
MEASUREMENT OF VELOCITY OF RAREFIED GAS JETS 

FROM THE DRIFT OF AN ION MARKER FORMED BY AN 

ELECTRON BEAM 

V. V. Volchkov and V. M. Kalugin UDC 533.6 

The phys ica l  a spec t s  of the fo rmat ion  of an ion m a r k e r  in a low-dens i ty  gas  je t  a re  examined .  
The p r o p e r t i e s  of the method of measu r ing  ve loc i ty  by using a known base  of two double 
probes  to r e c o r d  the f l ight  t ime of a m a r k e r  a re  s tudied.  A compar i son  of the r e s u l t s  of the 
m e a s u r e m e n t s  with da ta  obtained using a pi tot  tube shows that m e a s u r e m e n t  of the ve loc i ty  by 
the indicated method can be conducted not only in the core  of a superson ic  j e t  but a lso  in non- 
i sen t rop ic  zones of flow under  ce r t a in  condi t ions .  

The need for independent m e a s u r e m e n t  of the ve loc i ty  of gas je t s  of low dens i ty  a r i s e s  p r i nc ipa l l y  
f rom two c i r c u m s t a n c e s .  The f i r s t  of these  is de t e rmined  by the s igni f icant ly  nonequi l ibr ium nature  of the 
flow at high r a r e f ac t i on .  The second is de t e rmined  by the nonisentropic  nature  of the flow in cons ide rab le  
regions  of the je t .  

E l e c t r o n - b e a m  methods of measu r ing  the densi ty  and tenaperature  under  such condit ions are  r a t h e r  
well  developed and a re  succes s fu l l y  appl ied [1, 2], but methods of measu r ing  the ve loc i ty  have s t i l l  not r e -  
ce ived  the n e c e s s a r y  degree  of development  and wide d i s t r ibu t ion .  

Measurement s  of ve loc i ty  f rom the dr i f t  of an ion m a r k e r  a re  usua l ly  conducted in the following way. 
The c u r r e n t  s t rength  of the e l ec t ron  beam which i n t e r s e c t s  the region of the gas je t  being s tudied is modu-  
l a ted  with sho r t  pu l se s .  The ion cloud produced in this case  is  a m a r k e r  which dr i f t s  along with the j e t  
and whose ve loc i ty  is  de t e rmined  by measur ing  the t ime i t  takes  the m a r k e r  to t r a v e r s e  a known base .  

At p r e s e n t  the p r inc ipa l  a r e a  of appl icat ion of the method of ve loc i ty  m e a s u r e m e n t s  is l i m i t ed  at  
p r e s e n t  to the zone of the co re  of the j e t  [3, 4]. 

The phys ica l  aspec ts  of the format ion  of the ion m a r k e r  are  examined  in the p r e s e n t  a r t i c l e ,  and the 
r e s u l t s  of expe r imen t a l  s tudies  on the appl icat ion of the method to the m e a s u r e m e n t  of ve loc i ty  both in the 
co re  of the j e t  and in the nonisent ropic  regions  of flow are  also p r e s e n t e d .  

1. Gas ionizat ion occurs  during the propagat ion  of an e l ec t ron  beam having an ene rgy  higher  than the 
ionizat ion poten t ia l .  A r a d i a l  e l e c t r i c  f ie ld acts on the ions owing to the p r e s e n c e  of a space charge .  When 
ni < ne (hi and n e are  the concent ra t ions  of the ions and e l e c t r ons ,  r e spec t ive ly )  the ions move toward the 
cen t e r  of the beam.  When n i > n e overcompensa t ion  of the negative space charge  se t s  in and the ions b e -  
gin to leave the zone of the beam because  of diffusion and e l e c t r o s t a t i c  r epu l s ion .  The effect  of the long i -  
tudinal  e l e c t r i c  f ield on the motion of the ions can be ignored s ince the anode of the e l ec t ron  beam is 
s c r e e n e d  f rom the p r e s s u r e  chambe r  by the exi t  d iaphragm and the f ie ld f rom the a n o d e - c a t h o d e  gap can -  
not pene t ra te  into the p r e s s u r e  c h a m b e r .  The r e l a t i ve  magnitude of the i nc rea se  in kinet ic  e n e r g y  of an 
ion in a co l l i s ion  with an e l ec t ron  is negl ig ib ly  s m a l l  because  of the l a rge  d i f ference  in the m a s s e s  of the 
col l id ing p a r t i c l e s .  The re fo r e ,  the ion which is fo rmed  continues to move together  with the gas in the j e t  
("dr i f t s"  with the je t ) .  

