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In conclusion, we note that, for temperatures above 2500~ and fields F < 5 �9 107 V/cm, the fraction of 
electrons overcoming the potential barrier as a result of the tunnel effect is considerably less than the frac- 
tion of electrons passing over the barrier JI-F-T. For temperatures below 2500~ and fields of (3-5) �9 107 
V/cm, the current density can attain JI-F-T and then, with a rise in the field, can considerably exceed JI-T-F. 

With a transition from an I - T - F -  to an I -F-T-emission,  the point of inflection on the curves is almost 
not visible, while, with a transition from a T - F -  to an F-T-emission, there is a sharp point of inflection 
with fields of ~4" 107 V/era, where the tunnel effect begins to be strongly felt. The effect of the discrete char- 
acter of the distribution of the charge in the precathode layer rises with a rise in the precathode potential for 
I - T - F -  and I -F-T-emiss ions ,  which is connected with a rise in the dimensionless parameter R =nd 3. 
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I n t r o d u c t i o n  

P lasma acce le ra to r s  with a closed Hall cur ren t  [1] are  now undergoing ever g rea te r  development. F rom 
the macroscopic  point of view the accelera t ion of p lasma in these devices is accomplished by the e lec t romag-  
netic force produced by the interact ion of the Hall cur ren t  with the external magnetic field. The concre te  
mechanism of the manifestat ion of this force  consists  in the fact that if the electrons are  magnetized,  then an 
e lec t r ic  field can be crea ted  in the plasma which accelera tes  the ions, whereas  the electrons arc  forced to 
drif t  in the di rect ion of the vector  [E • H]. If the conditions are  uniform in the direct ion of the drift,  then the 
drif t  or  Hall cu r ren t  which develops c loses  on itself and the necess i ty  of its commutat ion drops out. 

Great  attention is paid to one modification of an acce le ra tor  with closed drift: an acce le ra tor  with an 
extended accelera t ion zone and with die lect r ic  walls for the acce le ra to r  chamber  [2-6]. This sys tem has becn 
studied since the s ta r t  of the 1960s. Serious development of another modification - an acce le ra tor  with an 
anode layer ,  most  easi ly formed above metal cathode walls - began somewhat la ter ,  although the principle of 
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an a c c e l e r a t o r  with a c losed  Hall c u r r e n t  was i t se l f  p roposed  f i r s t ,  evident ly  in the ve ry  fo rm of the a c c e l e r a -  
t ion of ions in the anode l a y e r  [7]. 

The extent  of the a c c e l e r a t i o n  zone, i . e . ,  the reg ion  where  the main  d rop  in the applied potent ia l  d i f -  
f e rence  o c c u r s ,  in an a c c e l e r a t o r  with a c losed  Hall  c u r r e n t  can be e s t ima ted  f rom the equation of ba lance  of 
the c r e a t i o n  of e l ec t rons  and the i r  d e p a r t u r e  f rom the volume. If the mobi l i ty  of the e l ec t rons  a c r o s s  the mag-  
net ic  field is c lo se  to the  c l a s s i c a l  value ,  then the potent ia l  drop  p roves  to be concen t ra ted  nea r  the anode in a 
l a y e r  with a th ickness  [8-10] 

V 
where  Xe is the e l e c t r o n  cyc lo t ron  frequency;  m and e a r e  the  e l e c t r o n  mass  and charge;  Va is the potent ia l  
d rop  in the l aye r ;  and v 0 and ~i a r e  the f requenc ies  of e l ec t ron  co l l i s ions  wi th  s c a t t e r i n g  of the momentum and 
of ionizat ions .  

The s i m p l e s t  c a se  of the ex i s t ence  of an anode l a y e r  occur s  in the l o w - p r e s s u r e  d i s c h a r g e  in a Penning 
ce l l  and in d i r e c t  and r e v e r s e  magne t ron  ce l l s  [11, 12]. The fo rma t ion  of a l a y e r  in a p l a s m a  in the p r e s e n c e  
of a s ign i f ican t  flow of ions was shown expe r imen ta l l y  in [7]. A s tudy of the fo rmat ion  of ion beams  in an anode 
l a y e r  with a c losed  Hall  c u r r e n t  was c a r r i e d  out on an ion magne t ron  in [13], whe re  the  unique pos s i b i l i t i e s  of 
the l aye r  w e r e  conf i rmed.  P r e i i m i l ~ r y  r e s u l t s  of a s tudy of an ax ia l  a c c e l e r a t o r  with an anode l a y e r  (AAL) 
a re  p r e s e n t e d  in [14, 15]. The r e s u l t s  of a de ta i l ed  study of such an a c c e l e r a t o r  a r e  l a id  out in the p r e s e n t  
r epo r t .  

