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An

Recent resultsl have shown liner momentum transfer coefficients Cm as large as 700 dyne-

s/J from visible and near-infrared laser pulses with heterogeneous tmgets. lJsing inexpensive

target mimmitils, it is now possible to deliver a l-tcmnc siitclli[c from LEO to GE() in 21 dnys

using a 10-kW onhoard laser ablation engine, or to maintain several 1-tonne GM) satellites on

station from Ilarth indcflnitcly using a loser wilh 1(MI-Waver;lgr fmwcr.
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geosynchronous transfers); LO-LISP (,periodic rc-boost of decaying LEO orbits); and LISK

(geosynchronous sn[clli[e stationkeeping). Wc do not expec[ onc type of l:IW is Iwst for all

scenarios (T~ble I).

l.No~
.. .

LISP Energy Optimum Governs Laser ~

variant !lcfinition cost k k I.OG” %n

GK() SlatiOn- Rangr & I%nct
LISK

keeping Mod 530 nm Wmmsphcu-ic surfarc
Irnnsmik%ion

LFx;()- I.IM) to (;H) orbil Laser diwk 011

B.lSP lrunsfcrs Mod 800 nm parumclers and
fikr

boa rd

trunsnliss;on

L1’x) Iiigh lh rgy cost & 1’1;1111’[
140-1,1s1” 4 prn Mmmplwic surfxcre-boosl

Iransmiwiim

l)irccl Iwnch, 10 Very Iligh h(qy cost & I}lilllL’t
IJX)-1.lsl’ 4 ~1111

1.1:() Htmospherir SllrfilC1’
trnnwniwion

Nenr-Itnrth-ol~jt*ct Very Iligh 1%11114
NI;()-l,lSP 248nm llun~e

ddttwion Sllrfil(l’

.—

I,lsli- {:lruring !4pNcc 1A)w 5.10 lIrll
R;lngc, ohjwt 1’1:111(’[

Junk
III{(N)M

sim SllrfilCC



Page 3, 6/28/93 LA-uR-93-

‘--

%iZ-hv
,--

=%_ ./

Figure 1: Itudiornctcr illust mks how molccuktr rcuction form exceeds photon pressure

In fact, propulsion by light has hccn around - in one form m ttno[hcr - for ccnturics! (See

Figure 1). IL is inprtm to rdim thiII wc m not Mking ulmmi propulsion by pho[on pmsurc

here, The I;igurc illustriltmi this point. The ~il~tit)n fmx of gas tnolcculcs hc:M hy the blil~k

sltfiii~c is Illilny linws Imgcr th:ln the rcuclion of photon pressure ulonc, which is why the

mdimnc[cr vmcs spin in Ihc dirccti(m shown. When thr incident ligh[ lmm is suffiuicntly

in[msc 10 Glusc uhldliotf ol Ihc surfam, Ibis rc:wlioll I_[lrccis uwmlly SCVCrill tlKIUSilll(l limrs

lqcr llm the force duc 10 plmlon pressure.
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liquid-fueled rockets, in tiac exhaust mass is carried in solid foml so that the dead weight of

tanks and pumps need not lx carried by the spitcecraft. In LISP, nozzles miiy hc desirithle, but

are not necessary. Thrust vector direclion is controlled by turning the spacecraft, since (except

in unusual situations) thmst will always be perpendicular to the illuminated surfuce.

Finally. for very high energy missions, LISP pen-nils deriving energy on the ground, where

it is chc;lp.

In the present paper, wc do not have rcmm to discuss all these concepts, so we will focus on

three of the near-term, praciical applications which involve modest expense and high utility.

lAISUXQ~
.

The loser mornenlmn coupling coefficient Cm is defined as the momemum flux s (dyne-

S/CI112or taps) imparted m the target per uni~ incident liner flucnce O (J/cm2):

cm= 0/0 dync-.s/J (1)

Rcccnl]y, momcnlum coupling cocfficicnls m Itirgc as I(N) dyne-s/J hnvc Iwcn

dcmonsirillcd in vwwumq, and (’n) viducs tis iilrg~ ils 7(N) dyne s/J have been obulincd in nir,

wilh p:lssivc largcts.’l Ilolh rcsuhs lmwfilcd from %npped uhlwion”, which occurs when Iascr

light is iihorhd hcnr:IIII Ihc surface of ii htmwgcncous almorhcr, or wi[hin (iclibcril[tly

designed illll{)lllt~-gcllcf}~lslilrgCtS.