Let  us e s t ima te  the ef fec t  of each of the phenomena mentioned in the format ion  of an ion m a r k e r .  
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In s tudy ing  r a r e f i e d  s t r e a m s ,  e l e c t r o n  b e a m s  with  an e n e r g y  of about  10 keV a r e  u s u a l l y  u s e d .  The 
a c c e l e r a t i n g  vo l t age  in the e x p e r i m e n t s  d e s c r i b e d  was  6 kV. The c h a r a c t e r i s t i c  va lue  of the gas  d e n s i t y  in 
the j e t  was  equa l  to 2 �9 10 -7 g / c m  3. 

The a c c u m u l a t i o n  t i m e  of the ions  a f t e r  which  the  b e a m  is  fu l ly  n e u t r a l i z e d  can  be e s t i m a t e d  f r o m  

the equa t ion  [5] 

t = t .69. lO-8/psV '/' (1.1) 

H e r e  ~ i s  the r e l a t i v e  i on i za t i on ,  i . e . ,  the n u m b e r  of ion p a i r s  f o r m e d  by  one e l e c t r o n  a long a 1 - c m  
pa th  a t  a p r e s s u r e  of 1 m m  Hg and a t e m p e r a t u r e  of 0~ p is  the gas  p r e s s u r e  in m m  Hg, and V i s  the  a c -  
c e l e r a t i n g  vo l t age  in v o l t s .  U n d e r  t h e s e  cond i t i ons  t ~ 1 . 5  �9 10 -3 ~ s e c .  The d u r a t i o n  of the modu la t i ng  
p u l s e  was  u s u a l l y  about  1 # s e c .  T h e r e f o r e ,  the b e a m  can  be c o n s i d e r e d  u n d e r  cond i t i ons  of o v e r c o m p e n s a -  

t ion of the nega t ive  s p a c e  c h a r g e .  

The ion c o n c e n t r a t i o n  in the zone of the b e a m  d u r i n g  a c u r r e n t  i m p u l s e  is  d e t e r m i n e d  by  the b a l a n c e  

equa t ion  

( dni ~ ( dni ~ ( dni ~ ( dn~ ~ 
--~-]1 + \ --~-]~ + \"~--/3 ~- \ ' - ~ - / ~  = 0  (1.2) 

The i n d i c e s  1, 2, 3, and 4 r e f e r  to the  p r o c e s s e s  of f o r m a t i o n ,  d r i f t ,  d i f fus ion ,  and r e p u l s i o n ,  r e s p e c -  
t i v e l y .  S ince  the  e l e c t r o n  e n e r g y  c o n s i d e r a b l y  e x c e e d s  the t h e r m a l  e n e r g y  and the gas  d e n s i t y  i s  low, one 
can  n e g l e c t  v o l u m e  r e c o m b i n a t i o n .  

The d e t e r m i n a t i o n  of the e x a c t  va lue  of the t e r m s  of the equa t ion  which  d e t e r m i n e  the d e c r e a s e  in 
c o n c e n t r a t i o n  is  a v e r y  c o m p l e x  p r o b l e m ,  so  we wi l l  conf ine  o u r s e l v e s  to an e s t i m a t e  of the r e l a t i v e  r o l e  

of t h e s e  t e r m s .  

