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A SELF-REPLENISHING TRITIUM TARGET FOR NEUTRON GENERATORS 

F. F. Haywood 
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Z. C. Burson 
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ABSTRACT 

The yessing need for l4-MeV neutron 
generators which produce high neutron yields for long 
periods of time motivated a search f o r  better methods 
of target preparation. 
reactions (T[d,nI4He and D[d,n] 3He) under a variety 
of conditions was studied. 

The neutron yield from two 

Using deuteron beams on a variety of target 
materials, it was possible to show that no material, 
including sheet Ti, retained enough deuterons to pro- 
duce D(d,n) neutrons in amounts competitive with loaded 
Ti targets. However, an unloaded Ti target built up 
activity to the same level as a loaded target. Gold 
overcoats produced a small increase in yield, but not 
significant enough to warrant further study. 

Implanting ions along channeling directions 
in single crystal copper produced a yield fifty percent 
higher than polycrystalline copper, but still signifi- 
cantly lower than standard targets and target materials. 

Supercooled xritium targets show no longer 
life nor enhancement in yield than those operated at 
ambient temperature. From this result, the conclusion 
is reached that radiation damage by the bombarding 
deuterons is the dominant mechanism in target decay. 
Chemical bonds binding the tritium in the matrix are 
broken, and the tritium then diffuses out of the target 
material 

A new concept in target design was investigated. 
It uses the principle of self-replenishment with tritium 
through a silver-palladium membrane, 
this type were tested; the third producing a high and 
sustained yield of 14-MeV neutrons. 
the best "standard1' target tested after only 16 minutes 

Three targets of 

The yield suspassed 
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of operation. It was run f o r  a period s l i g h t l y  l e s s  
than t e n  hours w i t h  a yie1.d generally above 2 x 1O1O 
neutrons/sec (one mA/cm' @ 185 kV). 

The s i l v e r  palladium, self-replenishing 
t a r g e t  pr inc ip le  o f f e m  the most po ten t ia l  of obtafning 
high y ie lds  with long half- l ives .  Indeed, the thrird 
prototype t e s t e d  i n  t h i s  s e r i e s  of measurements could 
be used irrmediately i n  small machimes using bL, .-am cur- 
r e n t s  on the order of one milliampere. . More research 
and devel.opmen-t i s  required t o  maxim.ize avai lable  
parameters and t o  see if high-beam d e n s i t i e s  i n  siiiall 
t a r g e t s  w i l l  a l so  he successful. These s tudies  a r e  
necessary before an appropriate machine can be designed 
o r  b u i l t  e 

INTKODUCY'ION 

Whatever the appl icat ion,  neutrons produced by an accelerator  

or neutron generator have advantages over neutrons from other  sources. 

These neutrons a r e  monoenergetic or nearly so ,  the l i m i t  being imposed 

by accelerator  i n s t a b i l i t y  and by energy l o s s  of the  bombarding p a r t i c l e s  

i n  the t a r g e t  mater ia l ,  The T(d,n)LtHe and the D(d,n)3He reac-Lions a re  

most commonly used t o  produce these neutrons. The T( d,n)  reac t ion  i s  a 

pro1rifj.c producer of neutrons. A t  the  maximum cross  sect ion (].lo keV), 

the neutrons i n  the forward d i rec t ion  have about l l+a8  MeV of energy, with 

y ie lds  about 5 x 1O1O neutrons per mA-sec of bombarding p a r t i c l e s .  Some 

energy var ia t ion  is  avai lable  by choice of angle; neutron energy i n  the 

backward direct ion is about 13.3 MeV. Flux dens i t ies  a r e  not strongly 

dependent on angle, there being only about 15% fewer neutrons i n  the 

backward d i rec t ion  than i n  the forward d i rec t ion .  

The D(d,n) react ion produces oiily one o r  so percent as many 

neutrons. These neu-Lrons have approximately 3 MeV of  energy, and both 
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f lux  d e n s i t i e s  and energies a r e  much more s t rongly angular dependent 

than T(d,n) neutrons. The cross  sect ion f o r  t h i s  react ion increases 

with energy t o  a t  l e a s t  300 keV. 

i n  the  100 t o  300 keV range may be a p r o l i f i c  producer of neutrons for 

ThLzs, an accelerator  capable of operation 

experimental purposes. 

There i s  a pressing need f o r  r e l i a b l e ,  inexpensive, high neutron 

y i e l d  D-T acce le ra tors .  Fast neutrons appear t o  be superior t o  x and 

gamma rays  f o r  radiotherapy purposes.' 

regions which a re  more r e s i s t a n t  t o  x o r  gamma rad ia t ion  than t o  fast 

neutrons having a higher LET. Large animal radiobiology research i s  

needed t o  provide ins ight  a s  t o  rad ia t ion  e f f e e t s  on humans. B E  

val.ues ( r e l a t i v e  t o  6 0 ~ 0 )  f o r  l a r g e r  animals fo r  f a s t  neutrons appear 

t o  be less than one for LD 50/30,  but much grea te r  than one f o r  spec i f ic  

responses. 

Most s o l i d  tumors have hypoxic 

2 

Further d e f i n i t i v e  neutron t ransport ,  secondary gamma-ray 

productlion, and shielding data  f o r  l4-MeV neutrons a r e  needed lo b e t t e r  

define weapons rad ia t ion  e f f e c t s .  Comparison of Operation EEW data t o  

calculat ions a t  intermediate dis tances  (one-half m i l e  ) appear t o  be 

gocd. 3'4 

fourths  t o  one mi le ) .  

However, data are needed a t  more p r a c t i c a l  dis tances  ( three-  

Machines capable of producing on the order of n/sec for 

long periods of time (30  t o  40 hrs), using small t a r g e t s ,  a r e  needed for 

the above t a s k s .  The only machine t h a t  has approached the above require- 

ments was t h e  HENRF: machine.5 

but the  ha l f - l ives  were on the order of one hour. The t a r g e t  s i z e  was 

1000 em2. 

The i n i t i a l  y ie lds  were 1 t o  4 x LO13 n/sec, 



The major problem preventing the  development of an accelerator  

io do tile above tasks i s  the t a r g e t .  A br ie f  survey of t a r g e t  prepara- 

r l c n s  sh;wed t h a t  there  were many promising methods of  preparing targe-ts 

t h a t  had not been f u l l y  explored. 

erfiployees, eva.luat,ed several  a l t e r n a t i v e  methods t o  targe-t  preparations,  

bc t.ii by study and by experi.mentation. 

A team,, composed of OHNT-, and EG&G 

BACKGROUND 

T r i t i u m  targets display rap.i.d decay during deuteron borrioar.dment 

bs ,seen i n  Figure I, Associated p a r t i c l e s  were counted as  a measire of 

nzut,ron y i e l d  from t h e  'T(d,n) react ion;  the  f igure  i.s from an unpublished 

paper of' l.96Lko 

such a measuremeat, Bombarding voltage was 150 kV, beam current 500 \LA. 

C o c l m t  was wa:t,eP a t  17°C on the back s ide  of the 10 m i l  coppef sub- 

s i r a t e  * 

up by the raeaction. 

1~~~+t : . s /c i~~ ' ,  In about four hours, neu-tron y ie ld  was l e s s  than ten percest  

,.)if' i n i t . i d ;  a t  t h i s  po in t  D(d,rL) neutrons began t o  be an important par t  

o?' the im.itron yrield, minimizing the usefulness of" -the t a r g e t  a 

6 Many quantities must be controlled and specif ied for 

Art elementary ca lcu la t ion  shows t h a t  -the tritium was not used 

Beam densi ty  was one mA/cm2, and heat densi ty  150 

For any applicat,ion, a constant iieutyon y ie ld  would be desirable  

arrd even e s s e n t i a l  f o r  some appl icat ions.  An understanding of the  

iriechanisms involved i n  the decay process then would be very helpful  i n  

d e v e l ~ y ~ l n g  long-Lived t a r g e t s .  Two of the  authors (Hajwood and .Rants) 

independently made what would seem t o  be a key observation. 