i .  D e s c r i p t i o n  of the  C o n s t r u c t i o n  and E x p e r i m e n t a l  C o n d i t i o n s  

In the creation of an axial accelerator with an anode layer, one of the main difficulties was the problem of 
the annular ion source. In practice, the use of surface ionization for this purpose restricts the choice of the 
working substance to cesium alone, and it is associated with the solution of difficult technological problems. 
Gas-discharge ion sources are more versatile. The use of an auxiliary EH-discharge with a closed Hall cur- 
rent as the ion source and the creation of a two-stage axial accelerator [14, 15] are evidently the most pro- 
mising. 

A schematic dfagram of an axial two-stage ion accelerator is presented in Fig. la. The first stage (the 
discharge chamber or ion source) consists of the anode-vapor distributor i and the annular cathodes 2. The 
latter are simultaneously the anodes for the second stage and, together with the cylindrical screens 3, form 
the second stage (the accelerator chamber). Both stages (we call them the electrode assembly) are located in 
the annular gap of the magnetic system 4 (with poles N and S) which creates a radial magnetic field. The ion 
beam is received by the water-cooled current collector 5. The rectifiers 6 and 7 serve as the sources for the 
accelerating and discharge voltages. 

Bismuth was chosen as the working substance for an experimental study of the accelerator under labora- 
tory conditions. Condensing metals such as bismuth, lead, thallium, mercury, and cesium have an advantage 

167 



ove r  ga se s ,  s ince  they do not r equ i r e  a h i g h - p e r f o r m a n c e  vacuum sys tem.  This advantage becomes  dec is ive  at 
l a rge  flow r a t e s  and jus t i f ies  the diff icul t ies  caused by the necess i ty  of maintaining the e lements  of the ac -  
c e l e r a t o r  a s s e m b l y  at a high enough t e m p e r a t u r e .  Among the enumera ted  meta l s  p r e f e r e n c e  was given to b i s -  
muth as the l eas t  toxic. 

The cons t ruc t ion  of the b i smuth  axial  a c c e l e r a t o r ,  designed for  a power of up to ~ 150 kW, is shown 
schemat i ca l ly  in Fig. lb. The poles  4 forming  the magnet ic  field a r e  cooled in o rde r  to p reven t  the i r  o v e r -  
heating f r o m  the power  emi t ted  by the e lec t rode  a s sembly .  The solenoid winding is located on the cen t ra l  co re  
of the magnet ic  c i rcui t .  The  outer  magnet ic  c i rcu i t  is made  of four reds .  The field s t r eng th  along the cen t ra l  
d i a m e t e r  of the working gap of the magnet ic  s y s t e m  va r i e s  f r o m  0 to 2 kOe. Hencefor th  all values of the s t rength  
a r e  given for  the cen t ra l  d i amete r .  

The wal ls  3 of the a c c e l e r a t o r  c h a m b e r  cons i s t  of two coaxial  cy l inders  fas tened to the flange 5. The 
a n o d e - v a p o r  d i s t r ibu to r  1 is fas tened to the flange 7 through the d i scharge  insu la tors  6. The cathodes 2 of the 
f i r s t  s t age  a r e  a lso  mounted on it with the help of the cyl inders  8. The d i scha rge  c h a m b e r  is mounted on the 
in t e rmed ia t e  f lange 10, which joins to the magnet ,  with the h igh-vol tage  insu la tors  9, whi le  the a c c e l e r a t o r  
chambe r  is mounted on it with me ta l  bolts .  The gap between the a n o d e - v a p o r  d i s t r ibu to r  and the cathodes is 
about 1 m m ,  while that  be tween the cyl indr ica l  su r f aces  of the anode and the walls  of the f i r s t  and second s tages  
is ~2 ram. The b i smuth  vapor  en te r s  the vapor  d i s t r ibu to r  through the vapor  pipe 11 f r o m  the supply sys tem.  