The n u m b e r  of ions  f o r m e d  in a uni t  t ime  p e r  un i t  v o l u m e  a long a uni t  b e a m  length  i s  equa l  to 

dn,) e p ,o (1.3) I(T) 
"27- 1 =  e po ~r-o* 

H e r e  p i s  the  gas  dens i t y ,  P0 i s  the gas  d e n s i t y  at 1 m m  Hg and 0~ equa l  to 1.7 �9 10 -6 g / c m  3 in a i r ,  
i 0 i s  the  m a x i m u m  c u r r e n t  s t r e n g t h  of the b e a m  du r ing  a p u l s e ,  r 0 is  the b e a m  r a d i u s ,  and f ( r )  is  a func -  
t ion d e s c r i b i n g  the shape  of the  pu l se  of c u r r e n t  s t r e n g t h .  F r o m  the cond i t ion  of ob ta in ing  the m a x i m u m  
n u m b e r  of ions  du r ing  the i on i za t i on  p r o c e s s ,  i t  i s  advan tageous  fo r  the modu la t i ng  p u l s e  to have  a r e c -  
t a n g u l a r  shape ,  i . e . ,  f ( T )  = 1. In the g iven  e x p e r i m e n t s  the  m o d u l a t i n g  p u l s e  had  an a b r u p t  l e a d ing  f r o n t  and 
a dec I ine  a f t e r  r e a c h i n g  the m a x i m u m .  The p u l s e  shape  could  be a p p r o x i m a t e i y  w r i t t e n  as  

] (~) = I - -  ~/~0 (1.4) 

He re  T 0 i s  the d u r a t i o n  of the p u l s e ,  equa l  to 3 /zsec.  The r a d i u s  of the e l e c t r o n  b e a m  was  ~0 .5  m m .  

The c o n c e n t r a t i o n  of ions  f o r m e d  up to the t i m e  ~- i s  equa l  to 

-r 

p ~o I i (T , )d  ~, 
o 

(1.5) 

A s s u m i n g  tha t  the d i s t r i b u t i o n  of ions  f o r m e d  in the zone of the b e a m  is  i s o t r o p i c ,  for  the t e r m  which  
d e t e r m i n e s  the d e c r e a s e  in ion c o n c e n t r a t i o n  b e c a u s e  of d r i f t  wi th  a v e l o c i t y  v we obta in  

( d~ ~ 2 " n~ (1.6) 

In o r d e r  to  d e t e r m i n e  the e f f ec t  of d r i f t  on the  change  in ion c o n c e n t r a t i o n  we f ind the equa t ion  

a----- \ -3-~-/~L\ ' -g~-/:J ~ 70 l(~) / (~ ' )d~ '  
0 

(1.7) 

If f (T)  = l ,  t h e n f o r  v = 1 0 5 c m / s e c w e  have a = - l w h e n  ~ = 0 . 7 8  fzsec.  If f (T) has  the f o r m  (1.4) 
and T o = 3 /zsec,  then a = - 1  when ~- = 0.68 p s e e .  Thus ,  the d r i f t  of the ions  du r ing  t h e i r  f o r m a t i o n  s i g n i f -  
i c an t l y  a f fec t s  the  ion  d i s t r i b u t i o n  in the m a r k e r ,  g iv ing  i t  a shape  d r a w n  out a long the d i r e c t i o n  of f low.  
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It  is  c o m p l i c a t e d  to a n a l y t i c a l l y  d e t e r m i n e  the change  in ion c o n c e n t r a t i o n  as  a r e s u l t  of e l e c t r o s t a t i c  
r e p u l s i o n  and d i f fus ion .  H o w e v e r ,  one can ob ta in  an e x p r e s s i o n  for  the r a d i u s  of a c y l i n d r i c a l  c loud  c o n -  
t a in ing  ions  hav ing  a t o t a l  c h a r g e  q p e r  uni t  l ength  and which  i s  expand ing  b e c a u s e  of r e p u l s i o n  o r  d i f fus ion .  

Us ing  an i o n - m o b i l i t y  equa t ion  and e m p l o y i n g  the G a u s s - O s t r o g r a d s k i i  t h e o r e m  we obta in  an equa t ion  
fo r  the r a d i u s  of an ion c loud  which  is  s p r e a d i n g  b e c a u s e  of e l e c t r o s t a t i c  r e p u l s i o n :  

1. 2 2 - -  r o :  4 q~]t 

H e r e  ~? i s  the ion m o b i l i t y  and t is  the s p r e a d i n g  t i m e .  