I:igurc 2 illuSlrillCS the Wily in which WC divide lilSIH illdill{)l!i for [hc prewnt discussion.

sc]):irilk descriptions havw hccn dcvchipcd ftw Ihc illc~hililisllls ol-miinhlg f~whomogeneous

Vld-UlllC nlmlwlwm in VilL.1111111,iill(l for “designer nlx(wlm:rs” llilSLYlt)ll lrilppmll ill)lillioll, I ‘il~lllr{),

(?[ (1/ (rcfcrcncc 3) hilVC CillCUlillld [WCSSIIK gClllTiM in il .$lrillifild lnrpc[ wilh huriud illl!401’tX~

1111(1 wunspnrcn[ [)vcllily, which kil(ls I() Iruppcd iil)liitioli, Rt’~tIltly, Sk~mrd{mlis, hiis ol~[ilill~’(1

similnrly Iilr/:1’(1,,, VillllCS wilh visible Iikhl illld coum:mn [I[qwtl nyhm,s

‘1’hC olhcr illlp)rfilfl[ lilSCr itlllillioll ~)ilrilIllCICl” is Q*, lhC rilii(l (}f incidcnl lilSCr !IIICIIL-C 1(1IIW

iltllillCll lllil\S flllX I

( ‘,,,()+ W;l v,,. lvll/\ ( 1)
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Note that Eq. (3)

gives an effeclive velo-

city independent of as-
OPACXIE

SUBSTRATE sumptions about laser

absorption efficiency.

SURFACE ABSORBER The connection with

the so-called “specific

impulse” of conventional

&

●

/

propulsion theory is
P made hy noting

SEM~;~Il#W I,P = ~lg

= CnlQ*/g s, (4]

VOLUME ABSORBER
where g is the accelera-

tion of gravity (cm/s2).

4iiiiiL-=.-l.,
Conservation of energy

req uircs

LJBURIEDAMORBER 107MIP
= p v1i2/2 J/cn12 (5)

“DESIGNER” ABSORBER

Figure 2 Iascr ah~wption mmhankms

whine ?lA]l is the cncrgclic t?ffi~’i~ll~yor Ihc [il)]iilh. Thus, (’,11is Iloi imkpcndcnl of Q* or 1%,1,

since Iwl umslmt Imxhms umlr(d Ilwir illlc~tlilli[}llslli ll:

(:,,,1s,, = (ZX 10 “@]A,, ❑-20.3(A1~A,l (())

iillll (7)

I[(ls. (()) illl(l (7) Sh(lW Ihill il is 11111llCL”CSSillil~ CIl”!+irilldl’I(I SCChIlir I:lrgchl p~tssildc Villll(’

I(M’ (’,,,, Sim.c Iill”gl’(‘Ill VillUCS COIIIC ilt II)C L’[MI (d” h)W I Sl) illl(l. Ihrrvltmc, inrll”i(-icnl IISc (d” IIlr

w+il.lcms :Illlilli[lll Iilil!+!i, givin~ h)W dclivcml 111;1SSI“il[il). II is :11S1)il[ll};ll~lll Illil[ I{IW ( ‘ill Villll~S

illlm [li Silll\’ illllil~(”ollS, sinvc :1 Iillgl”r illltl IIN)I”C L’[)SIIY l:lS1’~ is rcqllirul 1(1 II)IW(” till’ S:11111’II I:ISS.
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For the LEO-LISP mission (which wc have discussed elsewhere), we have shown6 that the

optimum value for Cnl is 30 – 40 dyne-s/J. For LEGO, we will show that the optimum Cm is

about 70 dyne-s/J.

Laser wavelength A is an important parameter determining range, since cost Iimils the

diameter D] of the laser beam director. For propagation of a laser beam which is “N-times

diffraction limited;’ propagation theo~ gives for the range to the so-called beam waist:

In the case of LISK, it is sensible to place a large receiving mimer of diame[er D2 on the

satellite which focuses the receivd &am onto the ablation disk. The mimer can be low quality

aluminized mylar, since it will receive low fluencc and iis focusing requirements arc nm

stringent. Then, the range Z is dramatically increased:

Z/ZR = 1 + [2(D2/D1)2- 1]]~ . (9)

JJSK: (h?OSV~C
.

hrono~t~l onkc-‘i

LISK)7 is onc of the most attractive LISP varinnl.s Since the range Z = 36,000 km for

LISK, assuming a beam quali:y fnctor N = 2.8, even after iftstillling a Iargc rccciving mirror

D2 = X)m cm the salellite, we are forced to use short wavcleng[hs IS 530 nm. In conwast,

infrured gas lasers are most dcsiriildc for LEO-LISP Ixxmuse the stmtcr ri~tlg~ pen-nits thcm

and Ihcy hitvc low cost per joule. Wc assume u geosynchronous sittcllitc miiss of 2 tonnes. tind

iI required posilionid drift conxx-tion of ().2° per 3 months. Ile resulting velocity incrcmcnt I>v

