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o ‘The Apollo-Soyuz Tést Pro;ect (AS P_), whlch ﬂew in July l975 aroused
) "consrderaT)le public interest; first, be‘ause te spate rivals of the {ate 1950°s

"and 1960°s were workmg together i a joint, endeavol‘ and second becauSe
o thcnr mutual efforts included devel, ping a: space rescue system. The ASTP
.. also mcluded significant screntrfic xperiments, ﬁtc results-of which' can be
": ‘used in teachi ing biology, physrcs ind mathematlcs in’ schools and colleges

. 3 ments is a set'of curriculum supplements desrgned for teachers supervisors, -
' cumculum ,spccxalrsts and textbo k wnters as well as for the general public.
Neither- textbool(s nor courses. study. these pamphle;s are’ mtended to.

- provide a rich: source of ideas, e amples of the scientific method pemneht

_ references to standard textbooks dhd-clear descnptrons of space expenments
Ina sense they may\be regarded/as pioneering form of teachinig aid. Seldom
o ’ihas ‘there ‘been such a fonhn#ht effort‘to provide, drrectly to teachers
v _cumculum relevant reports qf current screntrftc researclf Hrgh school
‘ - teachers who revrewed the; texts suggested that advanced students ‘who are,
interested mrght be ass1g g'study ‘one pamphlet and.reporton it to the rest

o o (of the class. After «class "'dl__'_ussmn students Mmight be assignéd (without -

 formal or mformal answers thus stressmg the applrcatron of what was
‘ -prevrously covered in the pamphlets :
The authors of these pamphletsareDr ‘Lou erlrams Page ageologrst and

- Dx‘ Thomton ‘Page, an astronomer.” Both have taught science at several .

. umversrtres and have pub‘l;shed l4bookson scrence forschools colleges and
"'the general reac[e including a'recent one oon space science.”

Technical assistance to" the Pages' was provxded by the: Apollo Soyuz :

’ Program Scientist, Dr. R. Thomas Giuli, and by Richard R: Baldwm.
T W, erson Lauderdale, and Susan'N. Montgomery, members of the group at

" the ASA Lyndon B. Johnson Space Centerin Houston whrch orgamz’ed the :
"+ sciel trs}i\ partrcrpalron m the ASTP and publrshed their reports of expenmen~ .
s .

su =

,‘ 1al ,
BRI “Selectdd teachers from hrgh schools and umversrtres throughout'the Unlted
-- States reviewed the pamphlets in draft form. They suggested changes in -

v'.."wordmg, the addrtton of a- glossary of terms -unfamiliar to students, and

. lmprovements in diagrams. A list of the teachers and of the sc1ent|fic mves- _'

- tigators who: reviewed the texts for accuracy. follows. this Preface..

This set of Apollo :Soyuz pamphlets was. rmtrated and-coordinated hy Dr. - *

B e 'FredenckB Tuttle, Dtrector of ducatronalPrograms and was supported by:‘
L " ’the'NASA Apollo- -Soyliz Progr

Ofﬁcer all of NASA Headquarters m Washmgton*. ,D C. .

IRl »

" Thig series of: pamphlets discussjng the Apollo SOyuz mjssion.and expen--

“acess to the pamphlet) gne “rmore of the * Questrons for Discussion™ for - :

Office, by Leland J. Casey, Aerospace’
Engineer for ASTP, and by Wi lliam- D. Nixon, Educational Programs-. S
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. R Apprectatloms expnesscd lo;_he scngn fic mvestng:itors and teachers ~who

o e . ¥ reviewed the € copies; to the NASA Specialists who provided dnagrams
Geoo T Ese and photographs. and to J. K: Holcomb Headquargers Director of ASTP
' PR ‘ operatnons. and Chester M Lee ASTP Progmm Du'ector at Headquaners.
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~ Bill Wesley onwn California State- University at Chlco, Chico, Callf | e

v

. s G R, Taylor. NASA Lyndon B. Johnson. Space Center,lHouston Tex

| And Sclontlflc lnvestlgators : _
Who Revlewdd the Text e

" Harold L. Adatr Ok thge Natlonal Laboratory, Oak Rldge Tenn

. Lynette Aey, Norwich Free Academy. Norwich, Conn. . ;
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- (EP-133). g
~Thirty- four expenments were perfonned whr{e Apollo and Soyuz were_m-'"

.. space were selected from 161 proposals from screntlsts in nine’ different

.., more are described in detail in Pamphlets I through IX (EP-134 through

. EP-141, respectlvely) Each experiment was directed by a Principal Inves-. -’
tlgator assisted by several Co- lnvestlgators and the detailed scientific re§ults; :

" have beeh published by NASA in two reports; The Apollo- Soyuz Test Project- .
Preliminary Science Report (NASA TM X:58173) and the Apollo:Soyuz Test ..*

. _»Proyect Summary Science Report’ (NASA SP—JIZ) The slmpllﬁed accounts

" . .giveninthese pamphlets have been revrewed by the Pnncrpal lnvestlgators or :

After 4 years of prepa:atlon by the U S Natlonal Aeronautlcs and Space S,
e 'Admlmstratlon (NASA) and the ,U.S.S.R. Academy of Sciences, the Apollo _
- and Soyuz spacecraft were launched-on July 15, 1975. Two days later, .t "
16:09 Greenwrch mean,. tlme on July 17, the t\wo spacecraft were docked )

" Then the astronauts and c&‘smonauts met for?the first international handshaka

in space, andsach cre'w entertained the other crew (one ata tlme) at. ameal of
typical American or Russian food.: .These actlvmes and the- physlcs of reaction

" . motors, orblts around t~he Efvth, and welghtlessness (zero-g) ate‘descnbed""

more fully'in. Pamphlet l “The Spacecraft Thei Orblts an{l Pocklng

orbit: 23 by astronauts, 6 by cosmonauts, and 5 Jointly. These expenments l:i

countries, They are listed by number in Pamphlet I,and groupsof two ormore |

“ ofie of ‘the C0alnvest|gators

.. -The x-ray and gamma-ray expenments descrlbed in thlS pamphlet are of.g AP
- ¢onsiderable. interest because they represent the new ﬁeld of high-energy =~ "«
. astrophystcsthat came into being when mstrumentscouldbecamed’above the-." .
'-Earth s atmosphere by rockets These instruments have detected: x-rays and- . R
gamma rays commg from objects: and reglons of space that were not even . .
"\ . 'suspected of belng x-ray sources.in 1960. The measurefnents show superhot” .~
*.." stars, collapsed’stars, Black Holes, and magnetic ficlds between the stars. A
~ whole new. view of the universe has been opened in x-ray and gamha-ray.'

‘astronomy.

The Soft X- Ray Expenment MA 048 was deslgned to locate and study o

the sources of X-rays coming toward Earth from deep space. Under the - .
. direction of Herbert Frtedman at the Nayal Research Laboratory (NRL) in .
Washmgton D.C. agronpofseven screntlsts headed by Seth'Shulman, built . .*
" “the equipment and analyzed the data. For. background in undet’s‘t’andlng X-ray,

) ‘telescopes and their **count rates, . Sectlons 2and3 outline the operation of

x-ray detectors and'show how X-ray data have led astronomers to the concept -
“of “eollapsed" 'stars—very hlgh density Neutron Stars and Black Holes that .-
. curve space back into itself so that no partlcles or radlatlon can get in or out.

. . . . . 5 ] . . R

/ .




L ] "‘f o .ot s PR - A
The Crystal Acuvatlon Expenment MA‘ISl made’ no. measurcments of R
. stars but’ tested the detectors used in measunng gamma. rays outsnde the = o
. _ W .+ - "Eartb’s atmosphere . The detecfors were tested before arid. after the Apollo- " -
T - Soyuiflight at four major laboratories: the Lawrence Berkeley Laboratory in-

- .4 - . %  California, the Los Alamos-Scientific Laboratory in New Mexico, the Oak = -
~ vty oo Ridge N'anonal*Labox;atory in Tennessee, and the NASA Robert, H Goddard. -~ "~ -"»
T Space Fl‘lghl Center (GSFC) in Maryland These tests were coordinated byl .
L Tmmbka'of GSFC. The differences between preﬂlght and postflight test- .

(T - results show hBw cosmic rays, other high-speed pmtons and neutronsv.'.

- ""..changed the. detectdrs _during 217 hours in orbit. .

: .- ... - Both x-rdys and gamma ‘rays are high-energy. radiation.and’ come from -

B G' B .reglonsofspace'where thecondmonsareexm:me(lowdensnty,hlghtempera-". S ‘
e 7 ture, and high-speed pamcles) "Cosmic rays are high-speed particles, nor -

_ , ) . electmmagnetlc waves. 'Fhe nature and behavior of both* ‘high- speed pamcles , - (

LA Co- and hngh ener‘ﬁy photons are descnf% in the next §ectlon "

et
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' A The Electromagnetlc Spectrum and
. What Gets Through Our Atmosphere

S _75 : nght carries energy in the form of waves: Vrsrble light can be spread out by a
B A pnsm or a diffraction grating into a spectrum from short violet waves to long

- réd waves: (th 2.1). Dyring the last century Or two, physicists have learned . -

Lt ', how tO measure mvrsrble ultraviolet (UV) waves, which are shorter. than-
Jnoler and invisible infrared (IR) waves, whlcharelongerthan red. Laterthey

2" HighEnergy Radiation

‘dlscovered even shorter x-rays! and even longer radio waves. These wavés

" are generated by oscrllatlons (back-and-forth mptions) of electric charges—
-fast.oscillations for the short waves and slow oscillations for the long waves.
-Although they are like water waves,- light waves are not waves in any

, /:/2 o waves ‘make ‘up the electromhgnetlc spectrum (Fig. 2.2), ranging flom very,
short gamma rays through visible light waves with a wavelength of about
5000 angstroms (500 nanometers) to radio waves several kilometers in length. .

"~ 'Any hot body, such s the Sun or a star, “‘broadcasts’ all these waves,
which move at the velocity of light, 3 X108 m/sec (186 000 miles/sec). A hot

- star gives out mostly short ultraviolet waves, a cool star mostly longer red

material. They are waves of electric and magnetic fields. Altogether, these oo

Figure 2.1

Waves and the. Sun (at mtermedlate temperature) mostly vrsnble llght-——a good
P
B In!rareé
. ’Iéied' ,
(visible),_ Yellow
’ o Blue. .
Ultraviolet
.":
‘. The spectrum of white light. .
'Pro;ect Phystcs Scc 18.6; PSSC, Sec. 239 (Throughout thrs pamphlct refcrenccs wrllbe o
© 7 given tokey topics covered tntwostandard textbooks:.* Projcct Physics,”” second edition, Holt,
Rinehart and Winston, 1975, und * PhysrcalScrcnce Study Commmee."(PSSC). founhcdmon.
DCHFath l976) S . Lo
£ - N l ) ' M
A

___~,.-
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.134;’_‘-’. -

reason why human eyes evolved to be sensitive to W avelengths riear 5000 ‘
angstroms. Luckily, the ozone layer of the Earth’s atnlosphere blocks gamma s

rays, x-rays, and’ most of the ultraviolet' waves. (These. hlgh-energy rdys

destroy llvmgcells by ionizing molecules inside thé cell. )Mostofthe infrared. * -
_.waves are ‘absorbed by water, carbon dioxide, and other molecules in the "
' atmosphere Some radlo waves are blocked by ions near the top of the ;

atmosphere

The: transparency of the atmosphere for the electromagnetlc spectrum is o
" shown at the top of’ Flgure 2.2. The scale of wavelength is given in both

- ‘angstroms and meters(l angstrom = 0.1 nanometer) ‘The. number of. oscnlla—

-'3.x 1018 Alsec or3 x lO“ m/sec (186 400 mlles/sec), whlch is the veloclty of_ '

 tions per second is called the frequency and is méasured in.hertz. The scalgfor . -
B .frequency goes the opposnte direction from the scale. for wavelength'-the»long LT
- radio waves have low frequencnes (3 x.10%. hertz) and'the ‘short. x~rays have -

high - frequencres (3 x 108 hertz)., Note that frequency f. mul't'plled by
wavelength A is equal to velocity- v, or (3/>< 1018 hertz) (l angstrom)

:_llght :_ I ] e, S

"l.-&‘:':

Photon Energy L ;:f I L

ﬂ'.'