S ince  ~p = c o n s t ,  

(1 .s) 

p0 
~1 = - 7  % (1.9) 

H e r e  ~?0 i s  the ion m o b i l i t y  at  a p r e s s u r e  of 1 m m  Hg and a t e m p e r a t u r e  of 0~ In a i r ,  ~0 = 1.4 �9 l0  s 
c m 2 / V  �9 s ec  [6]. 

The c h a r g e  of the c loud  p e r  uni t  length  for  an i n i t i a l  i s o t r o p i c  ion d i s t r i b u t i o n  is equa l  to 

q = en#ro~ (1.10) 
. . . .  4__ 

Subs t i t u t i ng  the v a l u e s  of ~ and q f r o m  (1.9) and (1.10) into (1.8) and t ak ing  (1.5) into accoun t ,  we ob -  
tMn 

/ ~~ \ V 2  
(1.11) 

Thus ,  the  r a d i u s  of the  c y l i n d r i c a l  ion c loud  s p r e a d i n g  b e c a u s e  of e l e c t r o s t a t i c  r e p u l s i o n  which  is  
f o r m e d  in p a s s i n g  the e l e c t r o n  b e a m  does  not  d e p e n d  on the gas  d e n s i t y  and is  d e t e r m i n e d  only  by the c u r -  
r e n t  s t r e n g t h  of the b e a m ,  the e n e r g y  of the e l e c t r o n s ,  and the du ra t i on  of the p u l s e .  

Se t t ing  f ( T )  = 1 and t ak ing  a pu l se  d u r a t i o n  of T o = 1 t t sec ,  we obta in  

r ~ 2.7.103 l f7  (1.12) 

If t is  the d r i f t  t i m e  of the ion c loud  a f t e r  the end of the  pu l s e ,  then fo r  v = 105 c m / s e c  the d i a m e t e r  
of a c r o s s  s e c t i o n  of the c loud  is  about 17 c m  a t  a d i s t a n c e  of 10 m m  f r o m  the b e a m .  Thus ,  s t a t i c  r e p u l -  
s ion  has  a v e r y  p o w e r f u l  e f f e c t  on the d i m e n s i o n s  of the  ion c loud .  

Le t  us  now e s t i m a t e  the r o l e  of d i f fus ion .  F r o m  k ine t i c  t h e o r y  we have  for  the  r a d i u s  of a c y l i n d r i c a l  
c o l u m n  whose  wa l l  the d i f fus ing  p a r t i c l e s  r e a c h  in a t i m e  t 

r l  = 2.4 V~D#it (1.13) 

He re  D i i s  the d i f fus ion  c o e f f i c i e n t .  F o r  n i t r o g e n  and a i r  a t  a p r e s s u r e  of 1 m m  Hg and a t e m p e r a -  
t u r e  of 0~ Di0 = 22-25  c m 2 / s e c  [6]. S ince  D i ~ Tl f l /p ,  fo r  the  c h a r a c t e r i s t i c  cond i t i ons  in a s u p e r s o n i c  
r a r e f i e d  j e t  (p = 2 �9 10 -7 g / c m  ~, Too = 50~ we have D i ~ 2 0 0  c m 2 / s e c .  Then 

rl = 34 ] / [  (1.14) 

I t  can  be s e e n  b y  c o m p a r i n g  (1.12) and (1.14) tha t  the e f f ec t  of d i f fus ion  can  be n e g l e c t e d  in c o m p a r i -  
son wi th  e l e c t r o s t a t i c  r e p u l s i o n .  

