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In connect ion with the poss ib i l i ty  of using powerful  e lec t ron  b e a m s  for  va r ious  technological  pu rposes  
[1-6] and the excavat ion of mine workings  [7], a study was made of the effect  of powerful  e lec t ron  beams  on 
meta l  and d ie lec t r i c  b a r r i e r s .  M e a s u r e m e n t s  we re  made of b r igh tness  t e m p e r a t u r e  and depar tu re  ve loc i ty  
of the vapor  produced,  and of the t h e r m a l  flux and mechanica l  loading on the b a r r i e r s  when acted upon by e l ec -  
t ron  b e a m s  with c u r r e n t s  to 40 kA and e lec t ron  energ ies  of 60-100 keV. 

The e x p e r i m e n t s  were  p e r f o r m e d  with a c c e l e r a t o r s  having the following p a r a m e t e r s  [8, 9]; beam c u r -  
ren t ,  up to 40 kA, a c c e l e r a t i n g  vol tage,  60-100 kV; beam d i ame te r ,  up to 3 cm; vol tage pulse dura t ions  
and beam ene rg i e s  of 0.2 and 1.5 p s e c ,  180 and 1300 J.  The b a r r i e r s  to be i r r ad ia t ed  were  p laced in the 
a c c e l e r a t o r  dr i f t  tube,  which was evacua t ed  to 10 -G m m  Hg. 

Pu l se  ene rgy  was de te rmined  f r o m  cu r r en t  o sc i l l og rams  at the t a rge t  and the applied acce le ra t ing  
vol tage ,  and a lso  f rom the degree  of heat ing of copper  c a l o r i m e t e r s ,  as  m e a s u r e d  by the rmocoup le s .  B e a m s  
ene rgy  densi ty  d e c r e a s e d  f rom the cen te r  to the edges .  C a l o r i m e t e r s  with input o r i f i ces  vary ing  f rom 5 to 
60 m m  in d i a m e t e r  were  used  to de t e rmine  beam ene rgy  dis t r ibut ion a c r o s s  the sect ion.  Due to evapora t ion  
of the c a l o r i m e t e r  wal ls  and r e m o v a l  of por t ions  of the evapora ted  m a t e r i a l ,  the c a l o r i m e t r i c  m e a s u r e m e n t s  
were  lower  in value than the e l e c t r i c a l  m e a s u r e m e n t s ,  the d ivergence  inc reas ing  with i nc r ea se  in beam en-  
e rgy ,  but not exceeding 20% [10]. 

The m e a s u r e d  e n e r g y  densi ty  in the beam with c a l o r i m e t e r  input or i f ice  d i ame te r s  of 5, 10, 20, 30 
m m  c o m p r i s e d  110, 65, 30, 16 J / c m  2 with the a c c e l e r a t o r  of [8] and 260, 120, 110, 100 J / c m  2 with the 
a c c e l e r a t o r  of [9]. 

M e a s u r e m e n t s  of mechan ica l  m o m e n t u m  were  made  with an MID m e m b r a n e  m o m e n t u m - m e t e r  o r  a 
PIM p iezoe lec t r i c  m om en t um  m e t e r .  The MID contains an e las t i c  m e m b r a n e ,  the deflect ion of which by the 
beam is  p ropor t iona l  to the beam m o m e n t u m .  The deflect ion is de te rmined  by the dis tor t ion of a lead c r u s h e r  
gauge located beneath  the m e m b r a n e .  M e m b r a n e s  of s teel ,  Dural ,  and P lex ig ias ,  with d i a m e t e r s  f rom 10 to 
30 m m  were  used.  T a r g e t s  of o ther  m a t e r i a l s  were  glued to the m e m b r a n e  with epoxy r e s in .  

M e a s u r e m e n t  uncer ta in t ies  developed because  of t h e r m o e l a s t i c  de format ions  of the m e m b r a n e s  and 
changes in t he i r  e l as t i c  c h a r a c t e r i s t i c s  due to heat ing and anneal ing,and also because  of deviat ion of the beam 
cen te r  f rom the c en t e r  of the m e m b r a n e .  With carefu l  moni tor ing  of the m e m b r a n e  c h a r a c t e r i s t i c s  the m e a -  
s u r e m e n t  e r r o r  did not exceed  15%. 