The a n o d e - v a p o r  d i s t r ibu to r  mus t  p rov ide  a un i fo rm supply of b i smuth  vapor  along the p e r i m e t e r  into 
the d i scha rge  cavi ty  between the cathodes.  F o r  this t he re  a r e  180 uni formly  d is t r ibuted  openings in the cove r  
of the anode. Since the b i smuth  en te rs  the anode at one point,  to a s s u r e  the azimuthal  uni formi ty  of the supply 
the d imens ions  of its inner cavi ty  mus t  be such that  the gasdynamic  conduction along the p e r i m e t e r  is much 
g r e a t e r  than the total  conduction of all the exit  openings. When the d i a m e t e r  of  the openings is 0.8 m m  and the 
channel length is 3 m m  the ca lcula ted  p r e s s u r e  in the vapor  d i s t r ibu to r  is ~2 m m  Hg for  a flow ra te  of 22 m g /  
sec  (10 A), which co r r e sponds  to a t e m p e r a t u r e  of about 1000~ for  the sa tu ra ted  b i smuth  vapor .  A graphi te  
hea t e r  is used to heat  the anode to this t e m p e r a t u r e .  The hea te r  is located inside the anode, which a s su re s  
its high efficiency.  The remain ing  components  of the e lec t rode  a s s e m b l y  a r e  heated through the emiss ion  of 
the anode. All the me ta l  components  of the a s s e m b l y  a re  made of molybdenum,  while the insula tors  a r e  made 
of pure  a luminum oxide. The m o s t  e n e r g y - s t r e s s e d  e lements  a re  the cathodes of the f i r s t  s tage ,  s ince they 
col lec t  the energy  brought  in by the e lec t rons  of the acce le ra t ing  layer .  

As a ru le ,  the e lec t rode  a s s e m b l y  is located in the magnet ic  s y s t e m  in such  a way that  the acce le ra t ing  
l aye r  l ies  in the working gap where  the magnet ic  field s t reng th  is g r e a t e s t  while the cu rva tu re  of the magnet ic  
field l ines  is slight. This makes  it poss ib le ,  without pa r t i cu l a r  diff icul t ies ,  to ma tch  the plane and su r faces  of 
the two anodes facing the acce l e r a t i ng  l ayer  with the magnet ic  field l ines and with each  other.  In the case  of 
misa l ignment  of the anodes r e l a t i ve  to each o ther  or  r e l a t ive  to the magnet ic  field l ines ,  a l l t he  e lec t rons  f r o m  
the l aye r  a r e  ~intercepted ~ by the sect ions  of  anode pro t ruding  in the d i rec t ion  pe rpend icu la r  to H [11]. Local  
overhea t ing  occurs  in these  sec t ions ,  which can lead to mel t ing  of the anode at a suff icient ly high power.  

With such  a p l acemen t  of  the acce le ra t ing  c h a m b e r  the d i s cha rge  s tage  finds i t se l f  in the reg ion  of a 
declining magnet ic  field, which is f avorab le  for  an ion sou rce ,  s ince a s m a l l e r  magnet ic  field than for  the ac -  
ce l e ra t ion  is m o r e  sui table  f r o m  the point of view of eff icient  ionization [10, 16]. 

In p e r f o r m i n g  the expe r imen ta l  s tudies  the a c c e l e r a t o r  was mounted on a spec ia l  weighing device  p e r -  
mit t ing the d i r ec t  m e a s u r e m e n t  of the r eac t i on  fo rce  produced by the ion beam.  A p r e s s u r e  of (10-5-10 -4) m m  
Hg was  mainta ined in the vacuum chamber .  The s e l f - compensa t i on  of the space  cha rge  of the ion b e a m  through 
the ionizat ion of the res idua l  gas is poss ib le  at such a vacuum. The a c c e l e r a t o r  t h e r e f o r e  opera ted  quite s tably 
without any spec ia l  s o u r c e  of e lec t rons  in the flight space.  A c u r r e n t  co l lec tor  for  the  b e a m  with a d i a me te r  of 
~0.8 m was  p laced opposi te  the a c c e l e r a t o r  at  a d is tance  of ~1.5  m. 

T h r e e - p h a s e  br idge  r e c t i f i e r s  w e r e  used as the sou rces  for  the acce l e ra t ing  and d i scha rge  vol tages.  A 
ba l l a s t  r e s i s t a n c e  of Rb -~ 50 12 was included in the c i rcu i t  of the acce le ra t ing -vo l t age  r e c t i f i e r  to l imi t  the 
c u r r e n t  dur ing a shor t  c i rcu i t  or  breakdowns.  Its s i ze  does not have a s ignif icant  effect  on the opera t ion  of the 
a c c e l e r a t o r .  A spec ia l  expe r imen t  showed that  a d e c r e a s e  in R b to ze ro  changes i ts  c h a r a c t e r i s t i c s  weakly.  
The capac i tance  C shunting the  acce l e r a t i ng -vo l t age  r e c t i f i e r  has m o r e  impor tance .  Without this capac i tance  
in the a c c e l e r a t o r  one obs e rve s  in tense  breakdowns ,  g rea t ly  hindering the opera t ion  of the  acce l e ra to r .  The 
inclusion of a capac i tance  of s e v e r a l  m i c r o f a r a d s  s tab i l i zes  the operat ion.  

