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ADSTARACS

goal of trying to discover the type of counling thnt wou effec-

ever2]l pieces of dats from stortish =ce e mine. witn the

tive between moving and stationzry ions. It 2ppe-rc that L=rnor
radius coupling is required, »lthough there :re some oiscren-
ancies, connected with the smbient air density or ioniz-tion
cross sections, to be resolved.
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1. Introduction

At the nltitude (LOO km) of the Starfish nuclear
burst, the mecan free path for momentum transfer in ordinary
~tomic collisions is 50 long that such collislons play a
neslizible role in transferrinyg momentum from bomb debris
to the pmbient atmosphere, Whatever interaction takes
place must be of o plasma nature, 7The geomagnetic field
provides one such interaction mechanism, The Larmor radii
of debris ions is o few km to 2 few tens of km, Therefore
in distrnces no longer thun this, the moving debris ions
will pick up the magnetic field and cerry it with them,

In turn, the mo“ine magnetic field picks up ambient air
ions, thuu completing the transfer of momentum from debris
to =ir. Aiumerous other possible traznsfer mechanisms exist,
with shorter lengths thzn the Larmor radius, based on var-
ious types of instability that m2y occur when two plasmas
stream throuch each other, 1he question is whether tiiey do
occur in high altitude bursts, or whether the interaction
len;th is the longest possible one--the Larmor radius,

h consequence o¥ Larmor radius coupling ls.the guid-
ance of substontial amounts of the debdbris kinetic enersy to
the "conjuzate® regions--the regions nezr the points where
the burst magnetic field line enters the atmosphere 2t
sltitudes between 100 and 150 km, (This is the altitude

rsnge where fast moving atoms or ions are stopped by
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ordinary collisional energy loss.,) In Starfish, this
“debris patch™ was very prominent, It had been predicted

by Longmire, Petschek, and Wendroff (reference 1) prior to
the event; the prediction was bzsed on our belief that the
Jdebris would remain ionized (which was contrary to popular
opinion at that time), and on our assumption that the debris
would move freely along the magnetic lines, The latter
assumption was ba2sed on our belief that the presence of many
low-energy electrons would prevent ion streaming ins<%abil-
ities from developing effectively. The predictions turned
out to te roushly correct in ove;all effect, al:ihiough some
"det~1ls" were wrong, For example, we had not predicted

t1e e~rly teta column or the hot electron patch.

{owever, it mnzy be possible to get the debris patch
with coupling on a shorter lengt’ thzn tne Larmor radius.
In 3t2rfish, where dimensions are large comp red with even
Larmor radii, cre n2s to look carefully st the azta to dise
tinzuish between Larmor r~dius =2nd short length couzling.

This i the task undertaken in this report.

At lower 2ltitudes, where the cadius, corresponding
to 2 mass of air equzl %o the tomb m2ss, is less than the
Larmor razdius but Zreater thzn possible short coupling
lengths, it is believed thzt considernble differences in

energy deposition would ensuve, depending on the coupling.
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The altitude range in guestion is from about 150 km to
300 km, and the jimportance of the queutien of coupling

relates to the possible use of bursts in this zltitude

range in ABM activities,
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II. Froperties of the Explosion

peleted

Pig. 1. Sketch of Starfish as seen from Maui.
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Hoerlin (reference 5) has msde an analysis of the
masses in the three parts, up, down, and horizontal. He
used observed velocities of the three psrts, snd used the
facts that the total mass is known, the total kinetic
energy is known, and the total momentum parallel to axis
is zero, to write three equaticns for the three unknown
masses. I have repeated Hoerlin's analysis using currently
accepted values for the (average) velocities, and find re-

sults differing somewhat from his.

The properties of the three parts are listed in
Table I. It should be noted that the axis was not exactly
vertical, but the upper end was tipped southward by about
12°. In sddition, the central angle of the part cslled
horisontal was not exactly perpendicular to the axis, but
corresponds t. a "downward" velocity about 1/8 of the

*horisontal® velocity.