- About a century ago, it was shown that llght also has partlcle characterlstlcs. .

.. Light waves come in packets called quanta or photons ‘which cannot:be
subdivrded The quantum theory shows that the energy E of an rndnvnsnble e
. quantum or photon is proportional to the frequency; that is, E'= hf where his.
_the Plancl; constant. The, short-wavelength hlgh frequency gamma r‘ays and
-.g( rays tlTus»nre hlgh -energy photons o ‘

- X-rays are generated onEarth in the. laboratory. the dentlst H office or the :
' hospltal by using a high voltage to shoot. electrons ata target in a vacuum tube
- (Fig: 2.3). The h|gherthe voltage, the faster the speed’ of: the électron and the
larger its kinetic energy on |mpact This energy is measured in units called L
“electronvolts. If the potentlal on the x-ray tube is 10 000 volts, the electron
'has a kinetic energy of 10000 electronvalts; or 10 klloelectronvolts When .-
- such an. electron hits: the target, its- energy is converted into an x-ray photon
“with an energy E of lO klloelectronvolts =

For this reason, - rays and gamma rays are usually described: (as on the ’

* lowest scale in Fig. 2.2) by their photon energy. lnstead of by the- wavelength A
or frequency f. The relation. between E.(lnelqctmngglm) and A (in angstroms) '

iseasyto remember: E = 12 345/\, Therefore; x- rays with dwavelength of [

‘angstrom are'photonis with. energy. of 12 345 electronvolts, or 12.3 Kiloelec- .
tronvolts. Visible-light photons (A= 5000 angstroms) have much lower

energy: E = 12 345/5000 = 247 electronvolts. In general for electromag-

netic radiation, f = (/)\ where ¢ is the velocrty of electromagnetlc waves. s
"_} X 108 m/sec - :

. i v
R

o



" The electromaghetic: spectrum and what gets throygh the Earth's atmosphere.




,,._:;':X-Rays' Gamma Rays, and Cosmrc Rays L
i .'Manm’ade /'-rays are used in dentxsts ofﬁces and in hosprta]s to penetrate ) S
S low-densl(y' matenar and make “shadow photographs of hlgher dens;ty - _
Lo "teet(lh and bories. The higher.the x-ray energy, the more: ‘penetrating they are. = .. 7 T 7
Yo it focus x- rays with ordinary lenses or mirrors like you can visible . - - R :
AR .'lrght zost.of the x- rays are“absorbed or 80 strarght throu h Dense matenals

B r‘hke ad (m suff'crent thickness) stop even- the high- energy (**hard’’) x-rays - o
e and hus are: used as shlelds to-protect dental assrstants and others who work - . o
L wrth X-ray. machrnes every ‘day. (The i ronrzatron in cells-whefg x-ray photons R

g ,'f_"repeated exposure ) Thm layers -of 'fower densrty materials stop. the l'ow-
L ,j/energy ("soft"’) X-rdys.but-let most of" the hard’ x-rays through This is the °
.- basisfor x-ray filters that alloy the measurementof soft and-hard components . _
T in .a beam of x- rays from‘ cosmrc source llke the Sun and its corona (see j_‘_‘_ P
. Pamph]et my. = . i : Ry .
Another for { space rsth; cosini¢ ray. whrch is actuallya S
- hrgh speed mcle (atomrc nucleus)l ntft an electromagnetrc wave. Fiftyy - . . R
_ .,years ago. o mic rays were thoiight to'be- ‘waves, Then it was discovered that R
B ', " the. hrgh-speed (high- energy) particles produced gamma rays. (photOns) when'
~ they Hit the Earth’s upper atmosphere, as shown in Figure 2.4. ‘Some of the .
S " paiticles and gamna-rays get through, but most ‘of them aré stopped by the . , ;
e atmosphenc :shield, which ‘also - stops %-rays, and ‘most of the -ultraviolet =~ . - " s

.. waves—as shown in Figufe 2.2."In spacecraft above the atmosphere; thereis *., .« - & 7

" ‘no- shreld except that provided by the spacecraft walls or by filters in the . '
Sy expenmentequrpment Space scientists wrshrng to measure Xx-rays or gamma- - _
., Tays must. drsnngursh betweem,gamma rays and hrgh-energy cosniic-ray \:’\ .
. partrcles that behave very much like gamima rays: This drstrnctron isusually -~ . -,
7 made by, using an. antrcornc;dence counter that automatrcally subfracts the . - T -
e .. i partrcle counts:from all the counts.recorded leaving only the- xeray or <.

s "7 gamma: raycounts A *‘count’’ is recorded when one photonorpartrcle passes.' C T
N through the detect& “The rntensrty is-the number of counts per second.:. -~ = =~ | ',C
Yoo w0 Cosmic rays comie in toWard the Earth: from the nearby Sun (sglar cosmie . © E '
T rays) Other. rays of higher ‘energy. ¢ome more or less* unrforn? ly from’ all.'-'f.: A

 -direetions amd are thought to originate iri‘space between thg stars i the’ Mllky B

Way Galaxy. (galactrc cosmic rays). These solarand galactl% cosmic rays(Frg Lo i e
N 2 4) a hhazard to crewmembers -on. long space’, mrssrons abdve the - -
S ' atmos Some protectron’;s provrﬁédby the pressure hullof the sp, ec\'aft e
R ',/. -Cabm W "

Ve
e

e absorbed damages human tissue if onie'person accumulates a large dose€ by G IR RS
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IR - X Ray TelescOpes—Collmlatqrs and Angular
S .,Resolut?on | ._

ST T . 'lfanx -ray detectoron aspacecraftcpunts x-ray photons howcanfv; tellfro SRR

v .. .+ % whichdirection theyarecommg"Atelescope forms jmages of stdgs in'visible L
T ~l|ght the central image:is the star toward which the telescope is:pointed (Fig; = - <

e .. .y . 2:5)In general, x-rays cannot be lmaged this way, so the x-fay astronomer =~ . - -

ST o must build a tube of lead orotherx ray-absorbmg-matenal to lmnt the fieldof =

Tl L view of his detector. If he uses a tube of small diameter, so as to defime the -

T direction accuratel)a. vegy few counts will be recorded because the areaof the
T tube will let only a few x-raysin. Therefore; he\‘m‘é‘ks a number of tubes side - .

e S " by side i in front of a detector (Fig. 2.6). These tubes all gomt in ‘the .same

Lo dlrecuon. thus forming a - horieycomb’” or “eggcrate having an-areaof - .

v < "'.several square cenumeters (You can get an ldea of th}s arrangement by .. .
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et

' lookmg at a drstant lrght thro a handful of sod straws.) Such *‘col-
" limatogs’" accept X-rays from a circle of. about 5° in the sky, and it is therefore "
impossible to drstmgursli between two X-ray sourceS less than 5 apart ‘In thrs e

'_fX-Ray Detectors

_The srmplest X- raydetector is: photographrc film as used in the dentrst s office)

" orina hosprtal hbweve;ﬁ'rlm doésn’t. work well'in a sweep across an x-ray. .

, source “It is also diffictlt ip convert the blackening of the developed.. filmto .
*the number of. x-ray: photons ‘that"passed: through it. Therefore x-ray as- -

L number of x-ray. photoris

com

Al P

case, the “angular resolution”” is 5°.!

'There are several ways to narrow. down the aread sky where an X- ray o
-+ source may be: ‘One method is to sweep the x-ray telescope across the source
(upand down ‘right and left) several tires and note where the coynts cease at ‘

the edg ges of the 5° collimator field. In this way, the locatron of fan x-ray source

.or galaxy in that box

tronomers have constructed sevéral.types of x-ray and gamma-ray -detectors

o that are quam:tanve and more sensitive. The earliest detector was an ioniza- -
tion chamber—a gas-ﬁlled tube with: metal electrodes charged toafew volts’ .
potentral dlfference (Fig. 2.7). When x-rays pass through the tube, they 1omze', _

. some of the gas by’ kno&,lgmg electrons out of the atoms. The gas then conducts -

~ asmall current between l‘?ne glcctrodes.thais‘ propomonal tothe mtenslty (the_, o

passing throug
Latermodrficanons of the ionization ch

he tube each second). .
ber greatly improved its sensmv-

1ty by mcreasmg the voltage between ‘the electrodes and- reducmg the. gas-. .
. pressure. hese new detectors (Gelger counters) srmply counted each x-ray S

- photon passing through by amplifying each pulse of ‘electric current.

“ The Jatest detector, the proportional counter shown- m-Frgure 2“8’fs ﬁlled B

" with gases suchas argonand methane at about atmOSphenc pressure When an
xéray passes. through ‘it ionizes the gas, and the hrgh voltage (approxxma,tely
- 2000 volts) causes the jons and: electrons to **cascade”’ toward the electrodes,

producrhg moreJons ‘and electrons, .the-way. When these-ions and electrons S

*_hit the electrodes; they product a pulse. of current that is proportional ta the .

v onglqal number of ions formed by the x-ray. Higher energy x-rays form more '

ions in.the tube and: thereby produce larger pulses The electromc Cll'CUlt SOrts

" the pulses and stores them inY' ‘bins’*" (different sectrons of the électronic

. memory) according to pulse sizd. Because the pulse size is proportional to the
x-ray-energy, the first bin gets the count' of x-ray photons withenergy. hetween
120 and.140 electronvolts (low energy, small pulses). The'second bin gets the

wn

in the sky can be lrmrted to an*‘error box’’ of a few’ arc-mmutes oneach srde, ]
) ;and the x-ray source can be.tdentrﬁed w1th some known vrsrble star, nebula,

s -

"



lonlzatlon chamber. The current readlng at A measures the number of X

g crossing the tube per second from 'all dlrections. . .
e B ' . : ‘ "‘-
count of l40- to l60 electronvolt phOtons the thud bm. l60- to 240 o C
et electronvolt photdns .and so on up to bin 128, which gets the countof 9.5-t0 - o
WL T e 10. 5~k|loelectronvolt photons (hxgh energy, large pulseés). Thus, the propor- :
R tlonal counter measures the x-ray spectrum——the ‘number & “photons in each et
e energyf"range or in each. group of wavelengths S :
| y .{’ " k , o ’ .- ) .- R
h -’ . / . .V-‘ ‘ ;
v 42 o o :
: ) L : ' a
N y ' \ h - : . 2 3 : : . " -
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Proportional counter. An x-ray photon ‘lonizes a gas 'atom, releasing one qr

more electrons that are accelerated toward the hlgh-potentlal anode, ionizing -

more atoms and releasing more electrons—most of them close to the anode.

. The large electric pulse of this cascade is proportlonal to the number of lons
" formed by the x-ray and therefore to the energy of the x-ray photon :

. 1] o . .

.« N

lnvestlgators can of c0urse choose the number of bms to'be used and the '
pulse sizes to be stored ime each bin. On a space mission like Apollo -Soyuz,’

&,
- . 'they can also s¢lect-the interval of time the x-rays are counted before the bms
+ - -are emptied by radtomg the total count to Earth (the NASA Ly'ffdon B.