In the c o u r s e  of the expe r imen t s  we usual ly  m e a s u r e d  the acce le ra t ing  and d i scha rge  vol tages Va and Vd, 
the cu r r en t s  I a and I d in the r e c t i f i e r  c i rcu i t s  of  the two s tages ,  and the cu r r en t  Ico to the col lec tor .  In a num-  
be r  of expe r imen t s  we m e a s u r e d  the cu r r en t  Iw to the walls  of the acce le ra t ing  chamber .  The total  flow r a t e  
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of the working substance was measured  by weighing the supply sy s t em before and after  the experiments.  This 
made it possible  to de termine  the average  flow ra te  of bismuth per  second m. 

The measured  cur ren t s  and voltages were  recorded  ei ther  with a loop osci l lograph of type K-115 or with 
scaled instruments .  

2.  M a i n  I n t e g r a l  C h a r a c t e r i s t i c s  o f  t h e  A c c e l e r a t o r  

The f i r s t  step in the study of the acce le ra to r  consis ted in the determinat ion of its s ta t is t ical  c h a r a c t e r -  
ist ics and the es tabl ishment  of the l imits of stable operat ion as a function of the main pa rame te r s :  the ac-  
ce lera t ing and d ischarge  voltages,  the magnetic field in the gap, and the flow ra te  of the working substance. 

The v o l t - a m p e r e  charac te r i s t i c  curves  of the accelerat ing stage are  presented in Figs.  2 and 3. In Fig. 2 
the cur ren ts  I a, Id, and Ico and the reac t ion  force Fr  of the beam are  presented as functions of the accelera t ing 
voltage: 1) Ict; 2) Ia; 3) Ico; 4) Fr;  Vd -- 150-370 V, H = 2 kOe. In Fig. 3 the cur ren t  of the acce lera t ing  stage is 
given as a function of the voltage Va at different flow ra tes  of the working substance: 1) ~n = 4.08; 2) 9.25; 3) 
13.1; 4) 17.4 m g / s e c ;  V d = 150 V, H = 1.6 kOe, Pres = (1.5-2) �9 10 -5 mm Hg; 5) ~ = 25.6 m g / s e c ,  Vd = 180 V, 
H = 2 kOe, lores = 3 �9 10 -5 m m  Hg. 

In the dependence of I a on Va (curves 3-5,  Fig. 3) one can dist inguish at least  th ree  different regions:  a 
region of acce lera t ing  voltages where  Ia hardly depends on Va, a region with a negative slope of the v o l t -  
ampere  charac te r i s t i c  curve,  and a region of the low-voltage mode where  I a grows with an increase  in Va. 

The AAL has the best  pa r ame te r s  in the sect ion of the dependence where Ia = const  (the normal acce l e ra -  
tion mode). In this mode the focusing of the beam improves  with an increase  in V a and the cur rent  Ico to the 
col lec tor  inc reases ,  approaching the cur ren t  of the acce lera t ing  stage. In this mode I a coincides with the b i s -  
muth flow ra te  per  second e ~ t / M  (M is the atomic mass) with the accuracy  of the measurement  e r r o r  (~5%). 
The cu r ren t  I w to the wall of the acce le ra to r  chamber  is negative, as a rule,  and can compr i se  an appreciable 
value (~0. lIa). 

In the region with a negative slope the cu r ren t  to the col lec tor  dec reases ,  the beam geometry  de t e r io r -  
ates,  and the cu r ren t  to the walls of the acce le ra to r  chamber  changes sign f rom negative to positive, with the 
value of I w reaching (0.3-0.5)I a. One is not always able to t r ace  this region; often an abrupt t ransi t ion occurs  
f rom the acclera t ion mode to the low-voltage mode and vice versa .  Curves taken with a dec rease  and with an 
increase  in the accelera t ing voltage do not always coincide; "hys teres i s  ~ is observed as a rule. The low-voltage 
mode can be called anomalous f rom the point of view of the efficient organizat ion of the accelera t ion process .  
In the major i ty  of cases  in this mode the cur ren t  of the accelera t ing stage considerably exceeds the flow ra te  
e r a / M ,  while the beam does not have a c lear ly  expressed form. 