The PIM p iezoe lec t r i c  m om en t um  m e t e r  contains a r emovab le  t a rge t  made of the m a t e r i a l  to be stud- 
led, mounted  on a t h r e e - b r a c k e t  e las t i c  e lement .  When the beam s t r i kes  the t a rge t  the momen tum t r a n s -  
f e r r e d  exc i t es  osc i l la t ions  of the e las t ic  e lement ,  which a r e  conver ted  to e l ec t r i ca l  s ignals  by TsTS-19  
p i ezo t r ansduce r s  ins ta l led  below the b r a c k e t s .  The e m f  r eco rded  on the osc i l loscope  v a r i e s  at the e l a s t i c -  
e l emen t  osci l la t ion f requency,  and the ampli tude is p ropor t iona l  to the momen tum acting. The pulse m a g -  
nitude can be de te rmined  f rom any success ive  signal  peaks ,  allowing puIse r eg i s t r a t ion  a f t e r  pulse comple -  
t ion in the p r e s e n c e  of much  in t e r f e r ence .  T h e r m o e l a s t i c  s t r e s s e s  and deformat ions  and beam deviat ions 
f rom the t a r g e t  cen te r  have  no effect  on device opera t ion  so that  the uncer ta in ty  of s tandard  m e a s u r e m e n t s  
does not exceed  10%. Device sens i t iv i ty  is up to 0.5 V • 1000 p F / d y n -  sec .  
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Fig. 1 

Af te r  b e a m  appl icat ion to the t a r g e t  su r face ,  t r a c e s  of e ros ion  due to e v a p o r a t i o n  and me l t ing  were  ob-  
s e r v e d .  The c e n t r a l  (usually c i rcu la r )  reg ion  is  r e l a t ed  bas i ca l ly  to  depar tu re  of evapora ted  m a t e r i a l ,  while 
the p e r i p h e r a l  a r e a  was p roduced  by spa t t e r ing  of me l t ed  m a t e r i a l .  Outside these  reg ions  the me ta l l i c  t a r -  
ge ts  showed t e m p e r i n g  co lo r s .  The d ie l ec t r i c  t a r g e t s ,  quar tz ,  TsTS,  and P l ex ig l a s ,  were  d e s t r o y e d b y  c r a c k -  
Lug and spli t t ing.  

With i n c r e a s e  in b e a m  e n e r g y  Q the m e a s u r e d  va lues  of t r a n s f e r r e d  m o m e n t u m  I i n c r e a s e ,  although 
the r a t io s  I /Q  u s i n g  the a c c e l e r a t o r s  of [8, 9] a re  c lose  in value,  and coincide for  lead and s i l v e r  n e a r  10 
dyn �9 s e c / J .  

M a s s  r e m o v a l  m was de t e rmined  by weighing the t a r g e t  before  and a f t e r  beam action.  With i n c r e a s e  
i n t a r g e t  radius ,  m a s s  r e m o v a l  d e c r e a s e d  due to deposi t ion of me l t ed  p a r t i c l e s  on the t a rge t s  t h e m s e l v e s ,  
which was e spec i a l l y  m a r k e d  fo r  the s t ee l  and copper  t a r g e t s .  The amounts  of m a s s  r emoved  a r e  app rox -  
ima te ly  p r o p o r t i o n a l  to the beam ene rgy  abso rbed  and depend weakly on flux densi ty  and e l ec t ron  energy .  In 
D16T Dura l  and a luminum,  which had the h ighes t  hea ts  of subl imat ion,  m a s s  r e m o v a l  was  s ignif icant ly 
g r e a t e r  than  in s t ee l  and copper ,  s ince due to the low mel t ing  point a s ignif icant  amount  of a luminum and 
D16T w e r e  r e m o v e d  in liquid f o r m .  

M e a s u r e m e n t s  on an a luminum t a r g e t  40 ram in d i a m e t e r ,  composed  of 64 e l ement s ,  showed that  m a s s  
r e m o v a l  p e r  unit a r e a  is m a x i m a l  in the cen te r  and d e c r e a s e s  toward  the edges of the i r r ad i a t ed  spot,  c o r r e -  
sponding approx ima te ly  to the ene rgy  d is t r ibut ion  o v e r  spot a r e a .  T h e r e f o r e ,  the ra t io  m / Q  f o r  the va r ious  
t a r g e t  e l emen t s  r e m a i n s  p r a c t i c a l l y  constant .  

C h a r a c t e r i s t i c  va lues  of m a s s  r e m o v e d  with the a c c e l e r a t o r  of [8] and 3 0 - m m  d i a m e t e r  t a rge t s  of 
s tee l ,  Dural ,  lead,  s i lve r ,  quar tz ,  and P lex ig las  were  n e a r  20, 70, 200, 70, 40, 190 p g / J .  With the a c c e l -  
e r a t o r  of [9] m / Q  va lues  we re  somewhat  l ower  than with the o ther  device [8], s ince with i n c r e a s e  in the du r -  
at ion of the in te rac t ion  a l a r g e r  f r ac t ion  of b e a m  ene rgy  i s  abso rbed  in vapor .  