Johnson Space Center (SC) in Houston) To detect short-term changes in.
B X-rdy intensity and to keep the bin size (number of counts) reasonably small,

investigators. make this countmg -time. interval small. The Apollo Soyuz in-
vestigators used a countmg |nterval of 3 ‘milliseconds. -
. - . This 3-millisecond mterval shows how. fast the. proportlonal counter is.
" . Each electron pulse lasts about:] mlcrosecond Even ina. hlgh intensity x-ray .
. ‘beam, the chance of two photons arriving within 1 mlcrosecdnd is extremely.
_small. (The two would then be counted as one.) Statlstlcal correctlons CE:\ be

L . made later if the.count: rate ever gets'that high. ‘;’

electronvolts), a channeltron can be’ used asa detector R

t

>~
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For lower ¢nergy photons (ultravnolet photons ‘of energy from 4 to 200




F Gamma-Ray Detectors IR B '.T'--'j- Gl

e For hlgher energy photons (gamma rays) crystal sc:ntlllator;s are used as v
o : detectors In some transparent crystals, such as sodjum’ lodlde (Nal), gamma'.j;""" o
i © rays produce flashes of 'llght (“*scintillations’’). as they ‘are absorbed. Each . *
. ‘gamma’ray is converted into an-electron-positron pair. The light flashes are -
- ‘converted to electnc pulses by a photomultlpller (a sensitive llght defeptor)'-
o lookmg into-the crystzﬂ‘ and the pulses are counted. The only problem is that-' L
o _ - cosmic-fay particles also produce scintillations in the.crystal; so an antlcom-,,.;--" s
Camo e .~ . cidénce detector must surround -the crystal, as shown meFlgure 2.9, and;."
. © .« subtract the particie counts. Fortunately, a transparent plastic, such as lucite, - **
" flashes when a high-energy particle passes’ through but lgores garnma rays;- S
'Therefore flashes in the plastlc that coincide with ﬂashes m the crystal canbe . . -
canceled in the anticoincidence detector. . : S
‘ A honeycomb or eggcrate colllmator doesn’t work well as a gan‘lma ray }
L telescope because the honeycomb material emits secondary’ gamma rayswhen ..~
. ¢ ot - - itabsorbs.an incoming one. The detector would thus count more gamma rays_"_'
. o " ‘than were actually received: One way to define the gamma-ray directionisto-".
. .+, . usethe electron-positron pair created by the gamma-ray absorption.. ‘This’ pau',' .
o “with kinetic energyeequal to the energy of the gamma ray, continues in the R
: N © . v, same dlrectlon (a re§ult of the conservation -of momentum) ‘and can be.:". " ;
o ' : " . detected farther down the telescope axis by another particle detector- (the
M T T Cerenkov detector in Fig: 2.9). As you can see ithese high-energy- photon ‘ P
Cel "détectors must beé complex in order to ““sort out’’ photons of various energies . .
coming from one direction and to avoid cosniic rays commg from all dlrec-' ) :
. ftions, . - . :
T lt should be oted that cosmic- ray pamcles are also recorded by “tracks

Ka

these soil particles show microscopic lines caused by cosrhic-ray pamcles‘that S
. penetrated them:-the deeper the penetratlon the longer the track and the' ~ -
. higher the. cosmic- -ray energy. Geophysncnsts count-the number of tracks per .
) square millimeter in many different particles that have been éxposed op the
lunar surface. Thgy can estlmate when these soil pamcles were exposed by
_ noting the depth at which the soil was collected by the astronauts In this way,
« . the lunar soil, which has recorded cosmic-ray mtensnty dunng the list few -
B - biilion years is used by geophysncnsts as a cosmlc-ray detector.

:

N - . T .

in the glassy particles of the lunar soil. When etched: with hydrofluoric acnd . _ R
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A The Beginnlng of X-Flay Astronomy . .

| R&V and Gamma—Ray
Sources in Space ‘

i“‘ L e ’.

e .
P N .
¢ . .
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Althoug[\ cosmic rays were well known in the 1950's, no as ncmer"ex-._ :
" pected to find x-fay sources in the sky Because’ x-rays are bl the .
atmosphere (Fig. 2.2), X-ray telescopes had to be carried outsi the, atmos-
~“phere by’ ing fockets. These rockets have been used siricé 1946 for

far-ultraviolet observations:of the Sun. As shown ih T-'lgure 3.1, !NASA SRR
~small Aerobee rockets can be shot up 320 or 480 kilometers (200 or- 300 files) -
‘ " ford few minutes of observatrons, and the 1nstruments canbe recov‘ei*cd when .
_ they fall back to Earth.! Instead of poiniting the rocket in a preplanned-"f
. direction, the. founders of x-ray astronomy, Herbert Fiedman’ of the NRLin ~
Washmgton, D.C.; and Riccardo Giacconi of the- American Science ‘and AR
Engmeenng Company (AS&E) in Cambndge MaSSachusetts arranged. tov./-
, «spm the Tocket.and survey a large part of the sky by sw%eps wrth an x-ray
telescope po:nted out the side of .the rocket ,
lt wis i m thrs way that rocket flights i in 1963 first drscovered a strong x-ray
source in' the constejlatlon -Scorpius and in Taurus. “Astronofners
named these new.pb]ects by.the. conotellatl ¢ followed by “*X-1.”" The
desrgnatlons X2, YX-3, ;* and so on w used _for'x-ray'sourcesglater
- discovered in the same consteation. Each cohstellation covers an area of the .
sky. about 10° or 20° on eacti#jde. Because of poor a'ngular resolution, it was ™ V-
& difficult to identify these x-rafisources with astronqmlcal objects. Taurus X-1
‘was Tocated accurately when it was occulted (eclipsed) by the Moon. An x- ray
telescope on a rocket recorded the time whep the Moon passed in frontof the "~
. source by timing the x-ray cutoff. The M00n s location" -was aq,curately )
known and Taurus X-1 had’ tobeina small strip. ‘of sky that was along the
"Moon's edge at that. time. Taurus X-1 was “thus identified with the Crab °
Nebula, and 1ts size could be estlmated from the time taken by the Moon to ;
coverlt - L
The fantastlc Crab Nebula (Flg 3 2) isa glowrng mass of gas known to: be '
: the remna.nt ofa supemova explosion in A.D. 1054, when.a very bright “ne\)a s
4 ": star’ -was seen by Chlnese and Japanese astronomers In the 900 years since ;
“then;’ the’ explodmg gas has expanded to the 3-arc-minute nebula shown:in
Frg 3 ‘2' _';.Thls makes serise;-the. vrolence of such.a giant star explodmg :
could eave a source of" high- energy x-rays that mtght last for centunes Thek )
\Sun was also found to be an x-ray source, the most intense in our sky because.
rt is, 50 close HOWevér lf -our Sun were at the dlstance of the next nearestmar : -
L (4 ﬁght-years) it would be barely detectable as an X- ray source ' -

CRA L

/
e

P




: : .
. " . N
. . ,
‘ . .
. ) ‘ .
4 . : ) :
D
. ' R ) K
J . . . . .
" o . ‘ .
. . ) o
R L . e .
. . *- . i . N .
B 6 . - - . i

I Figure 3.1. ° Diagram of an Aerobee rocket flight. . T Lo
L e - Do o P ' : ’
? . : ‘- - . N
. : T : . .. L.

e

Aruitoxt provided by Eic:



' Photograph of:hé Crab Nebula; -




‘ f _Figure 3.3 -

20 . e

‘--'..The NASA Uhuru X-Ray Satellite R

Dunng the 1960's, x«ray astronomers dlscovered a few dozen x-ray sources.‘"-
by using x-tay telescopes on rocket flights and on some unmanned satellites.

. Two -of these x-ray sources were- ‘dentified - with supemoya Temnants. and
. sevefal with the Large Magellamc Cloud- (LMC). outside our Mllky Way .

Galaxy. Then, in 1970, the NASA Explorer 42 satellite, which was dévoted-

' entirely to x-}ay astronomy, was launched from Kenya in eastem Africa. The‘_, R
~launch day, December 12, 1970, was the seventh ‘anniversary. of Kenyan o
'_mdependencc,soExplorer42 wasnamedUhuru whlchmeans“freedom”'m_- Co T

‘Swahili, It carried two x-ray telescopes that were pomted out oppasite sides

and scanned the sky as the satellite mtated slowly (once every 12 mmutes) :

The x-ray telescopes: were built by Glaecom and his collaborators’ at AS&E..

These jmén analyzed the x-ray cou’hts (energy of 2.to- 10 kiloelectronvolts) that .+ ..

_were' t@nsmltted by radio to_the’ ground recenve;s of the NASA Spacecraft '
Trackmg and Data Network (STDN) '

—*First'strip . -
- 05* wide

“Box" eontdmmg
. xray source

Second sirip "\
0.5° wides' :

A . . L2

Locatlon of an x-ray source in the sky by the Uhuru satelllte TWo ol' Uhuru s 5'
. sweeps gave maximum count rates tor the heavily outllned strlps The x~ray
C source must be ih the shaded “box” wtliere the two strlps cross :

-




-I. .
. . .

Uhuru crrcled the. Earth every 96 minutes in-an Ol’blt 540 kxlometers (335

- miles) above ‘the. Equator at an orbital inclination of 3°, Its spin axis slowly

oy changed so that the X-ray. telescope 'swept across each source from. dtfferent
) \ ‘directions (Fig. 3.3). The telescope collimators eachi had a fan-shaped beam B
5 wide byO 5° thick (along the sweep direction). As these fan-shapedbeams~ '+ . [/ w0

. swept across asource in the sky, the x-ray count rateincreased to amaximum,” . - T
“then decreased. The time of the maximum count rate showed the 5° by 0.5° -
o strip of sky where the source was. On a later. sweep across the Ssame source,
: another: strip was plotted that crossed the ﬁrst oné: The x‘ray source .was P

~located -in_the - *‘box”> where the two strips crossed ‘This technique- dan LT %@, L

deterrrune the locatlon of an x-ray source to 4y thln afew. arc -minutes. v e ' '

A K
AN P O

4

. C X-Ray Sources o
’ Uhuru had located and measured altﬁost 200 x-ray sources before its elec- R

« tronic circuits failed after 3 years gl' operation.. i’hough the early. source’ '_ S w

names (Scorplus X-1, etc.) are belng retained, nimerous new surces are Co

known by their celestial coordrg?‘és right ascension (which is like longltude

on. Earth) and decllnatlon (likg-latitude)—see Flgure 34, Thus,“3U 0930— .

40 designates a source irrthe, Thlrd (last) Uhuru Catalog at nght ascension09 - .

houts and 30. minutes (on a scale lncreasmg eastward from 01024 hours) and o

declination -—40°v‘.> : - “ Ul e
-The 3U sources are plotted in Frgure 35, a map of the sky where thé usual '

o right-ascension and dechnatlon coordinates have ‘been replaced by galaetlc :

. longitude and latltude These coordinates are based on our position within, the .
. Mifky Way Galaxy-—a huge disk of'more.than 100 bllhon stars plus gas and

- dust (Fig. 3,6). OurSun islocated about two-thirds of the. way from the center
~ tothe: edge of the dlsk ‘From our posrtloh inside this disk, we see the famrllar e
Mrlky Way band of stars around the Sky, representing a view along the disk. .
The concentration of stars in the Milky Way is highest in the. drtectlon of the .
Galaxy center, toward the constellation Sagittarius. Galactic longltude is@at . .-
- this point and increases eastward. (In Fig. 3.5, which-is a'map of the sPhere of

. the sky-as seen fromthe inside , east is to the left.) Galactic latitude begms at 0°
' along the Galactlc Equator—the mlddle llne of the Milky Way band seen in
 the'sky. .