A s  shown above ,  as  a r e s u l t  of r e p u l s i o n  the t r a n s v e r s e  d i m e n s i o n  of the d r i f t i ng  ion c loud  v e r y  
qu i ck ly  b e g i n s  to e x c e e d  the c h a r a c t e r i s t i c  s i z e  of s u p e r s o n i c  r a r e f i e d  s t r e a m s ,  which i s  u s u a l l y  f r o m  
s e v e r a l  m i l l i m e t e r s  to s e v e r a l  dozen  m i l l i m e t e r s .  H o w e v e r ,  a s tudy*  of the long i tud ina l  (in the d i r e c t i o n  
of  flow) and t r a n s v e r s e  d i s t r i b u t i o n  of the ion c o n c e n t r a t i o n  in a c loud  s p r e a d i n g  in the zone of the i s e n -  
t r o p i c  c o r e  of the j e t  showed  tha t  the ion c o n c e n t r a t i o n  in the c loud  has  a r a d i a l  d e p e n d e n c e .  C h a r a c t e r -  
i s t i c  t r a n s v e r s e  d i s t r i b u t i o n s  of the s i gna l  I in r e l a t i v e  un i t s ,  c o r r e s p o n d i n g  to d i s t a n c e s  of 10 m m  (cu rve  1) 
and 20 m m  (curve  2) f r o m  the b e a m ,  a r e  p r e s e n t e d  in F i g .  1. In the t i m e  i t  t a k e s  fo r  the e d g e s  of the d i s -  

* The e x p e r i m e n t  was  c o n d u c t e d  by  A.  S .  N e k h o r o s h e v .  
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tributions to depart  to infinity their  half widths become ~11 and 15 mm. 
The position of the maximum can be given with an accuracy  of 1-2 mm. 

Thus, it becomes possible to measure  the velocity f rom the time it 
takes the zone of maximum ion concentrat ion in the cloud to t r ave r se  the 
base.  We note that the rat io of half widths of the signal at distances of 10 
and 20 mm is approximately equal to the square root  of the ratio of the 
distances to the beam, which agrees with Eq. (1.12) for the radius of a 
cyl indr ical  cloud spreading because of e lec t ros ta t ic  repulsion.  

The analysis conducted permits  a qualitative examination of the ef-  
fect of a change in the experimental  conditions and the pa ramete r s  of the 
tes t  apparatus on the charac te r i s t i cs  of the method. 

The duration of the modulating pulse has a grea t  influence on the 
shape of the marke r .  It can be related to the magnitude of the measured  
velocity.  In supersonic ra ref ied  jets with a velocity of 5 �9 104-105 c m / s e c  
the pulse duration evidently must  not exceed 0.5-1 ~sec .  Note that a r e -  
duction in the pulse duration also leads to a decrease  in the spreading of 
the ion cloud caused by e lectrosta t ic  repulsion [see (1.11)]. 

The ion concentration in the zone of the beam is d i rec t ly  p ropor -  
tional to the gas density. Since the spreading does not depend on the den- 
sity, the signal strength depends l inear ly  on the density.  

The ion concentration in the zone of the beam is di rect ly  p ropor -  
tional to the cu r ren t  strength of the beam, while the spreading is p ropor -  
tional to the square root of the magnitude of the cur ren t  s trength.  The re -  
fore,  it can be assumed that the measured  signal is proport ional  to r 
i.e., oilier conditions being equal, an increase in the cur ren t  s trength of 
the beam leads to an increase  in the signal.  

The accuracy of the velocity measurement  also depends on the base 
of the measurement .  Since the velocity of the jet is 

v = ( x  - X o ) / ( t  - t o )  (1 .15)  

( x - x  0 is the base and t - t  0 is the time taken to t r ave r se  it), then 

A~, " V - ,  -~ [(~,z)~ + (Axo)~I + (~t)  ~ + (Ato) ~ 
Y X - -  X C 

i .e. ,  with the e r r o r s  in measur ing the coordinates and time determined,  
the e r r o r  in measuring the velocity is inverse ly  proport ional  to the base.  

2. The measurement  of the velocity of the raref ied  gas jets was 
conducted according to the following sys tem.  An electron beam with a 
cur ren t  strength of 1 mA and an energy  of 6 keV was introduced into the 
p res su re  chamber  perpendicular  to the axis of the gas jet. The beam was 

focused on the zone being studied using an electromagnet ic  lens.  To record  the time of flight we used two 
double probes made of wires 0.1 mm in diameter  fastened to a coordinator  perpendicular  to the jet axis and 
the direction of propagation of the e lectron beam.  The distance between probes in a pair  was 3 ram; the 
second pair  was located 10 mm downstream along the jet f rom the f i rs t .  Double probes were used in an ef-  
for t  to decrease  the disturbing effect of their  e lectr ic  field on the measured  velocity of the ion marker .*  
A constant voltage was placed on the probes .  The signal f rom the probes was amplified and observed on 
the screen of an IO-4 osci l lograph.  The interval  corresponding to the positions of the maxima of the ion 
cu r ren t  pulses on the oscil lograph screen with alternate connection of the probes to the measur ing c i rcui t  
was taken as the time the marke r  took to t r ave r se  the base.  The second pair  of probes simplifies the 
measurements ,  although when the disturbance of the jet by the f i rs t  pair  of probes becomes so grea t  that it 