:Involved employed diffusion pumps and forepumps, 

t o  n i e ~ s u r e  the tritium conten-t of 'ihe exhaust gas,  Ro'Lh se t s  of obser- 

The machines 

so that it was possih1.e 

vat&.- us - showed a stepwi.se increase i n  the rate of tritium yelease? when 
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the  beam was allowed t o  h i t  the  t a r g e t ,  along with a stepwise decrease 

when the bean was removed. 

these machines normally involved vacuum evaporation o f ,  f o r  exmple,  

titanium on a 10 m i l  copper substrate ,  and react ing the t i tanium with 

tri.-tium. 

and the substrate  cooled during bombardment t o  d i s s i p a t e  the heat de- 

veloped. If it i s  asswned t h a t  the chemically-bound tritium i s  no 

hea l th  hazard, a grave e r ror  i s  made, In  atmosphere, tritium i s  l o s t  

from the  t a r g e t ,  presumably a t  abou-t the r a t e  of exchange processes 

with a i r ;  a l so ,  f lakes  of t r i t i d e  aye l o s t  from the  t a r g e t  and may 

contaminate the environment. 

The preparation of tri-tium t a r g e t s  for 

The tritium was thus chemically bound t o  t h e  t a r g e t  mater ia l ,  

The above observation abou-t the re lease  of t r i t ium under 

bombardment allows -the development of a hypothesis which may he tes ted  

by observation. 

area of the t a r g e t ,  and arEt driven i n  t o  a maximum range of several  

hundred microns. Considerable heat i s  developed I-ocally, so  .that con- 

d i t i o n s  a re  most favorable for exchange processes t o  ga on. 

deuterons replace the  chemically-bound t r i t o n s ;  these t r i t o n s  are  then 

f r e ?  t o  d i f fuse  through and out of the t a r g e t  mater ia l .  

t i o n s  would seem t o  favor both exchange and diffusion processes, since 

both a ~ e  presumed t o  be r e l a t e d  to temperature. Further, the  t r i t j d e s  

a re  Likely t o  be spongy and partj.cula.te and t o  be poor heat conductors. 

Temperature drop through the  copper substrate  may be shown under con- 

d i t i o n s  quoted t o  be only a few degrees centigrade,  but Locally, tem- 

peratures  could be qui te  high, and d i r e c t  observation i s  near ly  

impossible. 

A very large number of deuterons strike a l imited 

Hence, 

Local condi- 
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If the hypothesis developed here has any validity, a helpful 

measure would be to move the beam around on the target. 

done by systematically moving either the beam or the target. 

indeed found that target life is much enhanced by such neasures,7 but 

If one is considering large bean currents and large targets, for example 

Operation HENRE, 

If the beam (half an ampere on a 1000 em2 target 

This may be 

It is 

8 different and more effective measmes are indicated. 

is allowed t o  spread 

and cover the whole target, moving either beam or target on ly  results 

in a decreased neutron yield. 

Another hypothesis may be offered to explain tritium target 

decay: 

in the target matrix. 

the target material as in the previous hypothesis. 

may seem closely related, although there ase some vital differences. 

Bombarding deuterons may break the bonds which bind the tritium 

Once released, these atoms would diffuse out of 

The two hypotheses 

If 

the first were dominant, target decay would be strongly related to 

temperature. If the second were dominant, the strong variable would 

be beam density, 

There have been few efforts to investigate the physical and 

chemical processes which constitute the cause, or causes, of tritium 

target decay. Compartmentalization of effort is a major cause of this 

omission. 

tium target production usually has little or no feedback from the ex- 

The laboratory group or commercial concern involved in tri- 

perimenter. 

purposes and is little concerned about the mechanism of decay.. 

present effort was to investigate, by any means available, the decay 

processes and, if possible, produce a tritium target which would show 

longer life than the available targets, 

The experimenter produces neutrons f o r  some experimental 

The 
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9 It w a s  learned recent ly  t h a t  one research group had obtained 

some preliminary data  t h a t  indicated the neut,ron y ie ld  for the  D( d , n )  

react ion,  with the  t a r g e t  a.t l i q u i d  ni t rogen temperature, may be sub- 

s t a n t i a l l y  grea te r  than t h a t  for a t a r g e t  which was kept new ambient 

temperature, 

t a r g e t  and bombarding with very intense beam currents,  i t  may be passible  

i o  obtain an atomic r a t i o  of 5 : l  f o r  hydrogen i n  copper. This, i n  turn,  

l e d  to the supposj-tion t h a t  a T(d,n) y ie ld  of n/sec could be r e a l -  

ized e a s t l y  by mixing t r i t i u m  and deuterium i n  the  ion source and aceel.- 

erat ing t h i s  nixtiire I n t o  -the supercooled t a r g e t  ~ 

form a high pressure gas bubble i n  the copper, thus providing the  needed 

quant i ty  of t a r g e t  atoms. 

This group t e n t a t i v e l y  concluded t h a t  by supercooling the 

Essent id . ly  t h i s  would 

It, was therefore  decided t h a t  several  experiments would be 

conducted with l i q u i d  nitrogen as cool.axt. Cl-early then, the hypotheses 

regaxding tritium consumptior? as a function of t a r g e t  temperature and 

that deuteron buildup i n  supercooled subs t ra tes  could be explored. 

A self -dif  fusing techQique of replenishing the tritium through 

This technique shows much a silver-palladium membrane was a l so  studi.ed 

promise, above a l l  other studied, f o r  obtaining high-yield, long-lived 

t s rge  ts . 

Experiinents i n  t h i s  s e r i e s  were conducted a t  the ORNL Health 

Physics Division 's  DOSAB Low Energy Accelerator. The accelerator ,  i n  

th- is  case, i s  a Texas Nuclear ?lode1 No. 9999 neutron geneyator which i s  

described elsewhere. 10 
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Two types of  target-cooling systems were developed which are 

discxssed i n  d e t a i l .  

u t i l i z e d  i n  the  T(d,n) experiments represents  a revolutionary approach 

i n  ta rge t  design; it i s  described a l s o .  

In  addition, a self -diffusing gas t a r g e t  which was 

Fortunately,  i t  was not necessary t o  modZfy the  beam tube in  

order t o  accomplish t h i s  work. 

mounted as shown in Fi,gure 2 .  A 3-in. diameter s t a i n l e s s  s t e e l  beaker 

was used as the  basic  housing. The beaker was b u i l t  i n  such a way t h a t  

fl.mges could be welded as needed for attachm-ent t o  the  beam tube and 

for providing ready access i n  changing t a r g e t s .  

The liquid-nitrogen-cooled t a r g e t s  were 

There were two design object ives  t o  be achieved with nitrogen 

cooling. Gr~e of these was obviously t o  lower the t a r g e t  temperature 

whjie maintaining a vacuum seal ;  the other  was t o  provide an adequate 

supply of l i q u i d  nitrogen t o  the  reservoir  behirid the t a r g e t s .  

these vere accomplished i n  t h e  f'ollowsing way. 

fashioned f'rorn a s t a i n l e s s  steel. p l a t e .  A 3/4-in. d i a n e t e r  by 1/2-in. 

Both of 

A t a r p e t  holder was 

deep reservoir  was machined in to  t h i s  piece. 

with a plug of copper whose surface had several  narrow sli ts  0.015-in. 

wide by 0.8O-in. deep machined i n  the d i rec t ion  of l i q u i d  f low.  

copper served two purposes: 

This reservoi r  was filled 

The 

F i r s t ,  i t  provided a good sirik f o r  heat 

which was qonducted from the back surface of the  ta rge t ;  second, the  

narrow sl i ts  provided a l a r g e r  area of contact with the  l i q u i d  nitrogen 

aid f u r t h e r  induced a subs tan t ia l  pressure drop across the diameter of 

t ? e  t a r g e t .  This design promoted uniform conduction of heat away from 

the  back s ide of the t a r g e t .  