(8)
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Pased on what is now known about the :-imosphere,
the alr atom density at the Starfish altitude of U400 km
is believed to have been about 3 x 107 atoms/cc, and the
atoms were mostly atomic oxygen. The accuracy of this
density is uncertain. 1 assume that a factor of two

error is possible.
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IlI. Datay Stationary Atom Spectra

In this secticn and the next several we examine
various pleces of data, mostly for their implications

concerning coupling of debris and air.

Group J-10 of LASL obtained several spectra of the
burst reglon in Starfish, which sre presented and dis-
cussed {n reference 6§, The spectrs show clearly that some
of the emitting atoms are moving, while others appear to

be stationary. We shall consider a few cases here,

Deleteqg
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fls. 2. Sketcn of some features from N4GS
strezk spectrogsrem.
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Pleg 9. 3ketch of the o*? Qéjo_!ezture in

2 ¢ L tiqe integyratea sgectrosranm.
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The values of cross sections in the proceeding
parsgraph are inferred from the experimental velues for

atoms of similsr icnization potential in reference 7.
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1v. Datat The Beta Column

Deleted

Some piccures and datz on this beta streamer have
teen presented by Leonard and Buckner in reference B, and
Buckner has supplied some further information by private

comnunication.

Deleted

These numbers were obtained from radiance profiles measured
from the films, and are larger than earlier numbers based

on visual inspection of the photographs.,
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Because of such arguments, I proposed the model
of Larmor radius coupling, several years ago, in refer-
ence 10. In this model, it is assumed that debris and
air ions can interpenetrate each other up to the extent
of thelr respective Larmor radii, wi:- respect to the
moving magnetic field. Thermal electrons in the debris
and air have short Larmor radii (~1 m2ter), so air
electrons are stuck to the magnetic field lines, and

do not interpenetrate with debris electrons. The electrons
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move with the net ion flow, to maintain charge neutrality,
and in dolng so they carry the magnetic field with them,

It might appear, then that debdbris ions could not get into
the magnetic field. However, a debris ion can move out-
wards in the megnetic field if, at the same time, an air
ion is moving inwards (relative to the moving field).

€ince the =ir ions are 211 stationzry initially, they sare
31! moving inw:zrds with respect to the outward moving field
lines. The debris ions can then enter the magnetic field

by "swapping electrons” with these 2ir ions.

Tnose zir ions that are less than two Larmor radii
frem the central field line will "fall” into the magnetic
bibble, Those that zre farthgr.aﬁay will be picked up by
the magnetic field, forming s sﬁ;ék wave, The Larmor rad-
ius of O* is about 12 km. Therefore all 0* within 24 km

from the burst point will fali into the bubble,
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NDeleted

It sheuld te noted that C or H atoms which are
neutral until the debris arrives, and which are therefore
ionized inside the bubble, do not help the debris enter
the magnetic field. Thus the neutral atoms needed in
Section III and the ionized atoms needed here have to come
separately from the
It appears to me that the two requirements fit rather
comfortably in the latter figure, being neither too large

or too small,
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This effect may be ceen more cle-rly i« one frumc,
of the sequence of photograons of the northern conju’-te
region, taken at about 30 nillisecona:g alter the burst,

ter »a
Oue to favorable level of baciground,.the bet: otreamer
is seen agzin a2t this time, In thi: picture the hot
electron patch is also visible 2t taic time.
D'C'i:'.“ed Z2sed on
visual inspection of the photographs, and projectinzg along
the field lines from the hot electron patch to the bets

streamer, . L
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John Buckner (private communication) has stressed

that visual determination of diameters, as used in the
foregoing paragraph, is often unreliable, and believes

that the true ratio of radii mentioned is somewhat closer

to unity. i)eiefed

If some of the fission fragments are neutral, then
they should m2ke a beta streamer whose radius expands with
the orisinal debris velocity. One cannot say with cer-

tainty, from tne beta streamer data, that there are none

of these, ~ L
i/ -tl-it‘cd
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V. Jata:  1The Yot Electron ratch