= 1.117cmh Ciin IX pmvidcd wilh il coupling coe~icicnt of Cl,, = 1(N)dyne-s/J with ii t~[ill litscr

cnmgy of 37 kJ. The upper limit of tilrgci intensity required to jpcriitc this coupling

mcfficicm is I = IGW/~m2, tind wc fiik~ d]c li~iil Sp(M iIrcit of tl]~ Siitdlitc’s N)-nl-diilnlckr

mcciving mirror m be A = 10 cn~2, so n 1O-GW lmcr pulse is requinx.1. With D I -’ ~m, inlcnsit y

in Ihc [Itmosphcre is 140 kW/cm2, IICGIUSCthe hc:im will he gcllcriid by frc{lllcllry-(i(~tllllillg

ii 1,()(~pm Nd:~lilss Iiiscr, wc pick T =: 10 m pIIIW durnthm h) simplify the dmhling pmccss,

IIml dw lmrr mxgy is W = I(N) J pcr pulse. “Ilwn, tlw 37 kJ II) rcl}[~siikm the sil!~llit~ will

require il l(~lill 1)(Ill = 370 plllSCS wlli~’11,ill 1 117.,Ctillk! upplicd [wcr 6.2 minutes. “llIC ilVCrilg(m

h(!r (~lllpllt IM)w(?r is @ !(M) W. .I.hc mils!i iih!il[c(! ~r th?l’ [Ilo[llh ~(lrr~ctbll is jllst IH.7/llAI]

grillllS, giving il Ii fdimc d’ 1N) yCilrS Iiw il 10 kg iil)liltioll disk umlcr i[lcol c(m(lili(ms.

(’tmsidcrillj: IIIC LXMI(f gl.[]syl](.llr[)ll(~lis s:ucllitcsm illl(l Ih fill’1 thilt [)Ill’ lilS19r1’:111[dlvitmsly

hcql ii number [~1SillCllitCS pr(qwrly ptmili(mxl. Ibis is d very illlr:lclivl’ rilsc I_tu”inllnc(li;ltr
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applicctcion. Such n laser could be built easily and chcuply [probtibly < $1001:] using Stiindard

components developed for incrtiitl-confine-ment fusion (lCF). TIc most expensive components

of the system would be the beam director and tracking system, but these would certainly not be

dedicated to LISK, and could be used most of the time for more conventional purposes. The

satelli tc would require extra design features to receive and utilize the laser pulse.

These consist of a large receiving optic, an ablator, and a rudimentary pointing mechanism

to direct ablator thrust. The optic would be a self-deploying aluminized mylar sheet supported

by a lightweight structure, and can be a low-quality optic (mrad surface accuracy), since its

focus is only 30 m or so distant. It might be easiest to make the sheet in planar form with

cmlxxxtxl grooves to form a reflective anulog to a Fresnel lens.

v for 6cos\n@~w, . .

Range 36,000 km

sal~ 0.2 degrees

~uervitl 3 months—. —

Mellile mass 2 tonnes.— .— ...
Av 1.87 cm/s

Ap

hdync-s/J

3.711xl@ clync-s

cm

Total Laser Energy NW= NOA 37.4 kJ -

Ttirget lntcnsity I 1 Gw/cm2.—.. —
Targe[ Coupling Areii A I() crnz

Peak Lils~r I%wcr PA 1O(3W—.
Pulse Duration ~ 1011s

I’ulsc Ihcrqy W’

J

1(N)J—-— ——. -. -.-...—..—,
PUISCR~tition Kiltc r llIZ—.. ——... — —-. .—— ——. — ..

To[iIl Number of Pulses N 374—
Tin]c 10 Deliver (%rrccti{m 11.2minufcs

Avcr:lgc 1,ascr P{nvcr P I(HI W——— .
LilSCr WilVCICllJJll 53(1 [1111

..--. — ....—..

~

-—. .- — ------------------ . .. . ............... . ..... . ... ... . ....

I JIUIICII Mimw lliill)l~mtl.r y Ill. ... . . ...... .. .. ... . ....... .. . ... . .. .... . .. -—.-—- .—.—..—.-... -..-...--.-....--.. -...-.-—----

Rcccivil~ Mirnw l)i:ln~k.r 30 nl
,-.. — — -.--— .— .- —._-. .—.—.—.—.—. —-—- ..-.-. ..— . ......... ... .

R:llly” 7., 35,XH()km
—.— —-. -. —------ .-——. . .-”.-— —.------- —---- ...------------- --- .... .. -. .-—--

111’illll()(lillity ~1 2.x. .... .......................... ..... .... .. ............ .. .. .................. ..... ...... . ........ . ..... ......................................................