The t ime  dependence of p r e s s u r e  was m e a s u r e d  by end-window p iezoe lec t r i c  s enso r s  opera t ing  in the 
cu r r en t  g e n e r a t o r  r e g i m e  with t ime  reso lu t ion  down to 10 -8 sec and to ta l  t ime  r eg i s t r i a t i on  to 2 ~sec .  The 
oute r  su r face  of the sens i t ive  e l emen t  made  of TsTS-29  p i e z o c e r a m i c  or  quar tz ,  30 m m  in d i a m e t e r ,  upon 
which the t a r g e t  was  mounted,  was  subjected to beam act ion.  The signal  was t aken  f rom the inner  (surrounded 
by a guard  ring) m e a s u r e m e n t  e l ec t rode ,  the d i a m e t e r  of which was 20, 15, 10, 6, Or 4 m m ,  fo r  the va r ious  
sens i t ive  e l emen t s ,  pe rmi t t ing  m e a s u r e m e n t  of ave r age  p r e s s u r e  as a function of t i m e  on a t a r g e t  equal 
in a r e a  to the m e a s u r e m e n t  e l ec t rode  a r e a .  l~ecording was done with an S-1-26 osc i l loscope .  Ta rge t s  used  
were  s i lve r ,  copper ,  a luminum,  lead,  and epoxy.  The TsTS-19  p iezoe lemen t s  opera ted  re l i ab i ly  in the acce l -  
e r a t o r  of [8], but with the device of [9] they could not be used fo r  p r e s s u r e  r eco rd ing  because  of the high in-  
t ens i t y  of b rak ing  x rad ia t ion .  The p iezomodule  was  changed m a r k e d l y  by  b e a m  action.  Use of t a r g e t s  with 
a th ickness  g r e a t e r  than the x - r a y  mean  f r e e  path length pe rmi t t ed  record ing  of p r e s s u r e  m e a s u r e m e n t s ,  but led 
to reduced  va lues  due to shock wave damping in the depths of the t a rge t .  T h e r e f o r e ,  quar tz  p i ezoe lemen t s  
were  used  with the a c c e l e r a t o r  of [9], s ince these  a r e  not sens i t ive  to x radia t ion.  

524 



Fig.  2 

TABLE 1 

Material D16T Steel Lead  Plexiglas 

Accelerator 
TmlO-3 * K 

v,n, kin/see 
p, l0 s g/era 3 

[81 I91 
9,5 45 

i 0  l0 
- -  2 . ~  

[8] [91 
i4,5 60 
10 lO 

- -  2 , ~  

[Sl 
i0 
8 

[9t [$] lgl 
35 6,5 i0 

8 9 -- 
t6 -- -- 

F igure  l a - c  shows cha rac te r i s t i c  osc i l lograms  of p r e s s u r e  for  beam action on s i lver  (Pm = 2550 atm 
[SD, lead (Pm = 1460 atm [8]), and aluminum (Pm = 700 arm [9]). Aside f rom the basic  shock wave, there 
develops a t r a in  of waves ref lected f rom the piezoelement  surface.  The maximum p r e s s u r e  Pm increases  
with inc rease  in e lec t ron  flux density,  and the p r e s s u r e  maximum is  found at a t ime close to the maximum 
i r rad ia t ion  power .  In s i lver ,  for  change in flux density f rom 180 to 670 m W / c m  2 the maximum p re s su re  
inc reases  f rom 1500 to 4200 arm, while for  copper  over  the range 180-470 m W / c m  2 the p r e s s u r e  in- 
c r e a s e s  f rom 730 to 1900 arm, and in lead for  50-225 m W / c m  2 f rom 500 to 1500 arm. In aluminum and 
epoxide for  a charge  density 170 mW/em 2 the maximum p r e s s u r e  is 850 and 1460 arm, respeot ively.  

The total mechanica l  momentum was determined f rom the p re s su re  osc i l lograms  only for  the accel -  
e r a t o r  of [8], because with the acce le ra to r  of [9] the sensor  record ing  t ime of 2 psec  was insufficient, since 
ta rge t  loading by vapor  p r e s s u r e  extends for  a t ime approximately an o rder  of magnitude longer  than the 
beam action t ime.  

Measurement  of res idual  heat in the t a rge t  was pe r fo rmed  simultaneously by 2 or  3 copper -  Con-  
stantan thermocouples  with a the rmal  emf of about 41.6 pV/deg C with recording  on an N-117 loop osc i l lo-  
scope. The thermocouples  were  inser ted in the ta rge ts  subjected to beam action. 

Targe t  heating is bas ica l ly  related tobrak ing  of e lectrons in deep l ayers  f rom which no mate r ia l  is 
ejected,  to radiat ion f rom the p lasma cloud above the target ,  and to deposition of melted ma te r i a l  beyond the 
l imits  of the i r radia ted  spot. The influence of the la t ter  effect  inc reases  with ta rge t  size.  