Deleted

For several years we thought this petch was aue to
beta rzys. It wes ot the wrong altituue for betas, but
we conjectured that the betas were being stopped zt higher
altitude by streaming instabilities. Finzlly, about two
years ago, the tot~l optic-l power of this patch wis meas-
ured from the films, in the LASL-EG4G data reduction pro-
gram, This power is shown as a2 function of time in Fig. &,

which is taken from Hoerlin anJ buckner, reference 9.
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We also looxed rt other possibilities for explain-
ing this patch. John Zinn and Il considered the hypothesis

that it was an electric discharge,(reference 11).
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1he debris--ir shock wove might genvrite an electric poten-
tizl from frent to back ~croer ituelf, This potential
could be liuch-rced by n» tlow of electroni cown the guter
mognetic tield lines to the otmoiphere, across o the inner
tield lines, =nd Lack un to the inside of the £ Kk (or in

the O?[}O-Site .‘lin'ction) .
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In tre summer of l1y¢f€ 1 reached the conclusion that
tie pztcn must be due to energetic electrens that are heat-
ec by the debris-zir interaction or shock, and this has

Ziven rise to the name "hot electron pstch.’
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rig. 2 Radius of hot electron patch -s
function of time, 2nd rzdius and velocity of

shock inferred from it.
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H>sti and Drummond (re“erence 1J) have -oplie: to
Starfish a shock model wnhich has twvo stc;sf In the irst
step, the magnetic field chrniec 2nc the electrons zre joule
heated »s bty 2q. (13). In tihe second uten, tae ionc ure
ghocked, 2nd tae electron: av-teus ui-octinnlly. (Ion
streaming inst:bility is proposed =as the mech:znicm oI the
ion shock.) The power put into electrons in this model is
more than the amount given in 3. (7), but the power escap-
ing is reduced by s potential tarrier which allows only
the more energetic electrons to escope. 7The zyreement with
the patch power curve is reasonably good. Tae joule heat-
ing of the electrons is not expl-~ined in dJet2il, in partic-
ular it is not resolvec vheiher znom:lous resistivity

should apply.

® 7. Coffee has also worked out a similar model.

(36)

PAGES 37+38% DELETED

R VUNIUI



VI, JAtil  Shoch miaias Versus lime

In the previouy gectiocn we huve rrgued that the
shock riaciun ¢ n be sesuced Yrom the r-uius of the hot
electron pnten, by correcting ijor the tr=-el l(inw of 0 k=Y
electrons. ‘i readius ot the shock, o Jeterrinel, way
given in Figs. 5. The s7m= rirure also shows the snock
velocity obtained from the shock ra<ius curve, 7This shock
velocity is plottea as » tunction of shock rauius in rig. 6.
This curve gives evidence on tnhe pick-up of m3iss by the ex-

panding debris =nd shockezZ -ir.

In order to understand the implicztions of this
curve, we first mzke the assumption of Larmor radius coup-
ling. Let us see how the total moving mass increases with

radius.
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Fig. 6 Shock velocity as 2 function
of radius, various models.,
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Let us now rin: the mezn free oath for creating
-dditionz1 0%, contriouting to N,. Guioced by tne dot-
in reference 7, I tace the cross section for 2ny of the

moving 2toms to iniuce 0-0% to be

5 =28 x 10'16 cm2

To <et this numbter, 1 have 1iivided molecular cross sec-

tions by t''o. The number irncludes the charge transfer

(41)
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cross section, since this process leads to tne pick up

of an additional =ztom; the ultimate tate of the f-ot ncu-
trals will be discussed l:nter. Finslly, 1 have incre:.sed
the number sligiitly on the grounds th-t the impactin:g atoms

are predominntly charged r-ther th.n neutral,

In addition to the directed r-di=1 velocity, the
pilcked-up ions 21so have a Larmor .elocity roushly equ:l
to the former. Thic causes »n increase by a f:ctor 4/w in
the effective cross section J; to be useu with the rzui-l

ion velocity., 1nus

o; = 1.0 x 10715 en? (17)
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The daty Jiscuused in enrlier sections favored
L-rmor radius coupling »t e-rly times., It is possible
that the coupling of «ll ions doec not begin immediately,
but ievelovs loter, zuch ¢ combination of coupling
mech aians could give o better tit to the velocity at
laree r~diis 1o 913equ: tely expl:in the deceleration
~t smaller rodii one would rave to take into 2ccount the
‘elocity aistribution of tue debris mesg, rother than
cssuming th2t it 511 moves with tne =2verrge velocity.