The efficient operat ion of a two-s tage  acce le ra to r  s tar ts  with some minimum value of the flow rate  below 
which the acce le ra to r  cannot operate.  For  the model investigated it compr i ses  ~2 A. With a fur ther  decrease  
in the flow ra te  the degree  of ionization declines sharply and the cur ren t  in both stages dec reases  by severa l  
o rde r s  of magnitude. 

Such a sharp decline in the degree  of ionization is in qualitative agreement  with the theoret ical  concepts 
of [10], which say that efficient ionization in the anode layer  occurs  only at a sufficiently high flow ra te  of the 
working substance. A qualitative es t imate  shows, however,  that in the experiment  efficient ionization s tar ts  
at a flux density of neutral  gas f rom the anode (q0 >- 0.04 A / c m  2) severa l  t imes lower than follows f rom [10]. 
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Such a d i s a g r e e m e n t  may be  connected with the fact  that  in this e s t ima t e  the total  cu r r en t  (2 A) is r e f e r r e d  to 
the en t i re  su r f ace  of the anode lying between the cathodes (50 cm2). In rea l i ty ,  the de l ive ry  of gas to the d i s -  
cha rge  cavi ty  takes  p lace  f r o m  the openings,  so that  the t rue  densi ty  of the flux of neutra l  pa r t i c l e s  into the 
ionizat ion zone is cons ide rab ly  higher  than 0.04 A / c m  2. 

A c o m p a r i s o n  of the cu rves  (see Fig. 3) indicates  that  the flow r a t e  marked ly  modif ies  the v o l t -  a m p e r e  
c h a r a c t e r i s t i c  cu rve  in the r eg ion  of low Va. At low flow r a t e s  (curves 1 and 2) I a va r i e s  smoothly  with a de -  
c r e a s e  in Va and the mode is s table .  At high flow r a t e s  the reg ion  with a negat ive s lope of the v o l t -  amp e re  
c h a r a c t e r i s t i c  cu rve  s t a r t s  at higher V a and the s t eepness  i n c r e a s e s .  The mode becomes  unstable  and its 
abrupt  change occurs  (it is denoted by dashed l ines in Fig. 3). 

In the anomalous  mode the v o l t - a m p e r e  c h a r a c t e r i s t i c  cu rve  has a r a t he r  compl ica ted  s t ruc tu re .  It is 
t r a c e d  m o s t  c l e a r l y  in cu rve  4. Two b ranches  with a pos i t ive  s lope a r e  p r e sen t ,  on which the a c c e l e r a t o r  
opera tes  s tably ,  although it  has poor  output c h a r a c t e r i s t i c s .  

We d i scove red  a pecu l i a r i ty  of the a c c e l e r a t o r ,  mani fes ted  in the fact  that  at i nc reased  d i scharge  vo l t -  
ages (250-300 V) t he r e  is a reg ion  of Va in which intense breakdowns a r e  observed."  This  reg ion  can be p a s sed  
through by a fu r the r  i n c r e a s e  in the acce l e r a t i ng  voltage.  The exis tence  of such a region is  probably  connected 
with the p r e s e n c e  of the h igh- f requency  osci l la t ions  accompanying  the opera t ion  of an a c c e l e r a t o r  [17]. At 
higher flow r a t e s ,  when the power  r equ i red  by the a c c e l e r a t o r  exceeds  80-100 kW, one is not able to "get  
through n the breakdown. 

The m a x i m u m  cu r r en t  of acce l e r a t ed  b i smuth  ions (present ly  obtained) is 14 A (density 0.28 A / c m 2 ) .  
A fu r the r  i nc r ea se  in flow r a t e  is l imi ted  by the capabi l i t ies  of the e lec t r i c  power  supply sys t em.  

The c u r r e n t  of the d i scha rge  s tage  hardly  depends on Va in the reg ion  of the no rma l  acce l e ra t ion  mode 
and grows upon a t r ans i t ion  to the anomalous  mode. In the acce l e r a t i on  mode the d i scha rge  cu r r en t  usual ly 
exceeds  I a by 1.2-1.3 t imes .  

