. • •: .. ;, , ,.,. ··, ,i. ,',( ,· ' s,•·, 

transport ~be 'can be_ higher than ·estimated,' because. the teflon surface can be deteriorated e:g; 

by oil contaminations, 'what Ieruk to1adecrease ·or a: D~e to tllese riricertainiiet in 
1th6 ~stlci~ti~k 

• • ' .··1 •.- .. ,-' . .i{ y•,·.·.:,:· ,\'"/' ·.; .,~•.;_.; ..-.; .• (· ":.·/ "."",~ \ ".L•i '. :,_:..·:.~~ 
of. a., we use m the followmg only e to descnbe the efficiency of the dissOC1ator. It represents . 

a' lower limit of the' real "efficiciiJy.' in particitlai; this means no ~stri~~oh''fo~ relative 

3 
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' measurements, e.g. for'optimization of the working parameters of"the dissociator. 

The copper pot at the. bottom of the cryostat has a inner surface of A = 100 cm2 and is 

cooled by the He bath .. The pressure .of the hydrogen gas in this copper pot; p, is given by 

p = .Ap + P- . [6] 

with 

.t.p = (TI 300 K)112 * <I>a / (Sa · A). [7] 

Here, P-is the background pressure corresponding to the equilibrium vapor pressure of rt:ozen 

H2, AP is the pressure increase due to the H flow, T is the temperature of the cryosurface and Sa 

is the pumping speed for atomic hydrogen. For T = 4.2 K the background pressure is 1 '. 10-6 Torr 

/4/. For an incoming hydrogen flux <I>a = 1 ·1018 His a pressure increase of Ap =8.2·10:6 Torr is 

calculated by Eq. [7] using Sa= 4.2-1<>2° * exp [(3 - T/K) / 1.12] atoms/(Torr-s-cm2) /2/. Thus, 

by Eq. [6] the total pressure in the copper pot is estimated to be p s; 9.2·W-6 Torr. This value is, 

at least a factor of thousand lower. than the pressure at the upper end of the teflon tube. 

Consequently the pressure at the bottom of the cryostat does not hinder the H transport from the 

dissociator to the cryosurface. 

In order to collect most of the recombination energy in the copper pot, it was clos.ed at 

the top by an annular.disc [see Fig.I]. The inner diameter of the opening of the disc was a~ut 

2 mm larger than the.diameter of the tepon tube, so that the teflon tube fits in without thennal 

contacL. For th,e above calculated pressure of 9.2·1~ Torr, the leakage of H atoms from the 

copper pot into the. cryostat through the gap .between the ~flon tube and the annular disc is . . . ' ' . ' ' . ' . 

estimated to be 5 · 1016 H/s, i.e. 5% of the. incoming flux. . . '.· - . , · .. ·, : . . . ..· : . , . ' 

. 13efore ~tting the cryostat into.the He bath the cryo~tat ~as pumped o,uL TJie ti.me to cool , 
:,- . . . . . '•,• . •, .. . . '. . 
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down our cryostat is about four hours. After this time the evaporation rate reaches ~uilibrium: 

Si~ce the 'background' evaporation rate depends on the He level in the dewar. it has to be 

determined between each measurement. After switching the dissociator on or off it was necessary 

to wait about 15 minutes for setting of equilibrium. The change of the evaporation rate during 

operating the dissociator was measured with an uncertainty of about 0.04 Vmin corresponding to •, 

a . H flow of 1 · 1016 H/s. In order to measure the heat input caused. by thermalization ?nd 

sublimation of the H2 gas we also condensed H2 into the copper pot without operating the 

· dissociator. We found, that this heat input is less than the·above-mentioned uncertainty of our 

measurement up to a flux of_ 1 · 1018 H:zls. 

The .amount of evaporated hel\um. was measured by a. calibrated gas flow meter. 

Furt~ermore, we measured the dependence of the He evaporation rate on the amount of .electrical 

·· · heating power supplied to .a heater mounted at the bottom of the copper recombination pot: .The 
' . ' ' . 

result of this measurement is_ shown in Fig.3. We obseryed, that the gas meter measures only 

about half of the evaporation rate one would expect by calculation from the known electrical heat 
. ' ' ' ,· . ' ' -- '. ,, . 

input [long-dashed line in Fig.3]. Probably, this effect is .caused by a decrease of the 
. .; ," . 