-ms welded t o  both the  entrance and e x i t  side of t h e  t a r e e t  holder 

reservoi r .  

A l/L+-in. s t a i n l e s s  s t e e l  coolant tube 
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These 1/4-in s t a i n l e s s  s t e e l  f i l l -and-exi t  tubes 

co:axially through 5/8-in t h i n  wall s t a i n l e s s  s t e e l  tubine.  

were extended 

These were 

welded together  about 6 inches away from the housing, so t h a t  overa l l  

outside temperatures would be near ambient. 

A l l  of t h e  t a r g e t s  used i n  the supercooled experirnent were l/L+-in. 

diameter  and were about 10 t o  20 m i l s  th ick.  These were mounted on the 

t a r g e t  holder with a rel ieved clamp r ing .  

maintained by using indium wire instead of organic O-rings. 

An adequate vacuum s e a l  was 

Liyuid nitrogen was supplied from a l6O-liser pressurized dewar 

a t  the  r a t e  of about 2 l i t e r s  per minute. F i f teen  minutes were required 

f o r  cooling the t a r g e t  t o  -150°C p r i o r  t o  bombardment. 

A thermocouple was attached mechanically t o  the  t a r g e t  holder 

a t  the  c loses t  p r a c t i c a l  point .  

couple leads through the t a r g e t  housing a s  shown i n  Figure 3. Thermocouple 

.signals were monitored wjhh a standard laboratory potentiometer, referenced 

t o  a 0°C junction. 

Covar s e a l s  were used t o  feed the thermo- 

Elear the end of Operation HBNIIE, a suggestion'' was made t o  the 

USAEC t h a t  t a r g e t s  replenished with tritiw. 2uring use could rnhintain high 

y i e l d s  as well as provide much longer half- l ives .  This cou1.d be accomp4ished 

by d i f f u s i r g  tritium gas through a permeable b a r r i e r ,  such as  a Fd-Ag a l loy .  

h b a r r i e r  f o i l  would then a c t  as a valve, passing tritium when heated 'by 

the beam, but blocking t h e  flow of gas when the  f o i l  temperature was r e -  

duced. 

h n i t a l  composition of 80$ Pd and 20% A !  was chosen i n  order t o  

r e t a i n  dimerisioned s t a b i l i t y  i n  a hydrogen environment. 

pared i n  thicknesses ranginp between 0.01-0 i n .  and 0.030 i n ,  

Foi l s  were pre- 

'The overa l l  

t a r g e t  size was kept as small as p r a c t i c a l ,  h a v i w  both a f i l l  por t  and 
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Fig. 3. V i e w  of the Supercooled Target, Assembly Mounted on Neutmn 
Generator wi.th Liquid Nitrogen Flowing. 
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reservoi r  f o r  tritium and having a cooling system. adequate t o  remove 

200 watts developed by beam bombardment. 

i n  Figures 4 and 5 .  A 7/8-in. diameter Pd-Ag f o i l  w a s  brazed t o  the 

copper subs t ra te  i n  a He atmosphere. 

f o i l  a t  the r i m  (1/16-in. overlap) and a t  several  points  on the back of 

the f o i l  where it was brazed t o  1/16-in. square posts  0.065 in .  hizh. 

These posts  were made by machining away surroundinq copper t o  c rea te  a 

gas reservoi r .  Cooling of the substrate  and Pd-Ag f o i l  was accomplished 

by c i rcu la t ing  water through 0.052-in. channels d r i l l e d  through the sub- 

s t r a t e .  

ci-lomels for uniform water d i s t r i b u t i o n .  Small access holes for two 

Details of t h e  t a r g e t  a r e  shown 

Heat was conducted away from the 

A. 1/8" x 1 - l / G f f  header was brazed t o  each end of the  cooling 

thermocouples were provided near the gas f i l l  l i n e  i n  order t o  measure 

temperatures on the  back s ide of the Pd-Ag f o i l .  

on the top  surface t o  be used a s  the occluder. 

brazed together,  measured 1-1/2" x 1-3/4" x 1/4". 

Titanium w a s  evaporated 

The e n t i r e  target  assembly, 

EXPERIMENTAL RESULTS 

General 

The general purpose of t h i s  research w a s  t o  ixves t iga te  several  

possible approaches for tritium t a r g e t s ;  t o  i d e n t i f y  general t rends and 

general conclusions r a t h e r  than t o  obtain de ta i led  d e f i n i t i v e  data  on each 

t a r g e t  concept. 

f l e c t  these object ives .  

Consequently, the r e s u l t s  presented i n  t h i s  sect ion r e -  

I n i t i a l  experiments were conducted only or! deuterium ta rge ts .  

Thls  had the  advantage of not dealing with tritium hazards and high neutron 

yie lds  normally associated with tritium t a r g e t s .  To f a c i l i t a t e  i n t e r t a r g e t  
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compai>lson, standard operating conditions of current ,  energy, and beam 

densi ty  were es tab l i shed .  

t a r g e t  by a 1-cm2 aperture.  Bonibarding p a r t i c l e s  were deuterons a t  a l l  

times. An R-F type ion  source was used which pi-oduced p a r t i c l e s  around 

ninety percent atomic. Standard conditions were 0.95 -to 1.0  LA of b e m  

current a t  185 kV, with t h e  bean defocused, s o  t h a t  a few percent of t he  

charged p a r t i c l e s  were stopped a t  the  coll imator.  Thus, a-L l e a s t  somethi.ng 

was known about beam and power density on the  t a rge t ,  a quant i ty  which i s  

frequently lunspecified i n  targe-t  damage s tudies .  

P P ! Y ~  ccompl.etedj t h e  aperture was removed. The t i g h t e s t  focus produced 

approximately the  same densi ty  as with the  apert,ure i n  place.  Thus, a 

beam densrity of I- mA per em2 i s  quo-Led f o r  a l l  the  r e s u l t s  (except as noted) .  

The va-r ia t ion i n  this  quail-tity !.s probably contained within a facto-r of two. 

Neutron yields were determined from data taken wi-th a long counter 

The h e m  was coll.irnated Just upstream f r o n  the  

After t h e  D( d , n )  s tud ies  

placed i n  a permanent l.ocation. Empirical calibra-Lion factors were found 

by norrnalizing the  counts froin the losig countei? t o  L,rr neutron output, de- 

termined by f i s s i o n  f o i l s  ( f o r  D-D neutrons) and sii .fur p e l l e t s  ( f o r  r)-T 

neutrons) placed a t  9" (forward d i r e c t i o n )  d m i n g  ca l ib ra t ion  runs. 

A-t the begj.:oning of the T( d, n) inves t iga t ion ,  several "standard" 

t a r g e t s  were run t o  obtain baseline y ie ld  and hal.f-I.ife da ta .  

fabr icated by the  Iso-topes Divi.sion of ORNI,, and some were pul-chased from 

U.S. Radium. A l l  were composed of evaporated ti-tanium on a copper backing. 

The t y i t i u m  loading process i s  accomplished i n  a vaciium system containing a 

p a r t i a l  atmosphere of tritium. 

Some were 

12 

During the  s tud ies ,  information was gathered from various soinces 

t h a t  was helpful  during the  experiments. 

included i n  the  Appendixes. 

A port ion of thi.s j.nformation i s  
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D( d , ~ ) ~ H e  Inves t iga t ions  

’Ahen mater ia l s  a r e  bombarded by a deuteron beam, some deuterons 

penetrate  t o  t h e i r  maxirrim range and a r e  re ta ined  i n  the  t a r g e t  r ra te r ia l  a t  

t h a t  depth (Appendix A ) .  

D( d,n)  y i e ld ,  s ince subsequent deuterons a r r i v e  there with zero energy. 