The r ange  of d i scha rge  vol tages  in which an a c c e l e r a t o r  with an anode l aye r  p o s s e s s e s  the opt imum 
c h a r a c t e r i s t i c s  is r a t h e r  nar row.  An example  of the c u r r e n t s  of both s t ages ,  the cu r r en t  to the co l lec tor ,  and 
the r eac t i on  fo rce  of the b e a m  as functions of the d i scha rge  vol tage is shown in Fig. 4a: 1) Id; 2) Ia; 3) Fr ;  4) 
Ico; V a = 3 kV, H = 1.8 kOe. One can dis t inguish a reg ion  in which the cu r r en t s  I a and Ieo and the quantity F r  
depend weakly  on V d while the c u r r e n t  I d of the f i r s t  s tage  grows monotonical ly  with an i n c r e a s e  in Vd. The 
b e a m  is wel l  fo rmed  in this region.  At its boundar ies  one obse rve s  a s h a r p  i n c r e a s e  in the cu r r en t  I a and a 
co l lapse  into the anomalous  mode. The co l lapse  is accompanied  by defocusing of the b e a m  and a sharp  de -  
c r e a s e  in Ico and Fr .  

The working  range  of d i scha rge  vol tages  depends on the acce l e ra t ing  voltage and the flow ra te .  The de -  
pendence of the values  of Vd cor respond ing  to the boundar ies  of the reg ion  of the acce l e ra t ion  mode on the ac -  
ce l e ra t ing  vol tage at d i f ferent  flow r a t e s  of the working subs tance  ( e r a / M  -~ Ia  in the acce l e r a t i on  mode) is 
shown in Fig. 4b: 1) I a = 2.6; 2) 3.8; 3) 5 A; H = 1.8 kOe. A d e c r e a s e  in the flow ra te  at a fixed Va widens the 
r ange  of d i scha rge  vol tages  with op t imum c h a r a c t e r i s t i c s  of the a c c e l e r a t o r ,  espec ia l ly  toward l a r g e r  Vd. A 
d e c r e a s e  in Va leads to nar rowing  of the reg ion  of s table  ope ra t i onwi th  r e s p e c t  to the d i scha rge  voltage. At 
acce l e ra t ing  vol tages  of Va -< 1.5 kV we could not obtain the normal  acce le ra t ion  mode on the t e s t  model at any 
values of Vd and the flow ra te .  
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In the experimental  study of the AAL it was d iscovered  that a sufficiently s t rong magnetic field is r e -  
quired to assure  stable operat ion (H ~ 1 kOe for I a = 4 A) [15]. This is an important  p roper ty  of a two-s tage 
acce le ra to r  with an anode layer.  The existence of a minimum magnetic field s t rength below which the ac-  
ce lera t ion  mode changes into the anomalous mode is charac ter i s t ic .  This is preceded by an increase  in the 
cur ren ts  Ia and I d. The s t rength at which the t rans i t ion  occurs  increases  with an increase  in I a. 

A study of the pa r ame te r s  of the ion beam obtained in an acce le ra tor  with an anode layer  is associated 
with cer ta i~ difficulties,  consist ing in the fact that a powerful ion s t r e a m  leads to the heating and rapid spu t t e r -  
ing of any detect ion devices placed in it. Therefore ,  in the f i rs t  s tage the grea tes t  attention was paid to the 
determinat ion of the average  velocity of the ions f rom the measured  react ion force of the jet and ave rage -mass  
flow ra te ,  as well as to a study of the radial  density dis tr ibut ion of the ion cur ren t  with a movable detector.  
Figure  5 gives a concept of the radial  density dis tr ibut ion of the ion cu r ren t  Jb in the beam, normalized to the 
cur ren t  density Js at the exit f rom the ion source ,  for two values of the acce lera t ing  voltage (distance f rom 
acce le ra to r  cut 12 cm): 1) Va = 5 k V ;  2) Va = 8 . 1 5 k V ;  I a = 4 A ,  V d =  180 V, H =  1.8kOe. It is seen that the 
focusing of the beam improves  with an inc rease  in Va. The complexity of the beam s t ruc tu re  displayed (the 
p resence  of two maxima) requi res  the conducting of fur ther  experimental  investigation for its interpretation. 

An example of the dependence of the react ion force F r of the beam of acce lera ted  ions on the accelerat ing 
voltage is presented in Fig. 2, while the experimental  dependence of F r on the cur ren t  I a of accelera ted ions is 
shown in Fig. 6a: Vd = 100-200 V, Va = 4 kV, H = 2-3 kOe. In the acce lera t ion  mode the value of F r is con- 
nected l inear ly  with I a in the entire range of bismuth flow ra te  studied and is proport ional  to V~/2. Therefore ,  
the a v e r a g e - m a s s  velocity (v i )  of the ions depends only on the accelera t ing voltage and is approximately" de-  
scr ibed by the re la t ion 

. exp, 

where  the velocity v i is expressed in c m / s e c  and the voltage V a in kV. The experimental  dependence < vi )(Va) 
is given in Fig. 6b (curve 1), where  the theoret ical  curve  2 of <Vi)ma x = 3.05 �9 106(~a is also presented for the 
case  when the ions acquire an energy corresponding to the total applied potential difference. 