Residual heat m easu rem en t s  in meta l s  with the acce l e r a to r  of [9] and a beam energy  of 860 J showed 
that with the MID device and a face d iamete r  of 65 mm the residual  heat  values in steel,  alumimzm, and lead 
compr i se  340, 310, and 280 J ,  or  about 35-40% of the total beam energy.  

With the apparatus of [8] and a ta rge t  d iameter  of 30 mm in steel,  Dural, and quartz,  the residual  heats  
compr i sed  78, 67, and 50% of the beam energy.  Usually more  heat is t r ans f e r r ed  to r e f r ac to ry  mate r ia l s  
than to low-melt ing-point  ma te r i a l s .  

The pat tern  of luminous vapor  ejection was recorded  by ZhFR and SFR-2M cameras .  The la t ter  cam-  
e r a  produced a picture viewed through five r a s t e r  sli ts 0.02 mm in width, normal  to the t a rge t  surface.  A 
magnif icat ion of about 1.3 was achieved with a special  lens at tachment.  Time resolut ion was about 0.03 
p sec .  Use of the r a s t e r  technique permi t ted  determinat ion of the f lare form at var ious  moments  in t ime. 
Br ightness  t empera tu re  of the vapors  was de termined by compar ing film density with re fe rence  density 
m a r k s  obtained by photographing a s tandard I~V-39 light source with br ightness  t empera tu re  39000 �9 2000~ 
through a step attenuator.  
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TABLE 2 

Material f Steel 

Evaporation energy I 75 J 
m 

Valx~ kinetic energy ' 13~,~ I 
Residual heat i 34 ~ J 
I~-aal  vapor energy, with 1 
consideration of iofiization I 2~5 J 

Total energy ex~nditt~e 750 J 

A l u m i n u m  

9% IS5 J 22%10% 
i5% 85 I 
49% 3i0' J 36% ] 

1 
2..1% 250 J 29% t 

88% 828 .l 96% 

Lead 

83 J to% 
43 J 5% 

280 J 33% 

31o J 36% 

7t6 1 83% 

Pho tog rams  of vapor  e jec t ion  with the a c c e l e r a t o r  of  [8] are  shown in  Fig. 2 (image scan r ight  to left,  
magnif icat ion 1.3, scan r a t e  3 mm//~sec ,  a) s i lver ;  b) lead; e) steel; d) aluminum). The general  pa t tern  for  
al l  the meta ls  is approximate ly  the same.  All photographs show an outer  zone br ightes t  of all (the bound- 
a ry  of vapor  motion),  which is  detached f rom the t a rge t  edge.  The br ightness  t empera tu re  of the vapor  with 
the a c c e l e r a t o r  of [9] is  significantly h igher  than with the a c c e l e r a t o r  of [8], because  of the h igher  beam en-  
e rgy ,  but  the e ject ion ve loc i t ies  Vm a re  p rac t i ca l ly  the same.  The mean  vapor  densi ty ~ at  the end of beam 
action was de te rmined  f rom the m e a s u r e d  vapor  volume and the m a s s  removed.  The pa t te rn  of vapor  r emov-  
al f rom d ie lec t r i cs  d i f fe rs  s ignif icantly f rom that  fo r  me ta l s .  Analysis  of the photographs shows that evap-  
ora t ion begins at the v e r y  commencement  of beam act ion and fu r the r  beam absorpt ion occurs  in the vapor .  
The vapor  zone of maximum br igh tness  moves  away f rom the t a rge t  with t ime,  but always r emains  at the 
leading edge of the vapor .  The  vapor  t e m p e r a t u r e  dis t r ibut ion ove r  height c o r r e l a t e s  with e lec t ron  energy  
l ibera t ion  cu rves .  

At the complet ion of beam action the vapor  t e m p e r a t u r e  at the t a rge t  is s eve ra l  t imes  lower  than the 
maximum Tm.  Some resu l t s  a re  given in Table 1. 

The m e a s u r e m e n t s  p e r f o r m e d  p e r m i t  es t imat ion  of beam energy  expenditure for  the var ious  p r o c e s s e s  
which occur  (Table 2). 

The ene rgy  balance o v e r  averaged  re su l t s  of the exper iments  ag rees  well  with m e a s u r e m e n t s  of the 
beam ene rgy  Q = 860 J .  

The authors  e x p r e s s  t h e i r  grat i tude to D. V. I r emashv i l i  and his  l abora to ry  co -w o rk e r s  T. A. Ose-  
pashvil i ,  P .  I. Kakuchaya, andV. D. Popov fo r  making i t  possible to use the acce l e r a to r s .  
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