However, i f  they d i f fuse  toward t h e  t a r g e t  surface or are stopped i n  the  

t a r g e t  mater ia l  shor t  of t h e  maximum range, they a r e  ava l lab le  f o r  sub- 

Such deuterons contr ibute  negl ig ib ly  t o  the  

sequent reac t ions  t o  produce neutrons.  

an order of magnitude, only one deuteron i n  l o7  in t he  beam r e s u l t s  i n  

the  production of a neutron; t h e  r e s t  a re  implanted i n  %he t a r g e t  mater ia l ,  

d i f fuse  or form bands under bombardment and Local heat ing.  

It, might be pointed out  t h a t ,  t o  

Results of t h e  D(d,n) inves t iga t ions  a re  shown i n  F’i,gure 6 and 

The t a b l e  shows the  r e l a t i v e  y i e ld  a f t e r  s a tu ra t ion  t o  90 percent Table 1, 

of naximum, and t h e  t i m e  required t o  reach t h i s  s a tu ra t ion  for eleven 

d i f f e r e n t  t a r g e t  s t ruc tu res .  

The f i r s t  run was on a f u l l y  deuterated,  th ick ,  T i  t a r g e t  t o  
34 

establ3.sh a standard for comparison. Dlring the  f i r s t  t h i r t y  minutes, 

neutron output decayed f i v e  percent;; t he rea f t e r ,  the  yPeld increased slowly 

t o  about f i v e  percent above i n i t f a l .  The neutron y i e ld  was about 2.0 x l o8  
neutrons per  second over A T .  Subsequently, there  were two shutdowns of a 

few minutes; each shutdown re su l t ed  i n  a few pel-cent decrease i.n neutron 

y ie ld ,  probably due t o  the Loss of deuterium from the  t a r g e t  sur face ,  These 

r e s u l t s  a r e  i l l u s t r a t e d  i n  Fjgure 6 a  

An i d e n t i c a l  t w g e t ,  which had not been deuterated,  was run next.  

Neut,ron y i e ld  increased like a sa tu ra t ion  curve, u l t imate ly  t o  the  same 
- -  

8 Fully deuterated r e f e r s  t o  a deuter ion loadin process by which a 
maximum deuterium-titanium r a t i o  i s  obtained. 82  
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TaSle 1. Resul ts  of D( d,n)3He Reaction Experiment 

Time t o  90% 

- 

Blank Titanium Target, T i ( 1  mg/cm2) cjri copper 

P la in  Aluminum Sheet (40 m i l s  t h i c k )  

Depleted irranium Sheet 

P la in  Copper Sheet (13 m i l s  t h i c k )  

Plain Titanium Sheet 

Blank S i lve r  Target (Ag, 306 g/cm2, on Cu) 

Gold Overlayer (100 &em2 ) aver copper 

Gold Overlayer (133 pg/cn2 ) over T i  on copper 

Aluminum Single Crystal  ( 2  ,m t h i c k )  

Copper Single Crystal  ( 2  mm - thick)  

100 
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].eve1 as the  loaded t a r g e t .  Note t h a t  sa tura t ion  time, a s  defined here 

(90 percent of maximum), i s  approximately 60 minutes. 

titanj.um sheet (Target 6) took 30 minutes t o  reach 17 percent of the  yield 

fyojfi Target 1. 

of Lhe standard neutron yi.eld. 

t o  19 peidcent of the  standard. 

i n  1.5 minutes t o  68 percent of the standard. 

b u i l t  up i n  7 minutes t o  23 percent of the standard. 

Buildup on a p l a i n  

A p l a i n  aluminum sheet b u i l t  up i n  25 m h u t z s  t o  48 percent 

h p l a i n  copper sheet b u i l t  up i n  f i v e  minutes 

A p l a i n  irraniiun shee-t (deple ted)  b u i l t  up 

S i l v e r  (vaciiim deposited) 

There has been a comion supposition t h a t  an overcoat on the 

t a r g e t  could r e l a i n  the ac t ive  mater ia l  and s t i l l  be thim enough t h a t  

energy l o s s  by -the bombarding p a r t i c l e s  would not be s ign i f icant .  

has been used f o r  t h i s  overcoat; gold seems a b e t t e r  choice because of 

ri.t s i n e r t  na Lure and ease and c o n t r o l l a b i l i t y  of vacuum deposition. Indeed, 

a run on a gold  overcoated, deuterated ta rge t  did show an increase of 

13 percent over the standard. However, t h i s  i s  well within the norinal 

va.riation tJo be expected from one t a r g e t  t o  another. 

\why there  was a decrease i n  y ie ld  a t  one hour. A gold overcoat on a 

copper sheet b u i l t  up i n  seven minutes t o  2 1  percen-t of the  standard. 

Aluminum 

T t  i s  not known 

Research a t  ORTEC13 suggested t h a t  lions might be impl.anted 

along a channeling d i rec t ion  i n  a s ingle  c r y s t a l ,  Average range could 

be expected t o  be several  times the range i n  polycrys-Lalline mater ia l ,  

and implanted ions migh-t be  expected t o  be re-tained i n  these channels. 

The woyk a t  ORTEC had showed encouraging r e s u l t s .  

experiment, a. s ingle  crystal of alumj.:nuln was bombarded al-ong the (I..l.O) 

direc-Lion. I-t b u i l t  up i n  10  minutes t o  39 percent of the  standard. 

However, c r y s t a l  alignment along the  (1.10) di rec t ion  was not c e r t a i n .  

In the present 
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A better aLignment was achieved on a single crystal of copper. 

The charinel along the (110) direction is open over a range of a.ngles of 

about 4 0,5 degrees for copper. Our alignment was within 0.25 degrees. 

However, this target built up in 15 rrlinuks to only 30 percent of the 

standa-rd. This result is supported by independent research by Fischer, 

in vihich excellent alignment along a channeling direction in copper via3 

achieved. 

cant, but does not compete wfth standard targets and target rnaterLals. 

To summarize the D( d,n) investigations, the materials tested 

Large variations 

14 

A 50-percent Lncrease czver polycrystalline copper is signifi- 

differed widely in ability to retain implanted ions. 

in yields between polycrystalline materials and vacuum deposited materials 

was not expected and requires further study f o r  interpretations. The 

cost of single crystals,coupled with their disappointing yields, dis- 

courages further attempts to implant ions along channeling directions. 

Conclusions regarding overcoats are less definite. 

was realized with gold overcoats. 

determine whether such marginal increase is worth the effort and cost 

involved. 

Some yield increase 

Futurre results and discussions w f l l  

Targets Cooled by Liquid Nitrogen 

‘When the decision was made to study the decay o€ regular 

tritium targets at liquid nitrogen temperatures, it was decided to repeat 

a few of the early D(d,n) experiments of this project, but with LN cooling 

instead of water. A Ti blank was LN cooled and loaded by bombardment; 

the result is shown at the bottom of Figure 7, along with resu l t s  of an 

identical target run at ambient temperature. Within the accuracy of the 

observation, no more deuterons were retained by the target at IJY tempera- 

ture than at ambient tenperature. The target-cooling water for the 
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ambient temperature target was cooled and recirculated producing an 

equilibrium temperature of 10°C. 

Two tritium targets were run with liquid nitrogen cooling. 

Their results are  also shown in Figure 7 (Sc and 

is not a good heat transfer medium; the heat of" vaporization of water is 

about ten times higher. Temperature was measured by the thermocouple 

shown in the target block in Figure 3.  

at around -150°C during bombardment. 

Liquid nitrogen 

This temperature was kept constant 

This was not the temperature of 

the target, however, Maximum estimated target temperatures were approxi- 

mately -100°C. Liquid nitrogen flow rates to maintain these temperatures 

were quite high. 

hour of operation, Shutdowns, for any reason, resulted in offsets in 

the decay curves as seen in the D(d,n) results. 

redistribution of the available tritium in the target. 