I hope to do this 2nalysis =t 3 l=ter dute,
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We shall return to this point
in a leter section., 1nhe importance of chzrge exchanze
has been stressed by workman and oy H»mlin, Lowen, and

Sowle,

Summarizing, from the “observed" shock ~elocity
versus radius, it appesrs that Larmor radius coupling
alone is insufficient to explain the snock deceler=tion,
A combination of Larmor radius coupling 2t esrly times,
with coupling of all ions at later times sppea2rs %to be
consistent with the d2tz. Coupling of sll ions at 2ll
times is not badly inconsistent with this data, but dis-
sgrees with vesults of previous sections of this report.

These conclusicns are modified in the following section.
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Vil Data:  Burst Region Optical Power

kpstein et al, (reference J) have recently publisnhed
results of measurements of the optical power from the films
of the burst region, including the debris-air shock., Their

results are transcribed in Fiz. 7.
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VI1I, Jetar  The Debris Ener-y Patch

Deleted

We mzy note that 2 potenti:zl burrier also occurs in

the front of shocks in the Larmor rzdius coupling model,
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as is seen trom the numeric~l calculations o!f nilb (ref-
erence 14), The origin of tais potentin~l barrier is quite
simple., As the outward moving ions bezin to ve deflected
by the magnetic field, they make 2 transverse current,
which is such as to reduce the magnetic fielu uchinu =2nd
incresse it in front of the ions. In other words, magnetic
flux is moved from behind to in front of these ions. &tlec-
trons go with the maznetic field, so that electronc =re
pushed ahead of the lons. This charze separation produces
an outwnrdly directed electrostatic field, which builds up
until the resulting E x b drift velocity of the electrons
cancels the transverse ion current (sporoxim-tely). 1h=2

electric field E is therefore gziven by

E = 3 (30)

ol<

where v is the transverse ion velocity, which 1s equal to
the total ion velocity at one-quarter of a L:rmor perioa,
This field exists over a radial interval of about one ion

Larmor radius L;. Therefore the height of the potential

barrier is
v 1 Mve 1 2
eELise:BE—-e-Eﬂim‘/ (31)
where M is the ion mass.
Deleted
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Fig. € Ooticzl power, assumed efficiency,
and total power in the northerr. conjugate reg.on
as functionc of time.
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1he simple theory above becomes invalid for elements
of mass 2t large radiil where the shock becomes sonic, The

sonic wove carries aw2y . certain fraction of the energy.

deigiEa
It
would be useful to try to determine the energy carried
awey by the sonic Alfven wave, by examining the various

ionospheric dzta collected in connecticn with 3tarfish.

The spatial distribution of power in the detris
patch nas been measured from the films, tut not yet pub-
lished (Hoerlin and buckner, private communicstion).

The shape of the power density (brightness) of course

(59)




Jdepends on time, 7The shape ¢t early time=s, wnen itae first
debris is arriving, has been discussed by Jonn 2inn (to be

published)}. After about 0.5 second, when the radius steps

Deleted

I know of no simple argument explaining the exponen-
tial shape of the debris patch brightness, While it does
not seem unreasonable, a detziled explanation may be com-

plicated. One would have to look further at the mechamism
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of the final stepping of the transverse expansion,

Deleted

The prover analysis of thnese ideas mzy re-
Juire some numericz2]l computations; but I m-y try some fur-

ther 2nalytical calculations later.