'background' evaporation rate, since forced evaporation of helium increases the gas cooling of 
' ' . . ' , ; ' \ • , "~ , , 

the dewar and the cryostat tube. Thus, .with increasing electrical heat input the 'background' 

· evaporation rate decreases till it is completely compensated by gas cooling. Then, for a heat input 
• - 1 S •' < 

higher than 200 mW, the evaporation rate will follow the short-dashed line inpjg.3. This line 
' .. ' ' ' ... ' . 

shows the calculated result for a cryostat with zero 'background' evaporation. The solid line in' 
C : '•' ' • • ' • \ ~- • • ', ',_ ; : 

Fig.3 represents a fit of the measured values and was used as a calibration curve for the amount 
·. . . ~ ' . ' . . ... - . 

of recombination energy rele~sed at t.he cryosurface . 

5 



III.RESULTS 

Fig.4 shows the results for the 2.45 GHz microwave dissociator with an 1 mm dia. orifice 

at the exit /1/. This dissociator is working in a pulsed regime. Synchronously with the start of 

the gas pulse (typical duration of the valve pulse: 0.5 . .3 ms) into the dissociator the microwave 

,power with a 40 W peak power is switched on. The microwave pulse duration is 100 ms, 

ma_tched to the characteristic time of the hydrogen outflow from the dissociator /1/. The repetition 

rate is 7 Hz. The measured Hz flow into the dissociator, the H flow into the copper pot and the 

e~ficiency e are given in dependence on the pressure Pm in the st~rage volume. As can be seen 

in Fig.4, the flux of hydrogen molecules into the dissociator and, consequently, the gas den~ity 

inside the' dissociator can be •Controlled over a wide range by the pressure Pm• The 'measured 

dissociation efficiency e shows a maximum of 40% at the pressure Pm .. 7 Torr. This resu·lt is 

, . . I . , . . . , '· 
understandable if we consider dissociation as chain reaction similar impact ionization. At low 

densities the probabHity, that an accelerated ion :wlll hit a hydrogen molecule, is too small to 

.achieve an essential dissociation effect. At densities higher than the optimal one the mean free 

path becomes to small to accelerate ions to energies higher than the dissociation· energy of 

hydrogen molecules and the dissociation process will be chocked. First, the obtained H flow from 

th~ dissociator increases with increasing pressure. Than it saturates at a value of about 2 · 1017 H/s~ 

The saturation 'occurs at higher pressures (in our case at about 15 Torr), whe~ a further increase · 

of the H~ flow is compensated· by th~ decrease in dissociation effi~iency. Since for a given 

f~te of m~leculai hydrogen. the gas density in the dissociator is determined by the flow 

impedance of the. orifice, it should re possible to move the maximum in e to a higher feed rate. 

of molecular hydrogen by increasing the diameter of the ~flee. This wo'uld cause an increase 
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of the saturation value of the achieved H flux from the dissociator. 

Results for the rf dissociator are shown in Fig.5 and Fig.6. The molecular hydrogen is 

· supplied into the discharge tube in the same way as described for the microwave dissociator. The 

repetition rate of the electromagnetic inlet valve was varied between 7 and 10 Hz. The·rf field 
. ( ' 

is supplied continuously with an outcoming electrical power of about 200 W from the generator. 

Fig.5 shows the results for a 2 mm dia. orifice. In this case we observed a maximum H flow of 

4·1017 H/s and· a maximum efficiency of 54% at a pressure of about 3 Torr. In Fig.6 the results 

for a larger, 3 mm dia. orifice are shown. Moreover, in this experiment the H2 feedrate into the 

dissociator for a certain pressure in the H2 storage volume was reduced approximately by a factor 

of two. Both effects cause a shift of die maximum in the dissociation efficiency to higher 

pressures as shown in Fig.6. Under these conditions a maximum dissociation efficiency of 75% 

has been achieved. Furthermore, a maximum H flow of 5 · 1017 His has been measured; '20% 

higher than for the dissociator with the 2 mm dia. orifice. 

IV.SUMMARY 

An apparatus to measure the dissociation 'efficiency of a hydrogen dissociator 

· calorimetrically has been built and tested. Due to the uncertainties in the determination of: 

(1) recombination losses during transport of the dissociated gas to the cryosurface and (2) the 

fraction of recombination energy collected in the recombination pot, the method only allows to 
'· , 

measure a lower limit of the efficiency. Nevertheless, the described method is especially suitable . 

for relative measurements, e.g. for optimizing the working regime of a dissociator separately. 

Two dissociators were tested with measured ·maximum dissociation efficiencies from· 40% ~ 
r '. 

75%. Maximum atom fluxes between 2·1017 H/s and 5:1017 H/s have been achieved. 
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