It was normal to use 160 liters of nitrogen in one 

This may be a result of 

The neutron yield versus time of a standard tritlum target run 

at ambient temperature is a lso  shown in Figure 7 for comparison, 

initial yield of about 5 x 1Olo n/sec (,!+TI is normal. 

of targets cooled by LN are, in general, parallel to those run at -m%Fent 

temperature. Hence, cooling to some arbitrary temperature, rnuch below 

ambient, does not significantly ai"fect the target decay. 

An 

The decay curves 

From this result, the conclusion is inescapable that radiation 

damage by the bombarding deuterons is the dominant mechanism in target 

decay. Chemical bonds binding the tritium in the matrix are broken, and 

the tritium then diffuses out of the target m.ateria1. 

temperature, exchange processes could possibly dominate (Ambient tem- 

perature means an input temperature of 10°C to a water coolant.) 

At some higher 
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A Pd-Ag Self-Diffusing Target 

Two of the authors (Haywood and Burson) were int imately assocfated 

with the design, construction, and use  of a high-yield neutron generator, 

which wa,s the primary neutron soume f o r  Operation HENRE a t  the Nevada 

8 Test S i t e .  

had an a c t i v e  area of  1000 em2. 

the  beam covers e s s e n t i a l l y  the  e n t i r e  sur face) ,  the  neutron output decayed 

by a fac tor  of 2 every 45-40 minutes. 

long hal f - l ives  and high y ie lds  stimulated the search f o r  a solut ion t o  the  

aforementioned deficiency. The r e s u l t s  of t h i s  s e r i e s  of measurements, 

using a silver-palladium membrane t o  replenish tritium i n  the  t i tanium 

occluder, show much promise. 

A s  mentioned e a r l i e r  in t h i s  repor t ,  t a r g e t s  f o r  t h i s  generator 

A s  with a l l  t a r g e t s  of t h i s  type (where 

The urgent need f o r  t a r g e t s  with 

Three self-diffusing‘, Pd-Ag f o i l  t a r g e t s  were fabricated and 

t e s t e d .  

Ti vacuum deposited on i t .  

i n t o  the  tritium system was observed. 

was contaminated with a i r .  ‘The r e s u l t s  a re  therefore  not reproduced here. 

Feasibili-Ly of t h i s  technique had been demonstrated previously by J. E. 

S t r a i n  of ORNL;” t h i s  run substant ia ted h i s  f indings,  

‘The f i r s t  contained a 30 m i l  Pd-Ag foil .  with 303 pgm/cm2 of 

After i n i t i a l  bombardment, a small a i r  leak  

Thus, the tritium during t h i s  run 

The second t a r g e t  had a 20-mil Pd-Ag f o i l  as a t a r g e t  subs t ra te  

After an i n i t i a l  buildup with 1000 pgm/cm2 of Ti vacuum deposited on i t ,  

of neu-tron y ie ld  t o  about 2 x L O l 0  n/sec, a general  decay began (Figure 8 ) .  

For a t h e  span of 1-1/2 hours, some r e s u l t s  are not p lo t ted .  During t h i s  

i n t e r v a l ,  an effort ,  was made t o  optimize parameters producing qui te  

i r r e g u l a r  y ie lds .  

between 8 and 24.5 inches of vacuum. 

Over t h i s  period of time, tritium pressure was varlied 

Neutron y ie ld  decreased by about 
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40 percent, approximately the expected decay during the  period. Hence, 

it was concluded tha-t y ie ld  was not s t rongly r e l a t e d  t o  tritium pressure.  

Beam energy was advanced t o  200 keV f o r  a short  period, with no dramatic 

r e s u l t .  A t e n t a t i v e  conclusion reached here was t h a t  beam density,  and 

hence, t a r g e t  temperature, may have been too high f o r  optlmum operation. 

The t a r g e t  vfas then run f o r  about 2-1/2 hours a t  a reasonably constant 

y ie ld  of about 1O1O n/sec. 

was contjhued with no tritium behind the ta rge t ;  wha-t seems t o  be an 

e n t i r e l y  normal ta rge t  decay resu l ted .  Two normal decay curves a re  

reproduced on Figure 7 f o r  comparison. 

After an overnight shutdown, the experiment 

The next day, -tile run was continlied; tritium pressure was kept 

as  constant as possible a t  2/3 atmosphere, o r  1 0  inches of vacuum. 

slowly declining y ie ld  near 6 x LO9 n/sec resu l ted .  

here t h a t  even t h i s  yfeld (afLer  7 hours) vias f a r  above what would be 

expected from a standard t a r g e t .  A t  the  end of t h i s  period, the beam 

was defocused t o  gi.ve lower beam densi ty  and lower temperatures. 

I.ecl t o  an increase i n  y ie ld  from about 5 x l o 9  n/sec t o  1 . 5  x 1O1O n/sec, 

another indicatiori that  power density may have been higher than optiriiuii. 

FocusTng on a new spot,  r a t h e r  than power density,  maj- have a l s o  influenced 

the y ie ld .  Thereafter,  the  t a r g e t  was run f o r  an hour with slowly declining 

y ie ld .  

A 

It might be noted 

This 

A t  t h i s  point ,  the  r e s u l t s  of the  two rims indicated t h a t  the  

t i tanium thickness might be very importan-t i n  optimizing parameters for 

maximum neutron y ie ld .  The t h i r d  t a r g e t ,  therefore ,  contained 445 ~ l g / c m ~  

of T i  vacuum deposited on a 30-mi1 Pd-Ag f o i l .  Focal conditions were the 

same as those a t  the end of the previous run. Inspection showed that the 
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beam diameter, as seen by a burned spot or. the  ta rge t ,  was l a r g e r  than 

minimum, but not by a la rge  fac tor .  Spot diameter may have increased 

from 5 t o  8 mm, so  the usual 1 nCl/cm2 may s t i l l  be quoted within the 

accuracy assi,gned elsewhere i n  t h i s  r e p o r t .  

After  the i n i t i a l  buildup, i n  about 20 minutes, the t a r g e t  

gave a reasonably constant yield near 4.5 x 1O1O n/sec f"os about three 

hours e 

the best  "standard" t a r g e t  a f t e r  only 16  minutes of operation, After 

2-1/2 hours of operation, the  y ie ld  declined with a h a l f - l i f e  of about 

2-1-/2 hours. Yield at shutdown (overnight)  was near 2.5 x l o 1  
Next rnorninp, the  y ie ld  was o f f s e t  lower and declined a t  near the previous 

h a l f - l i f e .  After one hour of operation, the  t a r g e t  holder was displaced 

about 7 nm, so  t h a t  the  h e m  struck the  t a r g e t  a t  the  edge of t h e  previ- 

ously bombarded area.  

neutrons/sec. 

For some unknown reason, t h e  y ie ld  then declined rap id ly  and then became 

These r e s u l t s  were even b e t t e r  than expected. The yie ld  surpassed 

neutrons/sec. 

The y i e l d  immediately doubled up t o  about 3.5 x lolo 

The y i e l d  then declined about 10 percent i n  two hours. 

almost constant f o r  an hour a t  around 2.3 x lOlo neutrons/sec. 

The beam voltage was then increased t o  200 kV, r e s u l t i n g  i n  a 

few percent increase i n  y i e l d .  The increased range of the deuterons 

would produce about t h i s  much increase i n  y i e l d .  A t  9 hours of operation, 

the  beam was increased t o  1.2 mA, r e s u l t i n g  i n  a f u r t h e r  increase i n  y ie ld  

t o  about 4 x 1O1O neutrons/sec. 

increase.  A t  one time, t h e  beam was 1 . 5  mA. Defocusing o? t h e  beam by 

mutual repulsion may have caused the  increase i n  y i e l d ,  indicat ing t h a t  

further increases  may be obtained by addi t iona l  defocusing, The spread 

of the  beam probably reached port ions of t h e  t a r g e t  unreached before.  