,t.“'wm-

It is clear that strong x-ray sources (ShOWn by the large dots on Frg 3 5) - ._ .‘
“tend to be concentrated near the Milky Way, which 1nd1cates that they are . S
probably objects in'the disk of our Galaxy. However, two groups at the lo_wer
R ’ijeetPhyslcs,Sees.S,ltos:-3.. I ST S S B c t
< ;.' - . 31 e . R %
~ o~ : .
<, '




“

B
" right (galactlc longttudes 27¢° and' 300° latttudes 30° and 35° S) are tdenttﬁed, L
.., With the Magellanic Clouds, two small galaxlesdefimtely outside our Galaxy -
' - (extragalactic), The Magellanic Clouds are- -visible only from.the Southern
o Hemtsphere of the Earth; théy are not visible from-the United States.
" i Other sources near the Galactic North Pole. {latitude 90° N) are probably
extragalactlc The fam’t ones near the Galactic Equator may be extragalacttc R
" ‘or they may be objects in the Milky, Way disk that are fatnt because of the large /\
dlstance between them and the Earth L

2
\

o Figure 3.4 Celesttal ‘coordl es. The observer Is Iooklng outward from the center of an

S » imaginary spheére. Each pointin the sky (on the celestial sphere) has Its own

- coordlnates, rlght ascension and decllnatlon
.-}. . . S, : e : ..
e " ' b, l ” . K
. . . & .\ ~
32 .
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'_l’hese x-rays have traveled" enormqus dnstances, as much as. 200 000

"X-TaYS | come through the dust as' easrly as througli a piece. of paper:(which.is

L “about the equnvalent of the dust in our line of sight across the 100 000- -lighy-- -
- year galactic disk). The faint source in Sagnttanus cou\ld be at the far edge of
- the dlsk-—or even farther away in another galaxy

C

‘A map of 2- to 10 klloeleetronvolt x- ray sourees located In the sky by tho\'.

Uhuru satellite. Constellatlon names indicate thelr approxlmate areas. Ursa.

‘Major is the “Big Dipper.” Sagittarius is inthe direction of the center of our
.-Mllky Way Galaxy ‘l'he Magellanle Clouds are outslde galaxles

o

kN
in

,lght-years from the Magellamc Clouds and 100 000 ltght-years acmss our .- .-
" Galaxy. This fact brings us back to fhe penetrating power of x-rays. Somie of.
- the ordinary: hghtfromastar is absorbed by: mterstellardust asit travels across -, P
e 'the Mnlky Way disk; Even with the largest telescopes, optical astronomers ..~ -

; cannot see as’ far as-the center of ohx\Galaxy HOWever, hngh-energy (hard) o,

Figure 3s
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You mrght thmk that the bnght X ray sources (large dots on Flg 395) are. -
L the f\earer ones, but'the bnghtness that:we observe depends on two factors:’ - -
- distance and mtnnsrc power. A bright x-ray source:may be'a dtstant one of
- very high mtnnstc power; that is, high power output. The faint ones may'be
’relatlvely nearby stars with-very low. infrinsic x-ray output.: ldentrﬁcatron of
. - the x-ray sources with optical objects can help solve thlS problem “For
.. . instanCe, we know how far,away the Crab Nebula i$ and, from the x-ray:..
- : '-_bnghtness we cah compute its- intrinsic x-ray power output “This power . . R
'output is probably similar to tl&e intrinsic powerof other supemovaremnants s o e
* However, this does not help us to detenmne the intrinsic x-ray power of x-ray - S R
‘stars like SCOrptus X l because they may generate x-rays ina completely I

‘ ” "‘-d,fferent way 4 - T Gt |
D . '-Explanatlonsw of Intrmsnc X-Ray Power Output L "/ -

« - .07 i Normal electromagnetlc,radlatlon from "a very ‘hot star cannmot account. . ‘., .0
oo 77 for x-ray. sources. Astronomers find many red and yellow Stars with tem- ST
\ .. - peratures from 3000 to 6000.K, fewer stars from 7000 to-20 000 K,-and -~ -~ .3
AN . very few stars as hot as 50 000 K. (One star with a temperature‘of 100 000K . -
et N waas observed .from Apollo- -Soyuz; sée Pamphlet-TiL.) To radiate. mostly -~ .
' 7 x-rays, a star’s surface would haye to be 10 000 000 K or hotter, (The "~ 3
dominant wavelength, in angstroms radiated. by a “perfect black’ body" at .
.'_'temperature T js A, = 28 800 000/T. )'l‘he surface of such a superhot star . o
" would ¢ool v%ry raprdly. however, unless the star had an. inexhaustible- fuel
.- supply. The total energy radiated per second ‘is pl‘oportlonal to T3, and a. oL
- .sizable fraction of this energy appears in visible. wavelengths. If x-ray sources A L L
o were superhot stars, they would be vrsually bright and ‘would probably dlS- e
o appear after a few months or a year. which is not the case. - .. = i - PR
Physrcrs[s have' studied the. generatlon of x- raysatnd suggest three pos- o
, _s:bllmes for the sources in 'space: Ly bremsstrahlung. (2) synchrotron . R R
o radlatlon and (3) the: inverse: Compton effect:~ = . T e
L Bremsstrahlung Bremsstrahlung is a Gennan word.meamn‘—"Frake' ' '
. . radiation’ and i is the source used in dentlsts and doctors X-ray machlnes }
Sestemw. . The **braking’ occurs when a high- speed, election or ion strikes some other © - 'i
RO material and is decelerated, stopped; or bounced off in a new direction, The- S C ﬁ
theory of electromagnetlc waves predicts such. radlatlon when an- electnc E '
charge expenences alarge acceleratron (chenge in velocrty) 'l‘he only ques-
tion'is how the electrons or. lOI'lS got their high velocrty out in space in the ﬁrst S e
place ' ' el - R
There are several possrbllmcs We know that there are extreme- cond|t|ons T
-. 'in the atmoSpheres of stars—high- speed particles_ (such as the- solar wind
. commg from. the Sun) electrlc *ﬁelds magnetlc fields .and very hlgh




o

P

temperamres~all of whrch affect thie motions of electrons and 1ons How- S

Y

-

LR

would then impact on the surface of the star. -
-velocity of escape from'the star’s surface; see Pamphlet I) and the resultlng
kinetic energy than electrons with a mass m, , of 9.1x lO”‘lulograms 2

- kinetic, energy of the electrons is. 1840 times smaljer. ) The proton 1mpac
‘therefore give the soft’ x-ray. bremsstrahlung from an ordlnary star. Each

. ever, none of these conditions explam the acceleration of electrons to speeds L
.. hrgh enough to produce x-ray bremsstrahlung of the energy measured in
. Scorpius X-1.:Another possibility is gravrtatronal force: If matter falls no.

RQoward a hot, massive star, it would be ionized into electrons and lons, Wthh

- .electron impact releases approxrmately 1'electronvolt of energy and. produces O

. electronvolts (Fig. 2. .2), proton impact velocities of 3000 to 4000, km/sec are
“required. Such velocities are possible only- lf the star is much ‘more compact
. than the ‘Sun (about one thlrty -fifth of . the Sun’s radrus) that is, havrng

_ much higher denslty and much’ hlgher surface gravity.

. Normal -stars ‘are” about ‘the ‘same size as.the Sun,: approxrmately 108 ~
kllometers in'diameter and 2 X 10%¢ kllograms in mass. Giant stars are 100
-times larger and 10 times more massive. All these stars are kept ‘puffed up
by ‘the huge release of energy ‘from- nuclear reactlons in thelr cores (see

' Pamphlet 10). In these nuclear reactlons, hydrogen is converted,to helium

‘under the extremely high. pressure and hlgh temperature in the core of a°Star
_ After most of the hydrogen is ysed, the nuclear-energy output decreases, ‘and,
gene'rally ‘after an exploslon. tlze old star collapses Tts gas is no, longer kept

"inflatéd by radlatlon pressure and. hot gases.- Gravitationali force pulls’ the'

coollng gas lnto a'White Dwarf: Other changes occur in the compressed gas,
which becomés “degenerate"—o-that is, it no longer follows the normal gas

- laws. Gravrtahonal force has less and lessopposmon and pullsthe matérial of
. 'the star into such a compressed state that'most of the atoms-are broken into -
_ neutrons and  jammed close together. The- denslty becomes e;ttremely hlgh

WhueDWarf stars are about-100 times smaller than the Sup> A Neutron Star4.
should be less than 100 kllometers in dlameter, or less than one- hundredth of

* the diameter of: the Earth,

.Newtoh's Law of. Gravrtatlon states that gravttatlonal force F GmM/r
. (see Pamphlet 1), where Gisa constant, m and M are: the masses attracting’

- each other, and r is the dlstance between them. BecaUse ri 1s in.the denom-

inator, F has very large values ina collapsed star: These huge forces further ,

v

Figure 3.7 shows the calculatron of impact velocxty (whtch is equal to the- o

. photon'energy-in electronvolts «a electronvolt = 1.60 X 10~ joules). The - .
: mfalllng protons with a mass mp, of 1.7 X .10~ 27kllograms have much hlgher ~

. infrared photons (see Sec 2B). Fo get hard x-rays of -energy 50 to 100 kilo- - -

8 .'

compress the material of the starand overwhelm nuclearforces White Dwarfs
. and Neutron Stars are stable stages lI'l thlS process “of collapse when the e




matenal mesrsts further compt‘essxon for a ttme (perhaps 100 mxllton years)

":, When the denstty reaches values like 108 gm/cm?® in a White Dwarf, 1t,.-’
changes the geometry of space, -as stated .in’ Einstein’s ‘Theory of Géneral = "
Relattvtty If the star’s mass M is large en6ugh and its radius R gets small:
enough .space'is; curved so sharply around the collapsed star that light cannot -

~ get out. At this stage, the star, now less than 10 kilometers:in, dxameté‘ﬁ

becomes.a “Bjack Hole. " (The Earth would have to be squeezed to the sizé of - i N
-a Ptng-pong ‘ball to becomge.a Black Hole.) X-ray observatlons have recent]y R

given new evidence of Néutron Stars and Black Hales. Whrte Dwarfs have
- been observed wtth optrcal telescopes for the past 50 years

Figure 3.7 givés a stmpltf ied picture of electrons and protons fallmg mto.stars
The electrons and protons are accelerated to the. velocity of éscape v before

: they strike  the' surface of the ‘star. Actually, there is gas above the visible” .~ '

'surface of an ordmary star, like' the corona ‘above. the Sun’s surface (see
Pamphlet 1. So the electrons and protons seldom réach the full: value of

Ve = 615 km/sec. When the electrons strike gas atoms at speeds of S00 to
. 600- kmlsec their kmetrc enesgy is ‘equivalent to about' I electronvolt T he

protons ‘ave about 1840 times as much energy and give soft x-rays as

3 bremsstrahlung However if the star is a Neutron Star with- much smaller
. radius (RN), the impact velocities are more than 80" times-. larger and the

Jproton bremsstrahlung come$. off as gamma Tays- ‘with: 14° megaelectron-

) volts of energy. Even the electrons falling -on- a Neutron Star. produce S
: 7-k|loelectronvolt X-ray bremsstrahlung u

' thre does the infalling: matter come from"lAstronomers guess that IH

..~ comes from another star close by—a less compact companlon in orbit aroUnd L
.- the compact star, as described in Section 4. This sciéntific. sleuthing . also

h ﬁnds other means of generatmg X-rays in space (The good: detective- screntlst,_'
tnes to' fit all the avallable clues and then get more evrdence t‘d prove his

‘ case in court.”):" - - uN e

2, Synchrotron radtauon 1If there is. llttle matenal on Wthh to rmpact (that,

" s, if thefe i isno possrblllty of bremsstrahlung), hrgh-speed electronsin nearly -

fempty space can: generate x-rays by spiraling in a magnetic field. This effectsls