I believe we are close to an understanainy of Star-
fish in terms of Larmor radius coupling. There zre some
discrepancies to clear up, for example tne effective ion-
ization mean free path in Sections VI a2nd VII. If these are
cleared up, I think we could produce » simple_nodel of the

debris patch for RANC,
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Appendix A -- TWAd Longmite et 31, 2y Honolulu to .oerlin
P et al, at Johnuton lsl.nd, June 15, 1962
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Appendix B -« A Trip to liclonncll-uou: las

The origin of the "csus”™ cloud has been an enisma
to the bomb physicists since 1962, nrecently, i, Hotrlin
ar I had an opportunity to discuns the matter simulta-
neously with Dr. wm. Ogle and ur. John Northrou, and to
impress on them the need to get what information wai pos-
sible on its constituents and mass. wJr. Northrop later
asked Col. John Kodis (DASA 43) to sec what could be
learned, and the latter enlisted the aid of Col. wvonald
Flood (DASA Field Com.), who was acquainted with the
engineers at McDonnell-Douglas who are fzmilisr with the
Thor booster. Col, Flood relayed the question and put
me in touch with these engineers. On Sept. 12, 19069,

I visited the McDonnell-Douglas plant in Culver City,
California., Specifically, I discussed our problem with
K. B. Duke, D. Fazio, R. P. Kellogg, . J. ack, R, £.
Mitchell, J. R. Reider, and v, F. weltner, 7This meet-
ing was most fruitful, and my only regret is that it did

not happen several years ago.

I explained that we were looxing for somethinz
contzining C and H, perhaps rocket fuel, in smounts of
the order of tens of kilograms; that if it were released
below about 250 km altitude it had to be lioguid or solid
droplets, not molecules, in order to penetrate the resid-

ual atmosphere; but that if released sbove 250 km alti-

tude it could be molecules; and finally that fuel in the
(64)




booster tanks at burst time was not of interuvst, be-

cause of insufficlent time for dispersal.

The MclUonnell-uJouglas people then gave the followe-
ing description of what they believed to be the ligely
source of the material. At main encine cut-off (MECO)
the valves in the lines from the enzsine to tne tusl (kPl)
tank and to the LUA tank are cause: to close. rowever,
in the fuel lines between valve and burning cnzamber there
are approximately 112 1b. (50 kg) of %P1 =2t this tine,
anl in ti2 102 lines f=?“+ 12 32 i (18 A¢). «hile some
of this might burn, they felt it vas quite lidely tnst -
good deal of it woula simply lezx into spsice. ihe norm,l

ratio of weights of rFl to LOa is =zbout 1/2.5.

we 2greed on the following rough picture of what
was likely to happen. 4hen burning stops in tne chanmber,
the pressure there drops essentially to zeroc. ‘the vapor
pressures in the LOA an: fPl lines will then eventually
drive the liquids out of those lines, 1he APl lines 2re
used to cool the nozzle, and since the throa2t of %he no:-
zle is still hot, there may be 2 high pressure there th.t
holds up the purging of the APl above thzt point until
the nozzle cools down, PEecause the LOA lires are more
direct and because of the low boiling polint of LC., it

was felt that the LOX would prooably purge first,
Some indication of the altitude at which the =Pl

(65)
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was purged is orovided by the following facts., WMECO
occurred nt an altitude of about 117 km., Fifteen seconds
later, at an 3altitude of about 155 km (3nd after booster-
psyload separation), the booster is kicked down and side-
“2ys =*nd induced to tumbl. 2t a rate of aboﬁt one revolu-
tion zer 24 gecond.s, Fuel le~xing ot tals time would form
a spirsl viavor or aroplet trail. J3ince two or three loops
of such @ spolral are visible in the burst photographs, we
conclude tn=t fuel was leaking =t this time :=nd altituge.
Jroplete reieszses at this s1ltituue woula have very nearly

the 3»me bollintic tr-jectory as tne booster,

“ith regard to sroplet size we offer the followine
considerations. fTne holes in the fuel injector plate had
raaii about 0.1 cm; let us try this size for the droplets.
»ith a surface tension of 2bout 25 dyne/cm, tnhe pressure