(The coll imator was not used f o r  these runs. ) 

The l a s t  two data  points  showed a l a r g e  
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Tritium flow r a t e s  were estimated by no-Ling the  time ( 1 . 1 5  h r )  

necessary f o r  t r i t i u m  pres sui^ t o  change from 8 t o  24-1./2 inches of 

vacuum. The voliune of the  tritium reservoir  was estimated as 1.8 em3, 

and the  flow was thus near 5.6 cm3/hr a t  STP or 12 Ci/hr. 

18 hours of operation, about 220 Ci. of activri.t,y was released i n t o  the 

machine. 

high vacuum pump and forepimp, which absorbed a major frac-Lion of the  

released tritium. 

In about 

In t h i s  machine, there  was a molecular sieve'' between the 

The t h i r d  Pd-Ag self-replenishing target  was run f o r  a period 

s l i g h t l y  less  than -ten hours wit,h a y ie ld  generally above 2 x lo1' 

neutrons/sec. 

indicat ing t h a t  sustained y ie lds  of twice t h i s  duration could be expected 

with t h i s  type of t a r g e t .  

Less than half  the  avai lable  t a r g e t  area 'was bombarded, 

The y ie ld  s e e m  t o  be strongly dependent on the T i  thickness 

and much less dependent on the  Pd-& thickness.  

of T i ,  the  y ie ld  was increased by a f a c t o r  of almost f fve .  

such t h a t  the majority of I)-T reac t ions  take place near the,Pd-Ti i n t e r -  

face may be optimnurn. 

In going from 1000 pg/cm2 

A T5 thickness 

The y ie ld  does not seem t o  be strongly dependen-t on tritium 

pressure.  Variations i n  tritium pressure only s1ightl.y affected the y ie ld .  

Small var ia t ions  i n  target temperature ( f a c t o r  of 2 i n  cooling 

water) d i d  not influence the y ie ld .  

Three mechanisms may accomt f o r  the  decay i ~ n  these ta rge ts :  

(1) A small l ayer  of the t a r g e t  mater ia l  ( T i )  may have been sputtered 

away under bombardment; ( 2 ) a buildup of cracked organic material. 

ca l led  carbon buildup, on the t a r g e t  ma-terial may have occurred; ( 3 )  a 
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buildup, or replacement, of t h e  tritium by deuterium may have occurred. 

It i s  not c l e a r  which mechanism i s  dominant. 

SUMMARY, CONCLUSIONS, A.ND RECOMMENDATIONS 

There i s  a pressing need f o r  r e l i a b l e ,  inexpensive, high neutron 

y i e ld  I)-T acce le ra tors .  

garma rays  f o r  radiotherapy. 

needed t o  provide ind ica to r s  of r ad ia t ion  e f f e c t s  on humans. 

d e f i n i t i v e  neutron t r anspor t ,  secondary gamma-ray production, and shielding 

da ta  f o r  L4-MeV neutrons a re  needed t o  b e t t e s  define weapons r ad ia t ion  

e f f e c t s .  

Fast  neutrons appear t o  be superior  t o  x o r  

Large animal radiobiology research i s  

Further 

Machines capable of producing on t h e  order of l o L 3  n/sec ( L ! ! T )  

for long periods of time ( 3 G  t o  40 hours) ,  using small t a r g e t s ,  a r e  needed 

f o r  t he  above t a sks .  The key t o  bui lding such a machine i s  t h e  t a r g e t .  

The IBNRE machine 

of about an hour, and the  t a r g e t s  were l a r g e .  A br i e f  survey of t m g e t  

preparat;ions showed t h a t  t he re  were many promising methods of preparing 

5 produced t h e  y i e ld ,  but t h e  t a r g e t s  had a h a l f - l i f e  

t a r g e t s  t h a t  had not  been f u l l y  explored. 

E G G  s c i e n t i s t s ,  evaluated severa l  a l t e r n a t i v e  methods t o  t a r g e t  preparat ions.  

A team, composed of ORNL and 

This research has produced a prototype t a r g e t  t h a t  shows much 

Dronise i n  solving t h i s  problem. It uses  t h e  p r inc ip l e  of self-replenishment 

with tritium through a silver-palladium membrane. 

type were t e s t ed ;  t h e  t h i r d  producing a high and sustained y ie ld .  

The r e s u l t s  of t h i s  t a r g e t  a r e  shown i n  Figure 9, along with the 

Three t a r g e t s  of t h i s  

decay curve of t h e  bes t  "standard" t a r g e t  t e s t e d .  The y i e ld  of t h e  s e l f -  

replenishing t a r g e t  surpassed the  standard t a r g e t  a f t e r  only 16 minutes 
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BRNL-DWG. 71--244Q 

7 ”  big. 9. Neutron Yield peT m4-s as a Funct ion  of Operating T i m e .  
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of operation. 

hours with a yield generally above 2 x lOlo neutrons/sec. Less than half 

the available target area was bombarded, indicating that sustained yields 

of twice this duration could be expected with this type of target. 

The target vms run for a period slightly less than ten 

The yield seemed to be strongly dependent on the Ti thickness 

arid much less dependent on the Pd-Ag thickness. 

to 440 pgm/cm2 of Ti, the yield was increased by a factor of almost five. 

A Ti thickness such that the majority of D-T reactions take place near the 

Pd-Ti interface may be optimum. 

In going from ZOO0 pg/cm2 

The yield does not seem to be strongly dependent on tritium 

Variations in tritium pressure only slightly affected the pressure. 

yield. 

Small variations in target temperature (factor of 2 in cooling 

water) did not, influence the yield. 

The tritium gas f l o w  through a combination of materials, such 

as silver-palladium and titanium, is generally limited by the flow 

through the one with the least permeability; in this case, titanium (Ap- 

pendix B). 

in the titanium and not on the flow. 

O f  course, the yield is dependent upon the tritium density 

Optimum conditions w i l l  be obtained 

when the tritium density is at a maximum at the depth where most of the 

D-T reactions take place. This may explain why the yield was laygely 

dependent upon titanium thickness rather than on the silver palladium 

thickness, its temperature or the tritium pressure. 

Under idealized conditions, Gray17 indicates that a yield of 

1.9 x LO8 n/u Coulomb (e  300 kV) may be obtained using titanium 3s an 

occluder. The third silver-palladium target reached about 3.9 x IO7 n/pC 
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f a r  185 kV. 

6.2 x lo7  n/uC, a f a c t o r  of 3 Lower than t,hat, probably ever a t ta inable .  

Thus, these targets., which were run t o  evaluate the  f e a s i b i l i t y ,  a re  not 

far from optimized f o r  maximum yie lds .  

Extrapolating upwards t o  300 kV, t h i s  would be about 

Using deuteron beans on a v a r i e t y  of t a r g e t  niaterials,  it, was 

possible t o  show t h a t  110 ma-terial, including sheet T i ,  retained enough 

deuterons t o  produce D( d,n) neutrons i n  amounts competitive with 1-oaded 

T i  targe-ts.  

same l eve l  as a I-oaded targe-t .  

i n  yi-eld, but not s ign i f icant  enough t o  warrant f u r t h e r  study, 

1mpla.nting ions d o n g  channeling d i rec t ions  i n  s ingle  c r y s t a l  

However, an unloaded T i  t a r g e t  b u i l t  up a c t i v i t y  t o  the 

Gold overcoats produced a small increase 

copper produced a yield 50 percent higheP than polycrystzl l ine copper, 

but still s i g n i f i c a n t l y  lower than standard t a r g e t s  and t a r g e t  mater ia ls .  

Supercooled tritium t a r g e t s  show no longer ].life nor enhanceiiient 

Y.n y ie ld  thaii those operated a t  ambient temperature. 

the  concliision i s  reached t h a t  rad ia t ion  damage by the bombarding deu- 

terons i s  the dominant mechanism in tai-get decay. Chemical bonds binding 

the tritium i n  the matrix a r e  broken, and t h e  ty j - t ium then d i f fuses  out 

of t h e  t a r g e t  material. 