.. well demonstrated in-modern physics laboratones with a synchrotran, a,
-+ machine in ‘which groups of electrons or protons are. gulded ardund cigcular = G-
“. pathsbya magnetrc field. Their speed is increased by an alternatifig electric . - .
“field pulsed 10 pull them aropnd in therrorblts Such amaclune produccs llght':’f
A and X-rays | because the electrons oscrllate in splrals ardurfd the magnetrc ‘{ines N
4 of forge,+The, ‘saime sityation. could arise in, space (Fig. 3.8).- ' ,
ey Euch oscrllatmg electron emits. synchrotron radratlon-—electromagnetrc C
'waves of frequency f that, depend on the electron’s speed v and the strengthH
- of the magnenc ﬁeld (fi is proportronal to Hm v“) Even i asmall magnetrc-
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. vltatlonal po'tentlal to gonerate htrltx-rays by imj
’ come from?. And what caused the magnenc ﬁeid in space? Astronomers
. answer that the strong magnetic ¥f field. inside a‘Jarge star would be trapped in
‘plasma” of ions and elect):ons an camed outward although weakened .
d _ ’
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‘, to great dlstances by a supemova explosnon The Crab Nebula (Flg 3 2) may

thus have a magnetic field Lhroughout its large volume;, ﬁlectrons might be

. shot into this magnetic field from nearby stars In’ any cqse, cosmic rays.are

P . passing through 1t and emlmng synchrotron radra}ron)(}fhrgher energy than
wooadee the electrons. ‘*

7.7 . As seej from the side view (Fl_g 3 8), synchrotmni r‘adratronjshould be

oo plane polarized.? (It is circularly-polarized if viewed along th magnetlc

, - field.) Plane polarization was found in light and x-rays frofn the Crab Nebula

© O N~"" " %AFig. 3.2), which confirmed that synchrotron radiation i "ommg from that

S \ : R " nebula. Synchrotron X-rays ¢ are to be expected from falrly Fe vo‘lhmes sul
' .. . asnebulae, whereas bremsstrahlung X~rays are more- hk_ ,fmm mdrvndual
-+ stars. In addmon there is good evidence of a small magne_ “lﬂeId t'hroughout

- the d‘r‘sk of qur: Galaxy, and synchrotron radiation canbc\: whe
trons OR other charged pamcles are shot 1nto it.

BT

that a photon passing an electron andan ion in low-densnty gaﬁ By throw
the electron (that is, 1ncrease the electron s energy from E v ‘
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- "Tho.c pton effect. Ih this Intoractlon botwoen N X-Tay. Br
PO ltlvp/lon, cnergy and monentum are conurvod.

. »
I e

i,

VAL

'hoton frequency fz is less than the origmal S Under certain conditlons, .
:when a photon overt?ke's anelectmn moving;in
1h’ ,sa_me du'ectxon The energy and frequency of bezphoton are then-mcreased i
and;the energy ‘of the electron lis reducad ,g!‘:xg 5.10). After several su¢h v

oumers, an ultravnplet ‘photon can bﬁ\ bcefed up” to an x-ray photori by

:ﬂact. When. me angle botween an lncomlng phot’on gnd

i Flguro 3. 10 The lrﬁvem
. v3 is corroct the .electron Ioses onem to the phoio N

the eloctr

Q

ERIC

Aruitoxt provided by Eic:



E Questlons for Discusslon - T

(Atmospheré Planck l..aw. Energy) o O PR ;{", '

Thrs new. fie'ld of x-ray astronomy has rmsed several quest:ons that rleed more .
I thought and .nesearch The following go beyond the content of tlus pamphlet ooy
R '_" - but are mterestmg toplcs for drscussnon T .

1, If the Earth (] atmosphere ‘were suddenly made transparent to all =
wavelengths of electromagnetlc radiation(Fig. 2. 2), what. major changes ST PR
- would ou- expect on Earth? If it had always been thrs way;. what further LT
drffenenceswouldbeexpected? PR Sl

e LT N In a color television set there is a transformer glvmg a potentral of R
' " 20/000. volts for the scanning. electron beam. Every 0.05 second, the beam . - s
_ scans.the: picture in 525 lines, each line consnstlng of '525. dots (picture -
. -elements or’**pixels’’). What bremsstrahlung would be-expected fmm the = - L
‘teleyision tube? . L L R R

"

L3 In Sectlon 2A, the statement is made that “hot bodles radlate all L . o
L wavelengths mtheelectromagnetlc spectrum Whataboutzero wavelength" o e

S 4. Cosmlc rays come from all dnrectnons Some are absorbed each sec,ond .
oo by the Earth other planets, the Sun, ‘and stars Does thns mean that cosmnc. SN
’ - rays are decreasmg in. mtensnty" ,-._'.. o " . '.

“

5. qu can we measure or estunate the dnstance to 85! xbray source" ' . B .

o B 6 What further mea,suremonts should be made on x- rﬁy‘%ources by a new .
SRR hngh-energy satelhte to replace‘Uhuru? ',‘.;-'.‘" : . .

14
7., Where does the energy come from that 15 radlated m synchrotron
x.rays" "-\.l T N i -‘,,- : - : ": o ‘. a . ’ P o

»

'.‘.«\"’-' ’

FEae ‘“ ' iEcOsmlc -ray electrons arepassmg througha magnetlcﬁeld thmughout . o .

,
g

azey
S

-
.-
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& };_’.Cosmlc | Sou rces

'._:'::v‘..‘leferences‘-'zm Penetratlon of Hard and
_Soft X-Rays::* - L

- by thie strength of mterstellar absorption liné

;_t:airl ant star is thus redder than it ought to be (as indicated by other..

‘bl light has been absorbéd by smog en routé to the Earth. In-the same

. " source - wogld have the “normal" ratro of ‘soft-to-hard x- rays (So far, an
A actual standard for “normal" has not been established.) - #."
MR Apamal survey ofsth_' ;

- F. D. Seward on twé Aerdbee rocket flights in 1973, and the resiilts terid

. nearbyy
o :nants) veraldegrees across and about 3000 light- years-from Earth. Another.-~
N supemova ‘fémnant, Casslopela X-K(Fig. 3.5), could not be detected in soft -
T o of energy 0:3t00.5 kiloelects#fivolt, although it showed weakly i inthe

.05 w0 l-klloelectronvolt range lt is estlmate,d 10 be- 10-000 light- years '

..;"=‘_.: ..+, . distant. However, other soft X-ray; sources are "ot nebulae andthe ratio-of -
ROV therr sof ’hard X-ray strength is possrbly dlfferent because of the way thelr

24_00061

- are abott:¥57000 llght years away. s | - .

"+ Optical spéctra‘can help specrfy what the. “normal” color of a star sho(ﬂd" .

be "and hence the degree ‘of a* starg reddenmg can be used to estim_
- distance. However, further study of X- ray spectra is needed before-d}

- N
SR

"“'.X-Ray Spectra of

D .Bccause of the penetratmg power of X- rays we can “see x-ray sources (Frg .
ER . 3.5) through the interstellar smog of gur Milky Way. Galaxy, but we. ha\h no. .
Cae ST €asy way to estimate how:far away.t théSe sources are. The optical. astronbmer
©. . .. canestimate distances of stars iri the Miikly.Way by interstellar reddening.and -
theig: spectra' hereddefiing, - o
occurs because red light penetrates ‘dust or smog; better thari Blue’ hght does.A

featyre n:rts spectrum, such asithe strength’s of spectral lines) because most

;tnanner, softx ‘rays-{0.1 to 1 Kiloélectronvolt) are less penetratrng ‘than; Hard - .
X-rays. 2 1620 klloelectron#olts) Thus, :We expect that rheasurements. of a -
.._,_drstant source would show. less than‘“nonnal" soft.x- rays, whereas a nearby -

,tays from sources in the. Mllky Way was made by -

. confrrm this distance! e‘flect Soft” x- -ray intensity in the 0.3- 6" Qu,_.t.
’klloelectronvolt band was compared to the hard x-ray ‘lntenslty (2 to 10
klloelec?onvolts) meaSured by, U.huru Two source$’ stand out.as being -
¢'Vela X:I and Cygnt.ts X'-'l Both are-large nebulae (supemova rem- .

:'-.'.-‘-' .



A

/B The'Soft X-Ray Experiment, MA-048
“ " The MA-048 Experiment was a study of spectra i the range from 0.11010. - .
.~ kiloelectronvolts and a survey.of the- soff x-ray background over. a'large .
~ fraction of the sky. Although the x-ray detector, a 30- by 75-centimeter (12- .
by 30-inch) proportional counter (Fig: 4.1), had periodic high-voltage break- '
- - downs between the electrodes (at 2700.volts), it detected 12 x-ray-sources, " - =~
> including Cygnus X-2, Hercules X-1,.Vela Xi1, SMC X-1-in the Small .~ : . .
" ‘Magellanic Cloud, and the White-Dwarf star called HZ 43 (number 43 inalist- -
. " prepared by Milton Humason and Fritz Zwicky in 1950). The sky backgrourid - -.- .
" in 0.25-kiloelectronvolt x-rays was measured on a separate rocket flight, and .
"two new einission regions were discovered from Apollo-Soyuz.. .. .

LT T e T s TS S
. " Figure 4.1 "~ The MA-048 soft x-ray detector. The structure of the detector front acts asa - - = = =
.7 w0 collimator.. - 2 T R

’ L A N
LA . . e T e R .
. “ N N
« - .
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’Bhe MA-048 propomonal couhter (Frg 4.1y consrsted of a ngrd box,

centrmeters (2 inches) deep, with a- thin plastic front window . that’ faced
~ outward on the side of the Apollo Service Module néar the back. This plastic -
membrane (Kunfol polycarbonate) was only 2 micrometers thick. It was thin~

' morder to admit soft X-rays; which are easily absorbed. The membrane was "

- Sy ported on the outside (agamSt a_1.1-atmosphere ‘pressure ‘inside). by an

ai" inum honeycomb colllmator wrth a 4° field of view. When testéd before

flrg‘ht in a vacuum chamber, the membrane did’ not break but it leaked gasat3 '

* ¥m%min. The gas had to bereplaced dunng operations from a tank (gas bottle) "~ . . -
én the back. This procedure required accurate valves..The gas wasa. mixture ..
of 90-percent argon and 10-percent methane that was chasén for its absorption, © . "
,{,&’f soft x-rays. (The x-rays ionize the argon. ) The pressure and temperature of . .

the gas were measured contmuously and transmrtted by radno to the Mrssron o

" -Control Center at JSC in Houston.

' Many cathode wires, grounded (at’ zer0 potentlal), were stretched across_ ‘
- the box as shown in Figure 4.1, and a set of seven anode wires (at 2700 volts)
was located near the front membrane. A soft x-ray-photon would ionize the
argon- methane  gasnear the front membrane itcould not penetrate to the back-

 of the.box. The fréed electrons *‘cascaded”’ (Fig. 2.8) and’ produced mdre’

electrons “All the electrons collected on the anode wires, “which recorded a

' current pulse propomonal to the photon energy, When'a cosmic ray nomzed

.~ the § gas near the back of thé box, the current pulse ‘was also recorded by a-
second set of seven anode wires (veto. anodes) near the back (Flg 4.2); This.

o count was subtractecl as in an' anticoincidence’ detector (see Sec: 2F) The

electromc countmg crrcult is shown i in Frgure 4. 3 (The data anodes are near -
the front membrane and the veto anodes are near the back wall of the counter. ) -
The anticoincidence gate-cancels out srmultaneou,s pulses from the data and -
. veto anodes ‘The analog- digital (A-D) converter converts each pulse into
bmary digits and ‘'sorts- pulses into. 128 bins accordmg 10 pulsc size, thereby

- recording the’ count of 0. 13-, 0.15:; 0.20: through 9. 0-, and - 10.0- -

krloelectronVolt photons The measured spectrun) -of. Cygnus X-2° (the
strongest source détected) is shown in Frgure 4 4 ‘ ;

N

o
.
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.~ .Figure 4.4

" NRL before the Apollo-Soyuz. flight and ¢ ec{(&lo (voltage: ]

- Space Center (KSC) just:before the Apollo'fl
' _'successfully for 25 minutes after it was first

occurred agarn .1 or 2 mmutes after the 2700- )

38 .