*A. S. Nekhoroshev, Yu. V. Pet rov,  V. G. Stepchenkov, and B. K. Sukhomlinov, "An instrument  for m e a s u r -  
ing the velocity of low-density gas jets ,"  Author 's  Certif icate No. 248358. 
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is not able to die out along the length of the measu r ing  base ,  one must  
be confined to the use of one pa i r  of p robes ,  p lacing i t  a l t e rna t e ly  at 
the end points of the b a s e ,  

A sonic  nozzle with a l a r g e  o v e r p r e s s u r e  and a supe r son ic  
nozzle  were  used  to produce the gas je t .  The ve loc i ty  g rad ien t  in the 
m e a s u r i n g  reg ions  was s m a l l  for  all  the n o z z l e s  on the base  used.  An 
example  of the pa t t e rn  observed  on the osc i l log raph  s c r e e n  for  one 
p a i r  of p robes  is p r e sen ted  in F ig .  2. The pulse was c a l i b r a t ed  with 
m a r k e r s  having a 1-~sec  in te rva l .  It should be noted that  the shape of 
the r e c o r d e d  pulse depends c ons i de r a b l y  on the flow p a r a m e t e r s  and 
the opera t ing  condit ions of the ins t rument .  

The ve loc i ty  m e a s u r e d  in the core  of the j e t  was c o m p a r e d  with 
the r e s u l t s  obtained with a pt tot  tube which was a lso  p laced  on the co -  
o rd ina to r  b r a c k e t  at f ixed d i s tances  f rom the p r o b e s .  The compar i son  
was made by super impos ing  the p ro f i l e s  obtained by the two methods .  

In using the two-probe  s y s t e m  of r eco rd ing  the ion m a r k e r ,  jus t  
as for  the one-probe  method [3], the shape and posi t ion of the ion s i g -  
nal on the osc i l lograph  s c r e e n  r e l a t ive  to the moment  of modulat ion 
depend on the magnitude of the voltage u applied to the p robes ,  although 
l e s s  s t rong ly .  In F ig .  3a, curve 1 c o r r e s p o n d s  to u = 25 V and curve 2 
to u = 65 V. It was e s t ab l i shed  e x p e r i m e n t a l l y  that  although an in-  
c r e a s e  in u does cause a shif t  in the pulse max imum,  ne ve r t he l e s s  the 
r e s u l t s  of measu r ing  the ve loc i ty  in the co re  of the je t  by the s y s t e m  
d e s c r i b e d  above agree  with the data  obtained with a p i to t  tube with an 
a c c u r a c y  of ~10% at u -< 70 V in the range of dens i t i es  s tudied (6 �9 10 -8 
g / c m  3 <- p ~- 1.5 �9 10 -7 g / c m 3) .  

In the cour se  of the e x p e r i m e n t s  i t  was d i s cove red  that  the magnitude of the b ias  voltage on the beam 
cont ro l  e l e c t r o d e ,  and consequent ly  the depth of modulation m of the e l ec t ron  beam,  affects the posi t ion of 
the pulse maximum re l a t ive  to the moment  of m o d u l a t i o n .  O s c i l l o g r a m  pulses  co r r e spond ing  to m = 100 
(curve 1) and 75~c (curve 2) for  a local  gas dens i ty  of p ~ 9 �9 10 -8 g / c m  3 are  shown in F ig .  3b. A change 
in the modulat ion depth f rom 100K to 75~ led to a change of 6-7~ in the m e a s u r e d  ve loc i ty  in the co re  of 
the j e t .  The shif t  in the maximum was g r e a t e r  in the region  of the boundary l a y e r  than in the c o r e .  