The silver-palladium self-replenishing ta rge t  pr inc ip le  o f f e r s  

From t h i s  result ,  

the mosi po ten t ia l  of obtaining high y i e l d s  wi-th long half - l ives  a 

t h e  t h i r d  prototype tes-ted i n  t h i s  s e r i e s  of measurements could be used 

immediately i n  smal.1 machines using beam currents  on the  order of one 

milliampere. More research and development, i s  i-equired t o  maximize ava i l -  

able pa.rameters and t o  determine i f  high beam d e n s i t i e s  i n  small t a r g e t s  

w i l l  also he successful e These s tudies  are  necessary before an appropriate 

machine can be designed or b u i l t .  

Indeed, 
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First, it is recommended that more experiments be performed, 

using low beam densities, to better define the parameters. 

definitive information should be obtained on: 

function of depth in the titanium xnd palladium; (2) tritium diffusion 

rates; ( 3 )  titanium sputtering; and ( A )  heat dissipation. 

In addition, 

(1) Tritium density as a 

Similar experiments and investigations should be run f o r  much 

higher beam densities. 

at ClRNL (DOSAR Facility). 

periments be performed at another location where high beam machines with 

appropriate focusing and beam analysis capability exist. 

Experiments using low beam densities could be run 

It is recommended that high beam density ex- 
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APPENDIX A 

Deuteron Energy Loss i n  Metals 

The energy l o s s  of the beam i n  metals is near ly  l i n e a r  with 

thickness.  

culat ions by Janni t o  be applicable.  Experimental data by Whaling 

general ly  confirm these ca lcu la t ions .  

A b r i e f  survey of the  l i t e r a t u r e  revealed t h e o r e t i c a l  cal-  

* x* 

Table Al shows t h e  sange of 200 keV deuterons ( o r  100 keV 

protons)  i n  some metals.  

Some straggl ing w i l l .  occur, of course, but ,  i n i t i a l l y  a t  l e a s t ,  

Note tha t  f o r  a most of the  deuterons w i l l  come t o  r e s t  a t  these depths. 

t i tanium +Uarget, a t  l e a s t  400 ug/cm2 i s  necessary to s top  a l l  t h e  deu- 

t erons . 
Table A2 shows approximate energy l o s s e s  of 200 keV deuterons 

(or 100 keV protons)  a t  various depths i n  aluminum, copper, gold, s i l v e r ,  

and titanium. 

* 
Joseph F. Janni, CaZcuZations of Energy Loss, Range, Pathlength, 
Straggling, MuZtip Ze Scattering, and the P ~ o b a b i  Zity of Ine Zastic 
i’JucZear CoZZisions f o r  0.1 to 1000 MeV Protom, AWL-TR-65-150, 
September, 1966. 

l a rd  Whaling, 
Handbuch der Physik, Bd. XXXIV, p. 13. 

** 
The Energy  Loss of Charged ParticZes in Ma&tep, 
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Table A l .  Range of 200 keV Deuterons in Selected Metals 

Deuteron Range 

Copper 

Gold 

519 .59 
1250 .65 

782 .74 

407 .91 

Si lver  
T i t  an film 

‘Table A2. Energy Loss of 200 keV Deuterons at 
Various Depths i n  Selected Metals 

Gold S i l v e r  T 4 t aniuni Copper 
keV 

Thickness Al.uminum 
keV keV krV 

P 

!G/cm2 keV 

7 3 8 13 
5 13 20 

20 8 20 30 

10 25 4 5 

15 40 70 

30 10 

50 

7 5 30 

20 10 

100 50 25 

150 80 40 

200 120 50 20 50 90 

90 35 75 140 

50 100 190 

300 21 0 

400 130 

500 180 

750 

1000 

75 1.30 220 

1 2  5 190 

180 
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APPENDIX B 

Diffusion of Hydrogen Isotopes in Palladium 

During the course of the study, some general information was 

gathered from the literature on the diffusion of hydrogen isotopes in 

metals, in particular, palladium. The more important data that was 

used in planning the experiment is discussed in this Appendix. 

Hydrogen flow rates through palladium depends upon temperature 

and pressure. The higher the temperature and pressure, the greater the 

flow rate of hydrogen through the palladium membrane. IJowever, even for 

low temperatures and pressures, the flow rate appears to be substantial. 

For a deuterium gas and a silver-palladium (25-75) foil of thickness 1 

mil and 1 inch2 in the area, the flow rate is 0.7 cc/sec at 348" C when 

the difference in the square roots of the upstream and downstream partial 

pressures is (1 psia)'. 

rate is 8.3 cc/sec (see Table Rl). 

li. When the differential is (10 psia) the flow 
* 

Flow rates are more for silver-palladium than for pure palladiim. 

Flow rates are more by a factor of about 1.7 for hydrogen than for deute- 

rium. 

thickness. 

The gas flow through a membrane is inversely proportional to its 

The gas flow through a combination of materials is generally 

limited by the flow through the one with the least permeability. 

experiment 

of copper and nickel with palladium indicated the flow rate through the 

entire membrane was dependent upon the flow rate through the copper and 

One 
** 

of the diffusion of hydrogen through a composite membrane 

* Englehard Industries, Inc. Technical Bulletin, Vol. 7, 1966. 
** Barriel?, R. Jh. ,  Diffusion In and Through S o l i d s ,  Cambridge Univ. 

'Press, Locdon, 194.1, Chapter 4 .  
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Table B1 a Experimental Rksults -1 
.-. 

Corrected Flow Permeability ( 3 )  

1.0 p s . i . a. 0 * 5 ) 
(cc/sec at ( c c / s e c  ) Temp. 

Gas ( " C )  mil/in. 2-p s . i ,a 0 * 5 Specimen 

I'da D7 3 01 2 a '74 0 a 321 
350 3.45 0.404 
4 00 4*41 0.516 
448 5.26 0.615 

550 6.96 0.814 
5 96 8 .Lk3++ 0.986 

0.689 
350 6.19 0 724 

450 8.35 0.977 
500 9.87 1. 155 
548 I1 e 36 1.329 
596 12 a 84 I. 502 

499 6.19 0.72L+ 

H2 305 5.89 

4 00 7.25 0.848 

348 
403 
449 
500 
5 98 

H2 3 50 
4 03 
449 
500 
598 

b 
Pd-25 Ag D2 8.32 

9.22 
9.23 
9.84 
11 " f!!6 
14 21 
14. *I 42 
15 "36 
16.05 
18.67 

0.718 
0.796 
0.797 
0.849 
0.989 
I. 226 
1. * 244 
1.326 
1.385 
I. a 611 

* 
Extrapolated. 

a. 

Last da-La point at 8.4 p.  s . i . a. 5 .  

10.00" x 0.124'' O.D. a t  s-tart of experiment. 
Effective area 3.76 ina2, 4.6-.mil wal l . .  
0.130" O.D. x 4.44-mil wall at end of experiment. 
Averaged ratio wall thickness/area, 1.17 mil / in .  2. 
The averaged values were used to calculate permeability. 

Effective area 3.82 in.*, 3.3-mil wall. 
Wall thickness/area ratio, Os563-mi1/in. 

b. 10.05" x 0.126" O.D. 

throughout experiment. 

+Technical Bulletin; Vol . 7, Engelhard Industries, Incorporated 1966 ~ 
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nickel alone. 

of silver palladium and vacuum-deposited .titanium would depend upon the 

flow through the titanium. Very little information was found on the flow 

through titanium. 

One would expect then, that the flow through a sandwich 

For low temperatures (below 300" C), it is important that the 

hydrogen isotope be reasonably pure. 

erentially over hydrogen through palladium at these l ow temperatures. 

of the targets tested used tritium contaminated with air. 

the low yield. 