.‘Act_nr‘i_ty.

gy

. The MA—O48 equlpment was carefully calrbra'ed firl k'%cuum £

. pressure meters thermometers, electronrcs a'ge AS. ,?b“

' breakdown occurred A drscharge (electnc

and refilled, wrth the!z argon methane mrxture,




e i looked as rf the Soft X- Ray Expenment had faxled HoWeVer because it

' v,_;_-"-_‘_.worked forl or2 minutes after being turned on, ‘the NRL rnvestrgators atthe -

- ission Control Center suggested turmng the voltage on': ‘and off every 2

L ,._"mlnutes The" MA-048 equipment. subsequently measured soft x-rays in'l- or = - '*W
- 2-minute intervals for an addmonal 30 minutes, makmg atotajof 55 mrnutes

of successful operatron for the expenment . u{/ S

.l'::MA-048 Experlment Results—-An X-Ray Pulsar

, Counts were transmrtted to the Mlssron Control Center and recorded there asa o
. functron of time. A sample set for- 14 minutes 51 seconds, showrng a'scan . .
- across Cygnus X-2, is reproduced in Figure 4.5. The full 55 minates of such .

N data required many months of study to determine the voltage breakdowns,

.7 . "discrete sources, and soft. x-ray background emrSsron “Two broad emission.
* »':'regions in the background stand out. One, in the constellation Centaurus, T
‘coincides with a supernova ‘remnant estimated by\optrcal astroriomers to be
: ‘about 8000 hght—years away. Its temperature i is about 3 000 000 K: The other

ion coincides with Cygnus X-6and is an area about 1° by &, estlmated to
“be about 6600 hght-years away and therefore about 1 10 by 1000 llght -years’ in -
" extent. Begause a supernova remnant should be a more or-less spherical
gebula this-elonghted x-ray source is- thought. to- be a result of several”

E and elections in an elongated regron :
T Another excrtrng discovery. was an’ x-ray pulsar in the Small Magellamc
A C10ud (SMC), a galaxy of stars, gas, and dust about 2 OOOhght-years from L
S0 us €100 000 light-years outside our Galaxy). The x-ray source SMC X:1' had
i been drscoveredrn 1971, and Uhuru obsevations show that it is a close palrof
- -starsina3.9- day orbit around each other. One of these isa hot blue giant star."
.The x-rays are cut, offby an echpse as thrs blue star comes betWeen Earth and

at, MC X lrsnoggpnstaﬁt' s
i ntens;i”

e cause these very soft x-rays )
petween the Earth and the SMC. -

"'nd was possible because’ the E ‘ :

&

e ;_’»5&:h3 mrlhsecond interval. sMC - o

o f'_thoughtto becbuap'sed' UNa
-..-and have™ *hotspots” on tﬂe , ;'The two other X- rayf'pulsars in the Mrlky Way

..'Galaxy, Centaurusx3and Herculele are srmllar : o
) B ' o o

iant-star eXPIOS|ons, all adding up toa3 000 000 K temperature of. the ions . L
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ondh durlng the fllght in four onorgy bands.

Ve

MA-ORB soft x-ray eount rates as a‘lunctlon of tlme for 14 mlnutos 51) sec- ' s

“If this theoretlcal rhodel is correct the raprdly spmmng Neutron Star i isa

_source of bremsstrahlung x-rays, probably from material falhng in from a

“‘giant tide’” on the companion star. For some reason, prol?ably its magnetic

' .field the Neutron Star has a hotspot where the. x-ray. output is well above:,
‘ flaverage As:it rotates, this hotspot faces toward the Earth, then away; thus,

..é'ausmg the periodic variations in the x-ray counts’ measured by the MA-048"
speriment.-At 200 000]1ght -years, SMC X- 1-has the largestmtnnsrc output

(37X 103 Jsec or3 x 10% ergs/$ec) of any known pulsar: - -

", When the Neutron Star moves behind the blue. giant star, the x-rays from

"'SMC X-1.are eclipsed. The Doppler effect in the. 0.716-second puilses of

.. x-rays due to the orbital motion of the Neutron Star should- sh()rten the pulses -
- asthe Neutron Star appmaclh/esme Earthand lengthen them | asftrécedes about .
2 days later. If this Dopplereffect (see Pamphlet V) can,be measured it w1ll
_confirm the model sketched in Figure 4,6 and. det?mme the orbit- size _ o
o ,accurately.-From the orbi it size and period, the combined double-star mass can -

‘be calculated. (This has been done for Hercules X-1.) The “‘giant-tide’’

- Figure 4.6 is less certain. If the material from the blue _giant star extends
beyond the. neutral point between the two,stars,’ ‘where the' gravrtatronal forces .

cancel,; then the gas in the giant star is spewad into the Neutron Star, as shown
in Frgure 4.6, provrdmg the mfall for' bremss. ung x-rays
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o .(Interstellar Matter, lnstrumental' 0
"Doppler Effect)

9 Why should the matenal of t::-blue glant starge_g;tend beyond'the;' "
s neutral ‘point in Flgure 4. 6 when the gra&tatlén'al force closer fo the star i
':'pulllng it back ln" g RS # .

P

M 'j' S R - ' 10 lf you could observe Cygnus X- from aplace much closcr to _lt than-

u"

ll The "callbratlon source’ m Flgtire4 l contalned radloactrve 1ron 55 =
e e T Wthh emits: 5.9-kiloelectronvolt x-rays. How could this. hiaw bﬁennsed to. .
A S check the MA~048 sen,s'mvny dunng the Apollo-Soyt.@’ ltp et

dlrectlons and detected in all parts of the sky"'

/ . R
'Holes have no matenal surface"Fhere isa boundary through S Q |
fon R & . lWthh no;waves or particles can pass "Whit provndesthe lmpacts for lnfalllng ORI A
e electrons generatmg bremsstrahlung xrays" ST ER

P

S R DA U8 If the Sun (w:thapresentrad.lus of695 OOOkllometers) we’recollapsed'_‘ . ., '
AT L e T to a White Dwarf, it would have a radius of 7000 kilométers; if collapsedtoa ™ 7. . .-
o R ;Neutron Star, a 10- kilometer radius. What happens to the material of the Sun o

R - (or’ any ather star) in such acollapse" What about the matenal 1naBlack Hole" 3
- I8, Ifa Neutron Star rotatmg once per: second s movxng toward usHitha ¥ L
R -t -velocity of 107 m/séc, what period of rotation would.we measure from pulses L B
R VR - § its’ x—ray emlsslon (Flg 4. 6)" o - - :
.. ;’ . N P.‘.: ) Fs ) ) - N ,\», ’ - _ 1
."." . - ' . B . i v
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broduced by cosmic rays) “from nuclear reacttons and from
mattgr-antimatter ¢ anmhrlatrorZuch as proton-antlproton anmhllatlons, Wthh
' produce lOO-megaelectronvolt photons, and electron- posltron anmhllatwns o
. whlch ‘produce 0.5- megaelectronvolt photons Specrﬁc gamma-ray energies . _
from nuclear reactions are.  used in physrcs laboratones to rdentxfy the nuclear 5 o

reacttons that- are taktn lacé»’)n an experlment v :

| - tllat,very hxgh energy (more tha 1ega
o encé a loss“m space by mteractlng wrth the resldu

Arays gamma rays were
A ,expected‘to “tome- mamly from a general background all over the sky rather
e '\than from discrete (lsolated) sourcés."However; Several strong x-ray’ sources
o (such as the Crab Nebula) have been found to be gamma-ray sources also

" .'Gamma-Ray Detectors

; Th de,tectron of gamma-ray background and sources depcnds on cryStal
scmllﬂa{ors (Sec.. 2F)—large crystals of germanium’ or thallium- doped
sodiun ‘iodide. (“Thalllum doped’’ means a small-amount of thalllum was @ -
_"v_caddell -during theé manufacturg of the crystal ) Oneth%" lculty with' thescfl‘ T
detectors ;s,zthe ‘‘instrumental backgrOUnd i ﬂashes!than,;are not due to .-
. “gamma1ays from outside. The rate of these flashes must be'déte ined durmg
'-»prefllgf caljbratmn Experiments on previous Apolloﬂlgm&ghowed that this. _ SRR o
"backgfo fid count increased dunng the flight, probably because cosmic rays LT R
. .and. secondary rays ‘were absorbed in the crystal- and: created radioactive-. AT
‘ ERRE lsotopes there (The secondaries include the neutrons released when cosmrc
~ . " . rays are absorbed in nearby materials in-the spacecraft ) Gamma rays are: . o .
e released as the radioactive isotopes decay msnde the crystal and are counted S R OCNP
.'vthe same asl thi -ame from outslde AR ' - C '

1’.
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R other laboratones cooperated w1th GSFC: in’ te'sun' the. crystals and other
FTL 7T o materials after the ﬂtght These tests were. coo:d ated byJ I Trombka at -
L ‘ZGSFC v
T I P A FlgureS lis adlagramofthe sodtumiodldecrystalmlts stcelcylmderthh_
: " a glass end-window through which a photomtﬂttpher-tube could “look” for-.
_;_,background ﬂashesm prefhght and postflight tests. ‘Such aén al scint
-~ "cotld be used to detectO 2-to 10-megael'ectronvolt gamrnai‘ay

. need soi sort ‘of antrcomcrdende plasttc scmtlflator around 1t 4 ¥

: andwere xecb‘yercd 80. mtnutes aftel; splashdown on July 24 1975 .
‘inside p . the ' ) " g

for 20".'minutes _e\cnergy channels are each 2 c;ronvolts ‘wide
v ranging'from 25' iloclectronvolts to 1:25 megaelect ¢ :The peaks
:-due to'the spontaneous decay of three radloactlve isotopés of jodine;, ‘one ¢

;lndlum and one of tellurium. Sodr,um-%(sodtum isotope. of atomlc welghtn
. ~24).was also detected The lower -energy’ X:-ray spectrum from 1nstde the: ;
j 'germamum crystal is plotted in’ thure 5.4, which'shows 10 kiloelectronvolt -

- Uxirays | from galhum-67 and germamum 7l Zlnc-65 and cobalt-56 Were also
' .detected. -

. The. metal foils were also actlvated by*the exposure, g'" in; -
' '_";neptumum 239 (from ‘uraniu yttriur-87, " and: zrrcomu -89 (from
:yttrtum') The last tsotope z?oduced by neutron capture shbwed a.