On the basis  of the velocity obtained in the experiment,  one can compute the efficiency of the acce lera tor  
(~a, curve  3), equal to ~0.75 for V a = 4 kV. As the accelera t ing voltage var ies  f rom 2 to 10 kV, the quantity Ha 
grows f rom ~0.6 to ~0.8 (see F ig .  6b). The increase  in Ha is explained by the relat ive dec rease  in the fraction 
of the power expended on the obtainment of the ions and by the improvement  of the beam focusing. The t r ans i -  
tion to the anomalous mode (V a < 2 kV) is accompanied by a sharp decline in the acce le ra to r  efficiency. 

The resul ts  of the studies conducted indicate the unique possibil i t ies of acce le ra to r s  having an anode 
layer  as a means of obtaining powerful ion beams.  These possibil i t ies are  due to the fact that at high densities 
of the acce lera ted  ion cu r ren t  the layer  becomes quasineutral  [9, 13], the density of the accelera ted ion current  
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is not s p a c e - c h a r g e  l imited,  and it can be regula ted  within wide l imits .  In this r e s p e c t  an AAL is a p l a s m a  
acce l e ra to r .  At the s a m e  t ime ,  the shor t  acce le ra t ion  zone and the nondiss ipat ive  m e c h a n i s m  of acce le ra t ion  
allow one to obtain ion beams  with min imal  l o s se s ,  and AAL can c o m p a r e  with e l ec t ros t a t i c  ion a c c e l e r a t o r s ,  
whose  acce l e ra t ion  eff ic iencies  a re  c lose  to unity. The p re sen t ly  exist ing l imi t  of the acce le ra t ing  voltage at 
some  m i n i m u m  value is evidently connected not only with the p r o p e r t i e s  of the l aye r  but also with the condi-  
t ions of the t r ave l  of the ion b e a m  a c r o s s  the magnet ic  field [18, 19]. The quest ion of how fundamental  this 
l imi t  is r equ i r e s  additional s tudies .  

An a c c e I e r a t o r  with an anode l aye r  can  find appl icat ion in the solut ion of a number  of physicotechnical  
p r o b l e m s ,  such as ,  for  example ,  the following. 

1. The c r ea t i on  of in jec tors  for  t h e r m o n u c l e a r  t r aps .  According to theory  [9, 10], the p rope r t i e s  of the 
s t r u c t u r e  of the anode l a y e r  a r e  de te rmined  in the f i r s t  approximat ion  by the s p a c e - c h a r g e  densi ty  of 
the acce l e r a t ed  ion s t r e a m .  F r o m  this point of view the AAL p a r a m e t e r s  obtained in the p r e sen t  
work  c o r r e s p o n d  to the fo rmat ion  of a p ro ton  b e a m  with a cu r r en t  of ~100 A. 

2. The c r ea t i on  of engines for  s p a c e c r a f t  [6]. Engines based  on AAL Should be p romis ing ,  s ince such 
an a c c e l e r a t o r  p e r m i t s  regula t ion  of the c u r r e n t  and veloci ty  of the ion b e a m  in a wide range  with 
re ten t ion  of a high efficiency.  

3. The use  of ion beams  in the technology of obtaining a tomical ly  pure  s u r f a c e s ,  the doping of s e m i -  
co~ luc to r s ,  the obtaining of thin f i lms  by the method of cathode sput ter ing ,  etc. One can be confident 
that  the use  of AAL for  these  pu rposes  will  sha rp ly  i nc r ea se  the product iv i ty  of these  p r o c e s s e s .  
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D I A G N O S T I C S  O F  S U P E R S O N I C  T W O - P H A S E  S T R E A M S  

F R O M  S C A T T E R E D  L A S E R  R A D I A T I O N  

A.  P .  A l k h i m o v ,  V. M. B o i k o ,  UDC532.57+532.137§ 
A.  N. P a p y r i n ,  a n d  R.  t .  S o l o u k h i n  