Many substances are adsorbed pref- 

One 

This may explain 

The atom ratio, H/Pd, is inversely psoportional to temperature 

and varies  from about 0.1 to 0.7. 

being diffused into a titanium substrate, bombardment by deuterium will 

produce a neutron yield dependent upon the tritium density in the titanium 

and not in the palladium. 

density of tritium in the titanium is at a maximum at the depth where 

most of the D-T reactions take place. This probably explains i~hy  the 

Of course, if the gas is tritium 

Optimum conditions will be obtained when the 

yield was largely dependent upon titanium thickness rather than on the 

silver palladium thickness, its temperatures, or the tritium pressure. 
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APPENDIX C 

Sputtering i n  Single Crystals 

Two a r t i c l e s  tha t  presented a f a i r l y  c l e a r  p ic ture  of the 

spu-ttering process were revie.wed, Impinging ions co l l ide  with t a r g e t  

atoms. These atoms tend t o  r e c o i l  i n  the forward d i r e c t i o n  with suf- 

f i c i e n t  energy t o  undergo secondary c o l l i s i o n s  with other  atoms. 

second generation of r e c o i l  atoms has a grea te r  chance of escaping i n  

the backward d i rec t ion  than the f i r s t  generation. These are o f  very 

low energy, but there alae so many of them they account for the  major 

port ion of the  sput ter ing y ie ld .  

unless they are  origi-nally located within a couple of atcJmPc layers  

from the  surface.  

This 

However, they cannot escape the surface 

x 

Consequently, the deeper the  impinging ions can penetrate,  

the smaller the sputtering yie ld .  The r e s u l t  is :  The sput ter ing y i e l d  

decreases with increasing ion energies and increases with an increase i n  

ion mass. Deuterium ions bombarding sing1.e cz-ystal copper at, normal 

incidence a t  1 MeV energy y ie lds  a sput ter ing ratio of about l o m 3  a.toiiis/ioii. 

Karninsky 
** 

has given values of sput ter ing of copper under bombardmen% by 

deuterons. 

and jncreases t o  2.7 x lom3 aL 100 kV. A t  1.50 kV, an ion beam of l rrA, 

bombarding a s ingle  c r y s t a l  copper ta rge t  for 78 minutes, would sput tes  

o f f  5 .6  x 

the  Largetiis 1 em*, t h i s  would represent a removal of 6.6 x lom3 microns 

off the surface.  

The sput ter ing r a t i o  (atoms/ion) a t  150 kV is about 2 x 

atoms of copper ( 2  x 1 0 - 3  x 2 x 8 x - 5.6 x 10l6). I f  

* 
*% 

Peter Sigmund, Phys. Rev. 184, 2 ,  383 (1969). 
Manfred Karninsky, Phys. Rev. 226, L,, 126'7 (1962). 



APPENDIX D 

4 Simplified hilethod of Estimating the D-D Component of a D-T Source 

In all D-T accelerators, there are some neutrons emerging from 

These usually range from 1 to 10% of the neutron out- 

There are many instances in which an estimate of the D-D component 

the D-D reaction. 

pu-t. 

in real time is desirable. 

A simplified method was developed f o r  estimating the D-D 

component of a D-T source. 

because baseline data on the D-D neutron yield had been established for 

the targets of interest and because extreme accuracy was not required 

in these experiments. The method is presented here for informational 

purposes. 

It was not used, however, in these experiments 

The angular distribution of the neutrons emerging from the D-D 

reactions is peaked in the forward direction, whereas those from the D-T 

reaction are nearly isotropic. 

this dirctionality, if a neutron counter is placed at 0" and another 

(See Figure DL) To take advaritage of 

at about 90", an estimate of -the D-D component can be made by examining 

the ratio of the counts. Standard, insensitive, long counters o r  Hurst; 

proportional counters would suffice, provided the counters record the 

same number of counts per neutron of the two reactions. 

The first counter should be placed at 0". The second counter 

Too often the target provides some could be placed at an angle of 75". 

self-shielding at 90". 

The target-counter distance of the second counter could be 

adjusted such that the two countess read the same for the D-T neutrons. 

This distance (for the 75" detector) should be c l o s e r  than .the 0" detector 
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by 98-45, 98.2%, 98.0%, 97.8%, 97.7%, and 97.6% for deuteron energies of 

100, 200, 700, 400, 500, and 600 keV, respect ively.  

Next, a Glank t i tanium (or other  m a t e r i a l )  t a r g e t  could be 

put on the acce lera tor  t o  produce only D-D neutrons. The r a t i o  of 

counts of the two detectors  should be a s  l i s t e d  i n  Table D l .  

Values i n  Figure D2 can be used f o r  other  accelerat ing voltages.  

If these  counter r a t i o s  are not obtained, t h e  source-detector dis tance 

should be adjusted u n t i l  the  r a t i o s  a r e  obtained. 

With the de tec tors  a t  the proper dis tances  and angles,  the  

D-D component of t h e  fluence a t  0" f o r  any t a r g e t  can be determined. 

Table D2 gives r a t i o s  for counter readings f o r  various bean compositions 

a t  0". 

accelerat ing voltages from the basic  data i n  Seagraves handbook. S t i l l  

o ther  tables could be developed f o r  %he 47r neutron outputs by r e l a t i n g  

the  4 ~ i  output t o  the  0" fluences i f  desired.  

Other t a b l e s  could b e  developed f o r  other  angles o r  specif5.c 
3c 

Note t h a t  from Table D2 f o r  a 200 kV beam, a 1% g r e a t e r  

f luence a t  0" shows a 2% I)-D component. 

r e s u l t s  much l e s s  than 1% r e l a t i v e  aecwacy by obtaining 200,000 c.ounts 

01: so  on the  s c a l e r s .  It i s9  of course, important t h a t  the two s c a l e r s  

record during an i d e n t i c a l  time i n t e r v a l .  

It should be easy t o  obtain 

This method would work bes t  when neutron s c a t t e r i n g  from 

mater ia l s  i n  the  room a r e  minimized, 

x 
John D ~ Seagrave, D id, nj He 
LAMS-2162 ( January 24, 3958) .  

and T id, njl?~' Neutron Souvace Hadbook, 
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Table D1. Ratio of Neutrons i n  Forward Direction t o  Those 
a t  755 as a Function of Deuteron Energy 

Energy keV 

100 
200 
300 
400 
5 00 
600 

1.872 
2.249 
2,661 
3.015 
3.352 
3.656 

Table D2. Relative Ratios of the 0" Neutron Fluence t o  the  75" 

Neutron Fluence for Various Eearn Compositions 

Beam 
Coinpositions 
a t  0" ( % )  Accelerating Voltage - 1cV 

D-T D-D 100 200 300 400 5 00 600 

100 

95 

98 

95 

90 
80 

70 

50 

25 

0 

0 

1 

2 

5 

10 

20 

30 
50 

75 

100 

~ 

1.000 

1.0047 

1.0094 

1.0238 

1.0489 

1.1027 

1.1624 

1.3036 

1.5369 

1.872 

1.000 

1,0056 

1.0112 

1. I 0286 

1.0588 

1.1250 

1.1999 

1. " 3844 
1.7139 

2.249 

1.000 

1.0063 

1.0126 

1 rn 0322 

1.0666 

1 . I.&% 
I. 2301, 

1.4537 

1.. 8802 

2.661 

1 " 000 

1.0067 

1,0135 

1.0346 

1.0716 

1.1543 
1 a 2508 

1.501.9 

2.0050 

3.015 

1.. 000 

1.0071 

I. 0142 
1.036[+ 

1.0755 

1. 1632 

1.2666 

1.5404 

2.1108 

3.352 

1.000 

1 (I 00?3 

1.0147 

I 03-77 

1 * 0783 

1.1700 

1.278'7 

I. 5704 

2.1971 

3.656 
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