A
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.71 thermal ney _'sécmmeApoIQ@spacﬁcraft.These,
data, ogetber thh___ much other mformatnon collected on earlleg Skylala and- -
pollo nussnons w1ll make possnble the pmper desxgn and operatxon of futufe
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: _mterestmg rescarch studxes i Space scrence X-ray and gamma-ray observa-r L
_+ :-tions have shown that ‘things are going on in our’ Mrlky Way ‘Galaxy, and > .
- beyond i, that were riot eyén suspected in 1960. Such observations, including .
the MA-048 Soft: X-Ray results from Apollo-Soyuz. bave almost confirmed -
" the existence of Néutron Stars and Black Holes, which were purely specula- -
- “tive theorfés as late'as 1965. As space techniques and mstrt.rments——serfsrtrve- .
o 'detectors of soft X-Fays; and accurate détectors of gamma rays—are improved, .

o . we wrll learn more about the strange sources scattered thnonghout our Mrlky _

‘ -Way and other galaxres - - ‘ '
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‘fprobably have remalned 1n the seas. I |
W :

50

: l. (Sec 3E) Ultravnolet sunlrght solar x- rays and cosmlc rays are

" “harmful to most living ¢fganisms and cause genetic. mutations (referto a. .
~* biology: text), If they . were not absorbed the atmosphere ‘would be heated -

, : ‘ entirely from the bottom causlng more turbulence anfl changmg wind pats .
" terns: Surface- temperatures: would’ be iowered because of the lack of the - -

*“greenhouse effe tholding in mfn$d ‘*heat-waves’ because the atmos- -

phere is opaque to;.them) If-this had always been the case ammal hfe would. o

..\-

‘ 2. (Sec 3E) The 20 000 volts produce electrons in the scanmng beam o
‘with energies of 20 kiloelectronvolts (aTittle less because of the work needed . .
to pull each electron but of the cathode) Because several electrons are needed g
- for each of three colors i in each of 276 000 ptxels “at least 5 520 000 x-ray
photons of 20-kiloelectronvolt energy are produced each second at the back of
. the television screen. Most of these - bremsstrahlung x-rays are absorbed inthe. -
S back and sldes of the televnslon set, but about 20- pcrcent come out the front..

h'

3 (Sec BE) If the wavelength is zero ‘—'c/h mfimty, and the photon
- energy E = hf is infinite. Therefore, even a, superhot body cannot radlate at. . .oy
_.zero wavelength-'(refer to. the Planck Law) \ : s

¢

; 4. (Sec.. 3E) Cosmic rays are generated by the Sun and other stars: inc
~ varying amounts; (Studles of the lunar soil may. indicate such changes in solar- - '
* cosmic rays during the past.) New galactic cosmic Tays are probably accelér- .
- ~ated to very high energies by **collisions”’ W|th magnetlc fields in the huge
" interstellar clouds of the Galaxy Thus, there are many sources of new cosmlc" o
o rays to replace the ray§ ‘that are absorbed '

5. (Sec 3E) ldentlflcatlon of an x-ray source w1th an optlcal ob_|ect whose.
 distance can be estimated is the bcst method to date. Independent estimates =~ . .
“may be. possrble when complete X-ray spectra can be ‘meRured, from which™ T
" (a) intrinsic x-ray.output can be mfened or: (b) soft x ray absorptlon along the-

llne of sight can bc measured

: (Sec 3E) More complete measurements should be nlade of x-ray' -
S spectra, mcludmg jgamma rays; rapid tj
- _spectium; polaﬁ’zatlon of the: x- rays, and greater angular.resolutton and
y 'accuracy of the source position. - S : :

A (Sec 3E) As a hlgh speed electron splrals around magnetlc llnes of _
N force and radiates photons, its kmetlc energy is reduced by an amount equal to -
' 'the photon energy radlated : . -

iations in x-ray lntenslty and




x- rays (about 500 photons/sec) would- énter the detector thr,ough (he‘
- plastic front window j ‘just like x-rays from acosmic source, If the proportronal_,; :
' counter recorded 500 more counts/sec above the background count in the' . -

: bremsstrahlung will come from 1
: [orblt outsrde R .

N

: 8 (Sec 3E) Synchrotron radlatron frorq c0sm|c rays movrng through the B

Lo Galaxy 's magetic field’ should produce a background of x-rays and gamma T

VL Tays close t the Galactic Equator, that is, m theéggsk of the Mrlky Way. Galaxy AR
T (see Flg 3 5) o

) (Sec 4E) In Sectron 4D and in Frgure 4.6, the escape 6 of gas from the? L
L ‘gravrtattonal field of the blue glant star can be caused by convection and -
: radrauon pressure rn the' atmosphereof that star. In fact as stars age theytend.. .

5.9- krloelectronvolt bin, then its sensitivity was correct. If not, a correctlon

" would need to be made to the lnstrument readlngs

12 (Sec 4E) The background of soft x- rays commg in from all drrectronsl.
: mrght be synchrotron radiation from electrons and protons in'the solar Wind
- passing through the Earth’s magnetic field and synchrotron. radratron of other
. protons'and electrons farther away that have been fired into the magnetlc field ... ~ -
v__of the Milky -‘Way Galaxy. Or it could be many more dlstant sources,
: overlappmg. all over the sky.

- 13. (Sec.’ 4E) Reasonrng about conditions " at the “Schwarzschrld'

Dlscontrnulty.“ the “edge“ ofa Black Hole at distance: R, 5 from its center of

for esca

\mass, is trjcky. The equatron Ry = ZGM/c can,be derived from the formula -
p? 2GmMIR for test mass m at dlstance R from a o

large massM, by lettrngve approach the velocity ofllghtc In the time frame" e
. of the fallrng mass m, i takes infinite time to\gross theR = R drscOntrnurty '
-~ - However, if. rs unllkely that infalling material will fall dlrectly toward:M: -
" most of it wrll g0 inta,an orbit that i la;slowly cxrculanzed by collisioris. X-ray -

velocity, mv, %=

acts of new matenal wrth matenal in’

. - B S L .' ;__»"v-‘-

T

-

e
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 radius Whtte Dwarf star with the same mass, the density-mus

. andis. called degenerate, with all electrons compressed into the,
orbtts If the collapse. starts at a htgher rate, gravntattonal

- observed penod of rotation af increase the frequency f of X-r
“1.0-per second to 1.1 per second. When'a source is app&oachmg-

velocity v, the frequency of its output (light or. pulses ¥
where fI(f+ Af) = vic, andc is the velocnty of the light or p

14 (Sec. 4E) If the solar radlus, whlch encloses about
ktlograms at a mean densnty of l 4 gm/cm", is shrunk toa 7000

factor. of 1 million. This high- densnty material is no longer::

atomlc nucle1 into neutrons with even htgher density: (7000/ 10)3¢

Wthh is the veloc1ty of x- ray. pulses on the way from the
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Glossary S ST T
ix A (answers tp questrons) »and ﬁguresare '

o Referencesto sectrons Append
mcluded in the entries.- Those in rtalrc type are the most helpful

angstrom A)a unit of wavelength used by physxcrsts for more than 80 years

~ " I'angstrom = 10°'% meter or 0.} nanometer.
angular resolution the’angle between two . sources that ican JDSl he '

stmgurahed by a detector: and colllma/t,or(.The \normal human eye
‘.Flgs. 2.6,3.3) -

" ha\ an. angular resolutron of 1 arc-minute. (Sec 2D
anode a posmvely charged wire rrt a vacpum tube ot det tor whrch attrti’cts

" electronis:{S6¢s, 4B, 4C; Figs. 2.7, 2.8, 4.2) -° _
anticolncidence counter a photon detectorthat automattcally cancels coun%s o 1'_ e

S second_s oo ]
background a umform mtensrtyf ver a regron of sky around the stafu der

‘study (Secs. 4B, 4D,*5A° to 5C; ApPi-A, fnos 8,:12). “Instmmen al
g background" (Sec SB) is the. count rate. due to tl{strument def s wh
©. . no photons are entering the detector _;g,_ Tedar NN
' "‘Blg-Bang” ‘cosmology, the theory of thé ong@n of the umverse wh,rch states
 that the universe. was: created about 15 bYllron years ‘ago when a,giant:’ '
_ explosron emrtted high- frequency radiation and pushed matter apart.
That matter is now condensed into stars'lh"galaxtes which’ recedlng
from the. Eanh Thie niore drstant Qnes are recedmg faster gause they

" started faster in.thé Blg:Bang (Séc. SA)
Black Hole a collapsed mas$ of éxtremely. Ahrgh densxty ‘that curves\space :

‘near it so that no ltghtor particles can ge‘t in or out: (Secs 1, 3DJAE 6
- O ? .y

;l:,' SR E ' S APP A, nés. 13, 14)\4 L
X : St e ‘bremsstrahlung eleCtromagnetrc radratron (photons) produced byi lmpacts of
g ) : - high-$peed’ electrons’ or- ions on other lnatenal (Secs 3D 4D, SA.'Z‘.’
oo T - App.-A,:nos. 2,°13; Fig. 3.7) . . PN
ST e T cathode a negatively chargedéylre in avacuum tube or detec;g; (Secs 4B ’ ‘
T e L AG ths 2.7.2.8,4 R 2 s
T UL B Cerenkov radiation the vrslble llght emrtted by a pamcle travelmg near the, R
S S T speed of light when it enters a’substance where the veldcity of lightis.
e W f.o . o7 less than the partk‘le s speed; (Sec, 4F; Fig.:2.9) See,Pamphlet VL. . - .
Vet channeltron a curved yacdum tube:that gives a 100-million- electron output- .
o R pulsé.for each electron” input. (Sec. 2E).See Pamphlet nm. .. e
SR e colllmator one or. more. tubes-in front of a-detéctor that allow. photons from ™ .= "t
TP ~ only one\drrecuon to" teach the detector (Secs gD 2F ‘3B, 4B
._;_‘_' : Q,-_: S Flgs 2 6 4 | 4 2) __.‘v, | SR S R T o .'
SO : 151 .
R E ‘ . T




ompton,e., loﬁ_s of energy fram'a 'photon to' an electron néar an 1on
8 The mv LS Comptop eﬁect wa ain o'l‘photon energy«from anelection,™ . -

._1 cSee Project Physlcs Sec 20.2;] l’ssc

) -ﬁ_conste@ﬁnn 'groUp of stars such as-the ‘BrgDrpper that deﬁnes an aréa T
genérally 10° or 20°"‘acro’ss) in the sky. Most of the constellatrons werey t{.' '
3 namcdsy the: Greeks (Taurus Scorplus Cygnus‘) (Sec. 3A th 3 5)

S COsmlc rays are blown out of' the Sui n, galactlc'cosmlc rays arnve ‘
o {‘ from.all duectrons (Secs. l ZC 2F 3D 4B 5A App A nos l 4 S
th;Z 4). T

'_count one pulse‘of current or VOltage from a detector, miﬁcatlng the passage N

- vcount rate the number of counts per second it measu,res the- tntenslty‘

; jdeclmatlon angular dlstance north (plus) or south (mmus) of the Celestlal}

e electric field strength. of-the 'clectnc force on a unit electnc charge in a R

e ;electromagnetlc wayes 1nclude X- rays light waves, and radlo waves, whrch

ofaphoton or cosmic ray through | the detector (Secs 2C, 2D to 2F, 3B)_' e e

. the source. (Secs. 2C; 2D, 2E, 3B) - Em TRl T
" _crystalasolld composed of atoms orlonsor mole%ules ged maregular Sl Ll
repetmve pattern. Sodlum iodide and. germahlum;crystals are. used as C e L

* gamma-ray detectors. (Secs. 2F, 5B, 5C; Figs: 2.9,75.1; 52). ‘

Equator in the sky (Sec 3G; Flg 3. 4) See Pro_|e¢t Physrcs Secs 5 l

t053 , , SRR

' Doppler shift the:chgnge of frequency and Wavelength in the spectrum of a.’_-' R

- ¥source’ approaching or reced1ng from an observer (Sec 4D App A,-'__',__ [
fio: 15) See Pamphlet IV.. R L

‘region of space affécted by other electric charges. (Secs 2A 3D):

carry energy at.a velocity cof 3 X 10° ‘m/sec.. The electromagnetlc Lo
: spectrum is the sequence’vf wavelengths fronuvery shart gamma, rays to.
;. very long radio- waves (Secs. 2A,-2B, 3D; Flg 2.2) T
electronvolt (eV).a uhit of photon energy, 1000 electronvolts =1 kllo-_i