in a Joplet of tais radius would be

2 X 25

=51 = 500 uyne/sz

7he =apor oressure of APl falls below this value wvnen it
temperzture falls below about 0°F. At 100°F the vapor
pressure is ten times higner. Since the latter is a more
likely initial temperature, partial boiling would have to
cool the residual liquia by 100°F. In order to achieve
this much cooling, about 30% of the RP1 would have to

evaporate (heat capacity - 0.4 BIU/1b ®F, heat of vapor-

(66)
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ization = 100 BTU/1b). It appears that droplet radii

somewhat smaller, say 0.03 cm, are more likely,

Thermoaynamic datz for ®Pl were supplied by McDonnell-
vouglas. RP1l is essentially a kerosene, chemical formula

approximately CigHyze

The ma3s in the atmosphere above 155 km altitude is
abtout 10'65ram/cm2. The mass in a droplet of radius 0.03 cm
is about 0.03 gram/cm2 of its cross sectional area., There-
fore, as stated above, the residual atmosphere has little
effect on the droplets, Th> heat acquired by the droplets
in colliding with the zir molecules abtove them is about
I x 10% erg/cmgolo6 erg/gm = 1/40 calorie/gm, which is also
negligible, (The velocity of the booster was zbout

2.5 km/sec).

I wish to express here my gratitude to the individuals
mentioned above, who have helped to clear up sutstantially

the enigma of the "gas" cloud.
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Appendix C -- Effect of a-Rays on uroplets

sid d t of R -~ , of rzdius
Consider a droplet o PI ( 010”22) o u
0.03 cm, subjected to the Starfish x-rays at 3 typical

distance of 3 km from the burst,

| The x-ray spectrum from starfish hacs been gliven

in reference 2.
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I realize that the considerations above may not be
very accurate., However, the conclusions are not unreason-

able,
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Appendlix Ue  lon strecning Instability

Consider two interpenetrating beams of sinsly
charyed ions of miuss w in the presence of 3 neutralizing
v ¢« rount of electrons wita tempzruture 1. ~nd density N,
Tue bvams need not h-ve delta-function veloclity disiribu-
tions, but let tiav total lon velocity distribution be

t (%), ~nd let ¢ (¥) be rormalized.

Sr v o-n (D-1)
The Jigpersion relation for electrostatic wrves of the

form exz [i (-7 -ut)l is

k2 + k42 £ (¥) dv
i o
woi (%’ - vp)

dere &, i: the J2bye X

ky® = ——— (2-3)

N3 Woy iz the lon plzasmo frequency

Ly
Lnve
S Tie |

oi = (0-4)

and v, is the component of V parallel to K.

In general unstoble solutions (complex w) most essily

2 2

occur for k" << k,". In this limit, 2nd for symmetric=l

£ (V), £ (¥) = £ ¢7), it c»n be shown that » necessary

ani suffici2nt condition for instability is
[_J
ar _(v)
1 . Y (D-5)
e [ 50— o 2 ™
°

(70)




Here x‘p(v) is the projection ol tne velovity iiztritation

- R a .
on the k Jdirection, .nd v 1i:i the torner Ve

Let £(®) be comnoued ol two diunsl.ces -ussi nes,
char-cterized vy lon tenpertture i o1 centarv. - rnout

27, uefine » prr-meter

a = ’2_'&. ;s coun & {(o=%)

. . - . .
wnere @ is the ~njle bet-ven X *na 7. ‘laen the consition

(J=5) becomes
a

- 2 z (g

(2 a e fe’" dx) -1 2 2 (0=7)
T(“
5 .

Tie left a~nid side of tais eguation, =z = function of .,
starts 2t -1 for a=o, %econes positive for i » 0.,7, :na
approzches zero 2s aee, T3¢ maximum vilue in 0.235, rac
occurs 2t @=1.50 (approximately). ihus in thi: ¢ 5e -

na2cessary »nd sufficient condition for inntazility i« t.azt

Ty & 0.385 1. . (=-2)

(71)
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