Milss Ald:ltcl~cr 3 Illtmtll ( ‘~mr(.ti~m ( lx.7/l]Ak) p——
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We estimate the tottil cost of the laser system and modifications for one geosynchronous

satellite to lx $lM. The cost of a single geosynchronous satellite is on the order of $250M, but

its lifetime is limited to akout 10 years by dissipation of stationkeeping fuel. Since we can

extend this lifetime, using LISK, by a factor of 5 indicates the benefit-to-cost ratio of a LISK

setup is 1000:1.

Figure 3: Illusfr:tfing 1,1;(;()

For 1.1X;{), our UMlccpl fcalurcs an (Wboild lmcr, which pr(wi(h n I(m’ level 0! c(mlillmws

IhIUSIf(II il prri(~! of w~~ks. ‘1’hc pr:lrtic.d ii(l\iill[il~~ ()!’this IL’LtlIIIol(JgV,~~)ll]l)ilr~(lwill] Plilsll]il

thruslu”s, is [11:11[Iw IK’lTSSilry 111:1sSilt)l;llioll d(ws nol (Icf,rn(k Illr propulsi(m engine. lllC1’lliCill
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efficiencies are about the same: laser diode m-rays can now claim 5(YZO electrical efficiency. In

this c -se, oplicul fibers deliver (he Ias{.r beam the short dismnce to the ablation target, ard the

most effec[ive laser wavelength is the near Ill, about 800 nm, taking advantage of hi~’,bly

elecu-iciilly efficient laser diode arrays which have been developed in that region. We consaer

a nearly-circular spacecraft orbit, and find that the cost of orbit transfer W/m (J/g) is given by

{

1- exp [(vf~Ev”)]
C.Q*

(Vf– “o)_
ex~ [ VE 1 }

J/g. (10)

Through VE = CmQ* = 4(2x 1~7hA~Q*), this expression depends on Q’ in a ccmplica[ed

way. We will show that the energy cost C has a min:mum when the following transcendental

relationship is satisfied:

(Ilj

where

a=+;

(1 la)

For the case we consider here, with ~A~ = 1, the solution of Eqn. (11) is Q* = 4384, Cm =

67.5 and CmQ* = 2.96x 10s cm/s. Ilere, V. is the velocity ~(GM/R()) of the object in a LFO

orbit, in this case 7.8 x 105 cm/s, Vf is the GEO velocily, 3.08 x 105 crrds, VE = CmQ*, and P =

dW/d[ is [hc incident ltiscr power (witIIs). The chunge of total energy 11 = V t E for such ;I

tritnsfcr from a 200-km initial allitudc is 25.7 U/g. Wi[h Cm = 67.5 dyne-s/J, Q* = 4384 J/g

9 96x 105 cm/s, a 10-kW aver?ze-power laser diode array will be cap;lble ofand CmQ* = . .

deliver-ing a 1-tonne smcllitc to a geosynchronous orbit in abou[ 20 days, for a totid loser

energy of 17.2 CIJ. Muss of the objecl in LEO is 4.92 ~onncs, so 20% of the initial nliiss

suwivcs. Total energy change is 25.7 GJ for the delivered satelli[e. As an exnmplc of Ihu cosi

of dcvia[ion from [his optimum coupling, consider the case cm = 447 dyne-s/J, Q* = 1(N!J/g,

and ~mQ* = 447 ntis, typictil, e.g., of Jilscr-v:lpori?.ed icc at very mo(l~.st lilSCr inlc]lsily.

SUming wi[h u 10.6 -kmnc (]bjcd in 1.110, wc find lhc lold rcquirul lasur uncrgy is Icss: jus[

1.05 CiJ, I-mlonly 276 g is dclivcrcd to orbil, and the energy COS[of clelivcry is 3.tlM.I/g.

Rcsul[s for Ihc wh(k riingC of I.lSP scenarios discussud nrc shown ill ‘I”aldc III.
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Lisp k&!a_ ..—.. ~ELIVl;RJ

VARIANT ‘~v~lmgh Pulse RM-rrKll & OPT](’S
Po wer .—

LISK: 530 nm 10ns, 100J 1Oow 3m (jllse.TillOV

geosynchronous ? Hz telescope
sLationkeeping

.

LEGO-LISP: S00 nm 500 ps, ~OJ, 10 kW optical fibers
.EO to GEO transfer 250 Hz

.—.

LO-LISP: LEO 3-4pnl 50 ~S, 20 kJ, 100kW TLmobservtito~

reboost 5 Hz
I

telescope

—. .-—

LISK-13ROOM 0.5p II 200 ns & 5ps, 60 kW 5-m obsu-vamg

60kJ, 1 ~{Z tclcscopc
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