Fur the r  development  of the exper imenta l  r e s e a r c h  technique is r equ i red  for  the solution of a wide c i r c l e  
of p rob l ems  a r i s ing  in the invest igat ion of h igh-veloci ty  two-phase  flows and connected with the study of the 
physica l  p r o c e s s e s  of the in te rac t ion  between pa r t i c l e s  and a nonequi l ibr ium gas s t r e a m  [1], such as in the 
nozzle  of a sol id-fuel  rocke t  engine [2] ( invest igation of the effects  of the veloci ty  lag and t he rma l  lag of the 
pa r t i c l e s ,  de te rmina t ion  of the i r  s i zes  and coeff ic ient  of aerodynamic  r e s i s t a n c e ,  etc.). He re  the mos t  p r o m -  
ising a r e  noncontact  opt ical  methods of d iagnost ics ,  the intensi ty of whose  development  in recen t  y e a r s  has 
been p romoted  by the extens ive  appl icat ion of l a s e r s .  The l a s e r  Doppler  veloci ty  m e t e r  (LDVM), the d e t e r -  
minat ion of the d i s p e r s e  compos i t ion  and pa r t i c l e  concent ra t ion  f rom the at tenuat ion and sca t t e r ing  of a l a s e r  
beam,  and holographic  and other methods have now been success fu l ly  incorpora ted  into gasdynamic  expe r i -  
menta l  p rac t ice .  

The p r e sen t  r e p o r t  is devoted to the development  of the l a s e r  Doppler  veloci ty  m e t e r  and the method of 
pulsed l a s e r  v i sua l iza t ion  for  the invest igat ion of h igh-veloci ty  two-phase  s t r e a m s .  

T h e  L a s e r  D o p p l e r  V e l o c i t y  M e t e r  

It is known that LDVM s y s t e m s  can be divided into two main  groups  with r e s p e c t  to the means of m e a -  
s u r e m e n t  of the Doppler  f requency shift  of the s c a t t e r e d  l a se r  radiat ion.  The f i r s t  includes the mos t  studied 
and widely d is t r ibuted  s y s t e m s ,  in which the d i f fe rence  f requency is de te rmined  with the help of photodetectors  
(the photographic  mixing method). A ma jo r  cycle  of r e s e a r c h  on the development  of the theory  and on the p rob-  
l ems  of the technical  cons t ruc t ion  of such s y s t e m s  [the work  of B. S. Rinkevichyus (Moscow Power  Institute),  
V. S. Sobolev (Institute of Atomic Energy ,  Siber ian  Branch,  Academy of Sciences of the USSR), G. L. Grod-  
zovski i  (Central  Aerohydrodynamic  Institute) and col leagues ,  and others]  has contr ibuted to the cons iderable  
p r o g r e s s  in this field and has led to the c rea t ion  of exper imenta l  models  of ins t ruments  which have been used 
success fu l ly  in gasdynamic  r e s e a r c h .  It should be noted, however ,  that f r o m  the point of view of p rac t i ca l  
rea l iza t ion  these  LDVM a re  s imp le  enough in the m e a s u r e m e n t  of re la t ive ly  low veloci t ies  v -< 10 2 m / s e c  
and a re  used mos t  extens ive ly  and success fu l ly  in the s tudy of subsonic  s t r e a m s ,  whe reas  the m e a s u r e m e n t  
of veloci t ies  v >_ 10 3 m / s e c  b y  such a method p resen t s  cons iderab le  technical  diff icult ies.  

Of m a j o r  in te res t  on these  grounds a re  the l a s e r  Doppler  s y s t e m s  of the second c lass  [3-9], which ac-  
compl i sh  the d i r ec t  m e a s u r e m e n t  of the Doppler  f requency shif t  with the help of h igh- reso lu t ion  spec t ra l  in-  
s t r u m e n t s  (such as the F a b r y - P e r o t  i n t e r f e rome te r ) ;  at p r e sen t  they a re  s t i l l  inadequately studied and are  
used cons iderab ly  less  often in gasdynamic  r e s e a r c h .  These  LDVM s y s t e m s  pe rmi t  the p rac t i ca l ly  unlimited 
expansion of the m e a s u r e m e n t  range into the region of higher  veloci t ies  and evidently a r e  m o r e  p romis ing  for 
the invest igat ion of superson ic  and espec ia l ly  of hypersonic  s t r e a m s ,  s ince for the spec t r a l  record ing  method 
the re l iab i l i ty  and accuracy  of the m e a s u r e m e n t s  only i nc rea se  with an i nc rea se  in velocity.  

In this connection it s e em ed  des i r ab le  to conduct fu r ther  r e s e a r c h  d i rec ted  toward the development  of 
l a s e r  Doppler  s y s t e m s  of this type and, in pa r t i cu la r ,  toward  the c rea t ion  of a scanning s p e c t r o m e t e r  having 
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