' electronvolt 1000 ktloelcctronvolts = ] megaelectronvolt (Sec.. 2B)

S 'energy (E)-the capacity for doing work. The energy OmetIOnj' kinetic eriergy: Ll BN

. is/%my?. The energy o'fradlatlon inclyding light.and )?-rays comesif = .

o photons Each photon| hasan energyE hf =helX, whereh is 'the Planck-v o

. constant, { is the frequency, c.is the velocrty, and Ai is the: wavelength of-'

- the light orx-rays. Photon energy is measured in electronvolts: X-rays " .
- have photon energies from about 100 electronVolts (soft) to. 50 kllO-.' o

. electronvolts  (hard). High- énergv -aStrophysics is the study of high- .. . 7%

SR 'energyphotons (Secs ZB 3D 5A SC App A nos. 3 7 lO ths 3. 7 T

LT Ny e S i Tl
S ol Sl '




galaxy a: vast assemblage of bxlhons of ‘sm wnth mtetstellai' gas and dug( T '
“See Mllky Way (Sec’ 3C Flg 3. 6) S

gravnmtion the force. b‘f a(,gacuon between&wo masses glven by Ne ton .s~ L
g $ ¢ 8 6tqgs 8: PSSC‘-- -

: ; gl megahertz = 10“ cycleslse,
mf _ared (lR) mvisnble electromagneuc radlatlon wnth wavelen jths fro

2]2° F the- bon mg.pomt -of water on Earth
Large Magellamc Cloud (LMC) see Magellamc Clouds : SN

S - light-year the distance hght travels (at~3 X108 m/sec) inl year (3 lS X 10,.,

v e T seconds). One light-year equals 9.46-X 102 kilometers, about 63. 0()0~

Voo o0 times the distance. from Sun to Earthi (Secs. 3A, 3C,4A, 4D; Fig. 3. 6)

I o MA-048 the Soft X-Ray Experfmenton the Apollo Soyuz mnssnon (Secs- d;
4Bto4D Flgs 41 42 43) : z




Galaxy, vrsrble only from’ the So%l}em :
-5 (Sees. 3B, 3C..4B, 4D} Flg,35) BRI ¢
magnetic ﬁeld (H)' the strength of the’ magnetrc force on’ a umt magnetrc
po.lé in a region of space affected by other magnets or elecmc curnents ' :"
, (Secs. 24, 3D, 4D; App. ‘A, nos. 4,.12; Fig.3.8) - l#
ng -

'Milky Way a band of stars, visible only,on a clear;- dark mght stretc
ely around the sky. Usmg the d;stances of the. stars, astronomers

the Mrlky Way Galaxy, a' dlSk shaped group of more than lOO

:, COmy
can p

P{ Neur‘ron Star is made'al’most entlrely of
Hos 4,,Flgs 3. 7 '_4.6)‘%

p

t],k S felothé ﬂ_j |
coéﬂes pd' to u‘ankmg nn' _end' of the clothesllne round and round VL

ERIC
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Small Magellanic Cloud: SMC) 5t Magellamq Clouds,. |

' - soft X-rays photons with eneggy from:100 electrOnvolts to 10° klloelectron- t: i

© volts. Theyaremore easily absorbed than hard x-rays (Secs. 2C, 3D 4A
) to4‘D App. A, nos 10,12; Flgs 4.4, 45) Seefroject Physlcs §ec 18 6
PSSC Sec, 23:9. - - . .

: e spectrum the. sequence of Qectromagnetlc%vaves from small (gamr‘na rays,)

“to large’ (radio waves) (Secs: ZA. 4B App A‘s"lno 10;. Flgs ,2 L
2.2, 44 5.3,54) .ﬁ_‘_‘._. .

star a very hot balt of gas with an energy ‘source near the center Nonnal

" - 'stars are llke the Sun, about lO6 kllometers in, %meter Blue stars%re
much hotter than the Sun Giant-stars are 200 times larger and Whlte
. Dwarf stars 100 times smaller than,the. Sun. Neutron Stars and Black B

"Holes -are smaller ‘still. Many stars are double (Secv4D)-—that is; two - :

- stars orbltlng -around eacmother (Secs 3D App A nos 19 l4

Flgs 3.7, 4.6)
supernova the exploslon ofa glant star after its hydrogen is mostly convqned

to helium and its core collapses. A lirge fractj onsof its mass is.blown 4. = "~

outward to fonnanebula(supernova remnant) (Secs 34, 3D‘¢4A 4D)
synchrotron radiation radjation produced by hlgh-speed electrons or ions -
spiraling around lines of force in a magnetlc field. The llght and: x;rays -

: emitted are polanzed (Secs. 3D 5A; App A, nos. 8 125 Flg 3. 8)

-Uhuru the Explorer 42 satellite devoted ent;rely to X-ray astronomy v‘ﬁ -
Launched on December 12, l970 the- seventh anmversary ‘of. Kenyan LA
lndependence ‘the satellite was named Uhuru. which means “freedOm '

_ in the local Swahili languagc (Secs . 3C, 4D) . '

B ultrdwolet (UV) invisible light of wavelengths less than 4000 angstroms ;. v
- @OO nanometers) shoner than those of visible llght (Sec ZA App A "“"
: no. 1; Fig. 2.2) ... .. " ":. "
- Van Allen beltadoughnut shaped reglon aroundthe Earth from 320 to 32 400 B

- kilometers (200 td 20 000 mlles) above ‘the : magnetlc ‘equator,’ where B .

hlgh speed protons and electrons oscrllate north sotlth in the Eanh’ .
o magnetlc field. (Sec. SC) o :‘ oo T ,?,«y,., .
B wavqlength (A) the distance from the crest of one wave to the crest of the

U ke, usually. measured in angstroms -The wavelengths of. X-rays. are .

o -~ from. 0.1t 100 angstroms (Secs. 2A, 2B} App. A,no, 3; Fig. 2.2).. -
' v.Whlte Dwarf .a compact star of-high denslty. about the'size of the Earth. L -
' ‘More than. 100 White Dwarfs have been observed (Secs 3D, 4B 4E i
. App. A, no. 14:( Lt ﬁ
© X-Tays. elcctromagne C radlatlon of ry short wavelength and hlgh photon _—
. ,energy. (Secs. I, 2A, 2B, gc 3C 3D 4A; App A l,_' ‘

* " Figs. 2.2'to 2.4) . ‘ W c,, PR L
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.The Am g Umverse by Hitbert‘Fnedman NattongGeQraphtc ﬁcrety “ S
(Washmgton D.C.), l975~—see eSpecrally ‘the chapters on . facket, e g.’ >

; balloon, . and satellltegbbservatrons artd on the :Sun “and. B'ack Ho& AT
. Astronomy Made Simple by Meir H. Degam Doubleday & Co., Inc.. (New '
"‘.:-“ : . ,' Yorlc)é 1963-an easy-1o- read descnptlon,of astronomrcal obJects
: Astronomy Qneby]. Allgn'Hynek and Necia K Apfel, W. A. ‘Berffamin, lnc : o
- (Menlo_Park, Calif.); 1972—a pleasant lntroductron to, tha archttecture 6“ e e TE
of the universe; for: the serious sfuden’f . t S
Afoms and Astrononiy 'by. Paul A. Blanchird. (Avarlalile from the=U S s R
) .' Govemmem Pnntmg Office, Washington, D.C. 20402) 1976—-atomlc.' D R
", spectra explamed in: srmple term#-and used to analyze'the spe?gtra o’fstars L " KL D
Atoms Mart; -and, the Umvers! The Long Chain of" Camplrcqnons by © PR ‘
: Hannes Alfven, W H. Freeman & Co., ‘Inc. (San F’rtnclsco), l969-¢—a L4 a' R
- dramatic. explanauon of what we se# in telescopes;lL , A
S The Birth andDeath of the Sun byGeorge Gamo&' Vtkmg Press lr}g (New I ST _"..
o .‘”” Loy York) '1952—in’ simple terms, tl‘Ie ‘Thaster- of sqencggwntmg explams 3 L ;
% ¥ ‘how stars shige an?l where. tbey come'from. " . gFTo e
Chemrstry Bétween the Stars: by Richard H. Gammon (A.vallablo,from thc e T
' Us. Govem@ent Pnntlng Office, Washmgton,'D C. 3,0402), 1976—a 8% T
" bgsic discussion of gas clouds bctween the starsﬁand thgir’ composmon : »:' 5&:": : I
© - and physrcal conditipns 3y, e o :i e "% ’
o Exrraga‘;zctrcwsrronom\@'he Umverse Bevond Our Gdlaxas, by Kenneth
e Charles Jacobs (Available from the U.S. GOVemment“Prmtmg Offite,
CL : \\iVashmgton D. (; 20402), l976—mcludes a simple’ desCrlptron'of our
4

] '. E
wn Mtllcy#Way Galaxy and- disciissions of ‘other galaxres Do%plerf ’}- o & B S

-~

4
C o

ift cosmology. and@ated topics. e &
Mauer Earth, and Sky by George Gam(% Prentlce Hall, 4nc. (Ney \ﬁzr
l965—-—-a well illustrated. suryey" of mauer and radiation inspiice. "¢
i e New Frentiers in Astronom¥ (readings. fromSL ientific -American with: an lntro-
.i . .duction.’ by Owen: thgertch), W. H: Fr&mdn & 'Co Inc: (&n
Francrsco) l975—-—conta1ns articles - on X- rayg stars and searches fof"
' Black Holes. % Ry m
Rendezvom in Spaw ’Apol[o So\u,~ by F Dennls Wlll (Awlable wlth-
= - /-out charge from NASA Educatlonal,P;ogranls D#isioh/FE, Washmgton R ]
. D.C..20546), 1975—a popularaccount of the Apollo SoyuzTest Pro;ect, g
mcludmg the: U.SeU. $:S:R. agreememb Do et AU
Space Science and . Astronom\ -E scape F rom Earth Thomton Pa ¢. aﬁd v
" Lou Williams Page, eds., Macmillan Pubhshmg Co., Inc. (fNew York)b-'.. Lo
1376—contams articles' Bn almost every phase of spaceﬂrght ‘See Chapter.- e
' '9 ‘X Ray and Gamma-Ray Astronomy PR L Tty

UL e e e A
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By g T Starhght What It ’1' ells. About the Stars, _T homton Page and Lou Wllllams S

CA e T L T Page, €ds., ‘Macmillan Publishing. Co., Inc. (New York); 1967——see .

Lieis ot 7 oo Chapter 3, *Stellar Spectra: The Analysis of Starlight.” -

S A AL C Stars and Clouds af* the Milky Way, Thorngon Page and\r;,ou Wllhams, SR
T T " Page, eds., Macmillan Pubtishing Co,, Inc: (New York) 1968——‘2descnbes.: e
R . the ‘structure and. motion of our Galaxy B SRRt

' o The Story of Astronanty by Patrick Moore, Macdonald and Co. “ZLondon)'-' Ce
LAl T Cw . 1972—descriptive” astronpmy from early Aimes to recent. discoveries. . /"
: L The Supernova: A-Stellar. Spectacle by w., C. Straka (Ayallable from the ,{ :
LI . U.S. Government Printing Office, Washmgton, D.C: 50402) l976—-a
r R e well lllustrated and dramatlc account ‘of how ‘some - stars. blow up, w’

R T i 0leavmg a halo of gaseous remnants. ir the space around them, e
B S . X-Rays and”Gamina Rays by Daniel S.. Halacy, Hoﬁday Houge, Inc.:.” "

' 1 e R '; e (New York), 1969—a small well-lllustrated book wnth many lntérestmg v,j?_ &

- S L L e facts on. radlauon damage IS St S
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