The r e s u l t s  of the ve loc i ty  m e a s u r e m e n t  can depend on the d is tance  x between the beam and the 
p robes .  An apparen t  i nc rea se  in ve loc i ty  is obse rved  when measu r ing  the ve loc i ty  nea r  the beam (Fig.  4). 
At a l a rge  d i s tance  f rom the beam the accu racy  of the ve loc i ty  m e a s u r e m e n t  d e c r e a s e s  because  of s p r e a d -  
ing of the m a r k e r .  

The p e c u l i a r i t i e s  of the m e a s u r e m e n t  p r e s e n t e d  r e su l t ed  in the following method of conducting the 
e x p e r i m e n t s  : 

1. the d i s tance  f rom the f i r s t  p a i r  of p robes  to the beam was chosen within the l imi t s  of 10-30 mm; 

2. the lowest  pos s ib l e  vol tage  was applied to the p robes ,  suff icient ,  however,  to d is t inguish the 
dr i f t ing  puls e; 

3. the modulat ion depth was chosen as 75%, 

3. A c h a r a c t e r i s t i c  ve loc i ty  prof i le  in a s t rong ly  underexpanded je t  with d i scharge  into the flooded 
space f rom a sonic nozzle  is p r e s e n t e d  in F ig .  5. The expe r imen ta l  points a re  m a r k e d  by c i r c l e s .  A pitot  
tube prof i le  is a lso  p r e s e n t e d .  The p r e s s u r e  in the f o r e c h a m b e r  was 76 mm Hg. The dis tance f rom the 
nozzle mouth to the midpoint  of the base  was 18 t imes  the nozzle c a l i b e r .  The d i s tance  y f rom the axis of 
the nozzle is  r e l a t ive  to the nozzle  rad ius  R = 1.4 ram.  
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Let  us note the pr incipal  cha r ac t e r i s t i c s  of the profi le:  

1. the veloci ty  at the jet axis cor responds  to the max imum for  the given stagnation t e m p e r a t u r e  
T o = 293~ 

2. the drop in veloci ty  toward the pe r iphery  of the jet  is explained by the conicity of the flow in the 
core  of the s t rongly  underexpanded jet, while the measur ing  s y s t e m  used is able to m e a s u r e  
only the component  of veloci ty along the jet  axis; 

3. the veloci ty  prof i le  is not fully measured ,  with the min imum veloci ty  m e a s u r e m e n t  being ~ 200 
m/sec  for the indicated s y s t em .  

For  the region of the boundary l ayer  a compar i son  was made between the veloci ty  m e a s u r e m e n t s  and 
the r e su l t s  ca lcula ted  f rom the pitot  tube readings on the assumption that  the p r e s s u r e  ac ros s  the boundary 
l aye r  in a je t  escaping  f rom a supersonic  nozzle is approximate ly  constant .*  

' \  

The r a the r  good ag reemen t  between the veloci ty  profi le  obtained by the e lec t ron  beam method with the 
calculat ions is conf i rmat ion  of the hypothesis  of a constant  p r e s s u r e .  The exper imenta l  points and the ca l -  
culated curve  (velocity re la t ive  to the veloci ty  at  the axis) are plotted in Fig. 6. It can be seen that  s a t i s -  
f ac to ry  a g r e e m e n t  is observed  for  v >- 0.5v~o. The divergence of the resu l t s  at lower veloci t ies  is evidently 
explained by the reduced  accuracy  of the m e a s u r e m e n t  in the nea r - son ic  and subsonic pa r t s  of the boundary 
l aye r .  

Thus,  veloci ty  m e a s u r e m e n t  f rom the dr if t  of an ion m a r k e r  can be conducted not only in the core  of 
a supersonic  r a r e f i ed  je t  but also under  ce r ta in  conditions in the nonisentropic zones of flow. With such 
m e a s u r e m e n t s  it is useful  to conduct a supplementa ry  diagnosis of the flow (for example ,  visual izat ion and 
density measu remen t )  in o rder  to choose the optimum exper imenta l  condit ions.  
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